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ABSTRACT 

The foundation of this research relied on the development and improvement of two key 

InP-based technologies, namely the Resonant Tunnelling Diode (RTD) and the 

Heterojunction Bipolar Transistor (HBT). This was firstly consolidated by a detailed 

experimental investigation of Double Barrier Quantum Well (DBQW) InGaAs/AlAs 

RTDs designed to improve the diode’s DC and RF characteristics through a design of 

experiments utilizing five different device structures targeting high current densities and 

large Peak to Valley Current Ratios (PVCR) for use in oscillator and amplifier ICs 

respectively. The measured results of the RTDs showed a significant increase in the 

current density with thinner barriers and quantum well widths. An estimated high 

frequency operation limit of 2.7THz was deduced for a 2×2 µm
2
 mesa RTD (sample 

#327). This device had a high current density JP of 10.8mA/µm
2
 while still maintaining 

an excellent PVCR ~5, one of the highest ever reported for such a high current density 

making the diode suitable for low-cost mm-wave/THz regime applications. In addition, a 

much more prominent finding is that of a very high negative differential conductance, 

𝐺𝑅𝑇𝐷 of 95mS/µm
2
, the highest ever reported and largely responsible for the 2.7THz cut 

off frequency. An electromagnetic modelling of a 9µm
2 

InGaAs/AlAs RTD (sample 

#230) integrated with a CPW resonator predicts a 100 GHz fundamental frequency 

oscillator with an output power of 100µW. Furthermore, a novel K-band reflection based 

amplifier module was designed exploiting the NDR feature of RTD sample #277 

incorporated with a lumped element branch coupler provided a high gain of 32 dB at 25.3 

GHz while maintaining a µW level DC power consumption of 256µW. This corresponds 

to a record figure of merit of 125dB/mW, validating the excellent performance of the 

amplifier.  

 

An extensive study of an InP/InGaAs PIN-PD and SHBT modules employing large-

signal built-in AGILENTHBT model from Keysight-ADS and opto-electrical equivalent 

circuit models extractions were undertaken. Those devices were fabricated and tested at 

the University of Manchester facility. Due to the specific design of the InP/InGaAs 

epilayer structures and considering the trade-off between high performance PIN and HBT 

to fulfil optimum 10 to 20Gb/s OEICs, a 10×10µm
2
 emitter mesa size transistor 

demonstrated an 𝑓𝑇 and 𝑓𝑚𝑎𝑥 of 54 and 57GHz respectively. The room temperature 

measurement for the PIN photodiode I-V characteristics with an optical window size of 
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20µm showed a low dark current of ~1.5nA under fully-depleted conditions. The 

measured photo-current was 41.5µA at -11dBm input optical power with a laser 

wavelength of λ=1.55µm, corresponding to a 0.5 A/W and 0.45 DC responsivity and 

quantum efficiency respectively without the use of antireflection coatings. The 

experimental data also revealed that the extracted high-frequency limit of 𝑅𝐶 time 

constant and carrier transit time were ~17.7 and 36GHz respectively. This is theoretically 

adequate for up to 25Gb/s operation and offering an outstanding feasibility for low cost 

OEICs for forthcoming generations 10Gb/s EPON (Ethernet Passive Optical Network) 

optical communication systems.  

 

An OEIC with single and multiple feedback loop toplogies was modeled. The single 

feedback transimpedance amplifier, SFB-TIA exhibited a 32dBΩ transimpedance gain 

with a bandwidth of 14GHz and a series peaking inductor technique was used to further 

extend the -3dB bandwidth, contributing to widening the bandwidth to 18GHz. Since the 

conventional SFB-TIA has low optical overload response, a multiple feedback 

transimpedance amplifier, MFB-TIA circuit was therefore used which provided a gain of 

45dBΩ with an electrical bandwidth exceeding 18GHz. This was achieved without the 

need for integrating a passive peaking element alongside producing deviation in the 

group delay of 11.7psec up to 20GHz. On-Off keying (OOK) NRZ 2
15

-1 pseudo-random 

bit stream patterns were applied to the SFB and MFB photoreceivers and it was found 

that the eye diagrams were clearly open with no observation of inter-symbol interference 

for 10 and 20 Gb/s operation responses.  
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CHAPTER 1: INTRODUCTION 

 

1.1 Overview of High Frequency Electronic Devices  

Over the last forty years, increasing demand for the design and fabrication of ultra-low 

power, high speed electronic circuits including MMICs (Monolithic Microwave 

Integrated Circuits) has made semiconductor technology the natural choice for a range of 

applications. The advances and development in Molecular Beam Epitaxy (MBE) 

technique which has allowed researchers to achieve new concepts and developments in 

electronic devices, such as heterojunction bipolar transistors (HBTs), high electron 

mobility transistors (HEMTs) and resonant tunneling diodes (RTDs).  

 

So far, integrated electronic systems, in particular smart phones and tablets are becoming 

more attractive for consumer and demands for these portable systems is increasing 

exponentially as a result of competition in the electronics market. These systems, 

however, still have some drawbacks, for example power consumption issues due to 

operation at high frequencies. This leads to increase in the temperature of the system and 

thus efforts have been devoted to develop new electronic device structures that can 

overcome these challenges.  

One of the possible solutions to address the aforementioned issues is to reduce the supply 

voltage and the power being dissipated by the circuits. Tunneling-based devices have a 

great deal to offer as potentially the best candidate in realizing compact, room 

temperature operation heterostructure devices. These diodes have the ability to 

effectively support very high switching speed, well into the THz regime.  The 

attractiveness of RTDs is indeed following the pioneering work reported by Esaki and 

Tsu in the 70’s[1]. Millimeter wave and THz frequencies operating devices are currently 

becoming promising and feasible for a wide range of applications including wireless 

Gb/s data transmissions, high resolution imaging and  non-destructive testing to name a 

few[2]. 

Conventional transistor technology is not capable of efficiently accommodating 

applications beyond 300GHz operation frequency. Nevertheless, HEMTs and HBTs 

devices have been recently reported with a current gain cut off frequency (𝑓𝑇) 

approaching 1 THz[3]. This is limited by the carrier drift velocity and the capacitance of 

the device, which is inversely proportional to the gate length as well as base and collector 
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contacts for HEMTs and HBTs respectively. Therefore to reach near THz frequency 

operation, the gate length of the HEMTs must be extremely small (i.e. <20 nm) and so a 

610GHz 𝑓𝑇 was demonstrated for HEMT [4] with a gate length of 15nm. Similarly, for 

HBTs an 𝑓𝑇 of 670 GHz was achieved with a very thin base and collector layers of 20 

and 60nm respectively[5]. Due to these nanoscale dimensions required for transistor 

technologies, stringent lithography is necessary, which uses very costly phase shift masks 

and complex process flows.  

 

From a practical point of view, the operating frequency of circuits utilizing 

heterojunction or HEMT transistors is typically implemented at a third  or less of  their 

cut off frequencies, therefore the most useful fastest transistor circuits can only be 

realised up to 250 or 300 GHz [6]. By contrast, as the RTD is based on quantum 

mechanical phenomena, its transit time is in the range of several tens of femtoseconds, 

providing among the fastest switching speed well into the sub-millimeter and millimeter 

wave regions using relatively large feature sizes. For example, exploiting a 2µm
2
 mesa 

area RTD device, ~1THz operating frequency can be easily attainable [7] and this is 

carried out with less expensive masks than other technologies.  

 

Due to the promising characteristics of RTDs, many heterostructure devices have been 

studied in an attempt to improve their performances in circuit implementations. Recently, 

a high RTD oscillation frequency of  1.86 THz[8] exploiting Metal Organic Chemical 

Vapour Deposition (MOCVD) growth technique, was reported  by Asada et.al with an 

indium rich quantum well. This was followed by 1.98THz, which is the highest reported 

to date by the same group [9], though at the expense of a very small output power (nW 

scale). However, there is a drawback with the monolithic integration of RTDs in that  it is 

difficult to integrate useful numbers and density of RTD devices with transistors 

(HEMTs or HBTs) into integrated circuits [6].Other multifaceted issues are  changes ( or 

non-uniformities) in the RTDs I-V characteristics across a wafer for linear and nonlinear 

parameter extraction in wafer mapping. This includes variations in the diode’s 

characteristics from wafer to wafer and the fabrication-dependent parasitic impedances 

which are challenging issue[10]. In fact, these problems can be effectively addressed 

when particular attention is given to the fabrication process and to the high frequency test 

equipment during measurements. 
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The dramatic increase in data traffic due to the rapidly growing demands for ultra-high 

data rates for both telecom and datacom is driving sustained developments in cost 

effective, mass produced, optoelectronic integrated photoreceiver (OEIC) operating at 

10Gb/s and beyond[11-13]. HEMTs and HBTs technologies with a cutoff frequency 

reaching 100GHz and beyond are highly useful for such fields, so they have been 

extensively investigated by integrating PIN/avalanche photodiodes with front-end 

transimpedance amplifiers, TIAs[12, 14-16]. Full-scale characterizations of the receivers 

using CAD (Computer-Aided-Design) tools prior to the fabricated circuits are invaluable 

in the prediction of prospective performances and to aid in further optimizations. This 

project; therefore, includes the design, characterizations and modelling of high speed 

InP/InGaAs PIN-SHBT based monolithically integrated photoreceivers for >10Gbs data 

rate operation. As the PIN depletion region is made of an intrinsic InGaAs layer, the 

circuit operates at the standard optical wavelength of 1.55µm.   

 

1.2 Solid State Terahertz Sources and Applications   

The terahertz band is defined as the region of the electromagnetic (EM) spectrum located 

between the microwave and infrared light. Since it is challenging to have efficient 

emitters operating in these frequencies, such a band is known as the terahertz gap[17]. In 

general, the EM spectrum is traditionally divided into different frequency bands. One of 

the widespread frequency designations as reported by IEEE is summarized in Table (1.1) 

[18].  

TABLE 1.1: A SUMMARY OF FREQUENCY BANDS CATEGORIZED BY IEEE ORGANIZATION IN 

2009[3]. 

IEEE STANDARD 

FREQUENCY BANDS 
Ku K Ka V W mm-wave 

RANGE (GHZ) 12-18 18-27 27-40 40-75 75-110 110-300 

 

The sub-millimeter or Terahertz band is defined by ITU (International 

Telecommunications Union) as the band of frequencies from 300GHz to 3THz[19]. A 

great deal of effort has been dedicated to developing efficient emitters operating in the 

THz regime (i.e. providing high RF power). These frequencies are currently covered by 

optical and solid state electronic devices as shown in figure (1.1)[20]. It can be observed 

that the available output power generated by solid state electronics sharply decreases 
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with frequency, particularly above 100GHz. The RF power provided by vacuum-based 

devices is as high as 1 Watt, however these are bulky, costly, not  efficient and are short-

lived[21]. Alternatively, quantum cascade lasers (QCL) can operate at very high 

frequencies as emitters. This device is a composite of multiple quantum well 

heterostructures. To date, the lowest operating frequency reported is 2.1THz with an 

output power of 1.2mW in continuous wave (CW) mode at cryogenic temperature. 

Unfortunately, the performance of such semiconductor laser degrades with temperature 

(i.e. at 40K or even lower in CW mode)[22]. This technology is thus constrained by the 

requirement of cryogenic cooling, imposing prohibitive costs and bulky systems.  

 

Figure 1.1: Terahertz output power versus frequency generated by different technologies[20]. 

 

Unlike QCLs, RTDs are capable of operating at room-temperature and consequently, 

they are promising and attractive for realizing compact, coherent and low-cost terahertz 

sources. This section is solely concerned with solid state THz sources and especially 

those that have a negative resistance region in their IV characteristics, for instance impact 

ionization avalanche transit time (IMPATT) diodes, Gunn diodes and RTDs.  

The Gunn diode consists of n-doped semiconductor materials (i.e. GaAs, InP).  In the 

GaAs or InP , the carrier drift velocity reaches its maximum as an applied voltage bias is 

increased and then it begins to actually decrease as the electric field is further increased, 

pushing up electrons which have enough energy to a different conduction band, where 

https://en.wikipedia.org/wiki/GaAs
https://en.wikipedia.org/wiki/InP
https://en.wikipedia.org/wiki/Conduction_band


35 

 

the electron drift velocity is lower and eventually a lower saturation velocity. This is 

because of dissimilar electron effective mass and mobility along different conduction 

band valley (Γ valley and L valley) contributing to an overall reduction in current at 

higher applied voltages until all electrons are in the "slow" band. This is the principle 

behind the I-V characteristic of Gunn diodes exhibiting a negative differential resistance 

(NDR). Due to the transfer of electrons to a different conduction band, the latter devices 

are also known as transferred electron devices (TEDs)[6]. An oscillation frequency of 

162 GHz with 25mW for InP Gunn diode oscillator was reported in 2000[23]. 

 

The IMPATT diode is a two-terminal p-n junction diode, in which when a high field is 

applied in reverse bias on the diode and it reaches a certain threshold voltage, avalanche 

breakdown occurs. Depending on impact ionization and transit time properties, a 

dynamic negative resistance is produced. It is worthwhile mentioning that the IMPATT 

negative resistance is different from that of an RTD whose IV characteristic has an NDR. 

This means that the IMPATT negative resistance comes from the phase difference 

between ac current and voltage in the time domain[6]. One of the main advantageous of 

the IMPATT diode is its high power capability at microwave frequencies, an output 

power of 25mW at 217 GHz for silicon-based IMPATT diode was previously 

demonstrated[24]. TeraSense Ltd. has introduced a THz source based IMPATT diode 

incorporating a conical horn antenna operating at 100GHz with an output power of 

330mW and then extended to 300GHz using a nonlinear diode frequency multiplier[25]. 

The downside is that IMPATT diodes, suffer from high phase noise and particular 

attention is required to avoid detuning and burnout of the device. Nevertheless the 

oscillation frequency of IMPATT diode can reach as high as 300 GHz[26]. The main 

criticism of both Gunn and IMPATT devices based oscillators is practically attributed to 

their requirements for a rectangular waveguide (WR6-WR10) cavity technique, which is 

not suitable with MMICs and their DC-RF conversion efficiency is often around 3%[23, 

24].  

 

On the other hand, the quantum mechanical based RTDs are compact devices with very 

small active sizes (i.e. < 4 µm
2
), which can be easily integrated into MMICs for realizing 

small THz transceiver chips. The usefulness of mm-wave/THz waves has been 

intensively demonstrated for use in a number of applications and the interest is currently 

growing very rapidly. Amongst the key applications:  

https://en.wikipedia.org/wiki/Gunn_diode
https://en.wikipedia.org/wiki/Transferred_electron_device


36 

 

1.2.1 Security 

mm-wave/THz frequencies  can be utilized in the field of security imaging, considered 

potentially useful for airport safety[27]. It was previously reported that the wave 

radiation of frequencies beyond 300GHz can pass through clothes and is then absorbed in 

the human bodies. For plastic, paper, liquid, metal and non-metal items detection, this 

technology is highly beneficial[28]. The reason is mainly due to the non-ionized 

radiation nature of the terahertz electromagnetic waves, deemed safe when someone is 

exposed to them in comparison with very short wavelength radiations such as X-rays 

[29].  

 

1.2.2 Biomedical 

In the biomedical area, terahertz frequencies are particularly attractive for cancer 

detection purposes. Since EM waves have less photon energy, thus biological soft tissues 

are not damaged by millimeter or sub-mm wave frequencies. To this end, identification 

and differentiation of tumour tissues could help in the early detection of such stubborn 

diseases[30, 31]. 

 

1.2.3 Monitoring and Astronomy Research  

Climate changes can be also monitored using THz waves, for example many gas 

absorption lines are located in the range of frequencies between 30GHz to 3THz. Thus, 

the importance of accurately identifying and qualifying  these gases comes from the idea 

of ice crystal and water vapour detection[32]. A similarly important field for THz is 

astronomy in that receiving ultra-high frequency signals can provide insight into stars 

and universe formation[33]. Furthermore, mm-waves are used in the area of identifying 

the composition of celestial bodies' atmosphere, which can help to understand the main 

constituents  of such objects[34]. 

 

1.2.4 Communications  

One of the most important applications regarding this work is the use of EM waves in 

high Gb/s communications and the possibility of exploiting such bands is in the spectrum 

above 30GHz (in the range 75 to 110GHz, W-band). In fact, high definition-TV (HDTV) 

and gigabit WLAN (Wireless Local Area Network) are the main applications where  

terahertz frequencies can be utilized[35]. These frequencies are being explored for 5
th
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generation  mobile systems[36]. Furthermore, a 30Gb/s  modulated terahertz source 

using resonant tunneling diode was recently reported by Asada et al[37].  

 

 

1.3 Emergence and Development of RTD Transceivers 

In 1991, an oscillation frequency of up to 712GHz with an output power of 0.3µW was 

reported using an InAs/AlSb RTD integrated with a rectangular waveguide resonator. 

Soon after, RTD oscillators were demonstrated using quasi-optical structure (i.e. single 

RTD mounted in a rectangular waveguide) at fundamental frequencies of 103GHz and 

210GHz with output power of 50 and 20µW respectively[38, 39]. In 1996, A. C. Molnar 

et al reported an RTD oscillator with 16 RTDs integrated with slot antenna at 310 GHz 

with a 28µW output power[40]. Later in 2005, Orihashi et al from Tokyo Institute of 

Technology led by Professor Asada used a similar antenna radiator and accomplished a 

one THz harmonic oscillation using InGaAs/AlAs resonant tunneling diode[41]. Such a 

massive stride has been obtained as a consequence of using an indium rich quantum well, 

providing very high current densities exceeding 20mA/µm
2
. A typical RTD THz emitter 

with a slot antenna is shown in figure (1.2). Further discussion regarding the RTD 

characteristics and performance are presented in chapter two. 

 

 

Figure 1.2: Typical structure of an RTD THz oscillator integrated with a slot antenna realized using two 

MIM reflectors. Adapted from[42]. 

 

Due to the very high impedance of slot antennas, which produces a mismatching between 

the diode and antenna and thereby degrade the RF output power, the offset slot antenna 

was thus proposed by the Asada’s group in 2007[42]. Since the peak of the radiation 
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conductance (i.e. the real part of the admittance) of the offset slot antenna decreases with 

offset and is shifted to a low frequency, a low antenna’s impedance can be obtained at 

high frequency[42]. This provides a good match with the integrated diode. Accordingly, 

an impressive output power of 610 µW at 620GHz oscillation frequency for RTD 

emitters with two integrated elements was demonstrated in 2012 taking advantage of 

offset slot antenna technique[43]. However, integrating several devices increases the 

capacitance of the circuit, which in turn reduces the operation frequency.  

 

With a single RTD emitter, a very high oscillation frequency of 1.86THz was recently 

achieved but with extremely low output power of 0.03µW[8]. The highest oscillation 

frequency reported to date is 1.98THz and was obtained by reducing the conduction loss 

of the highly doped InGaAs cap layer underneath the air-bridge[9]. Power combining 

techniques with array configuration using two RTDs in parallel has also been realized 

exploiting coplanar waveguide (CPW) as a resonator[44]. Generally speaking, the 

combined output power is  element number dependent and it is theoretically proportional 

to the square of the oscillator number[45, 46]. However, for an efficient multi-element 

topology, the small difference between the individual device frequencies is a challenge 

for combining. This is because it requires a stringent uniformity for the mesa area of the 

individual diodes, ensuring near identical device performance which would then provide 

a reasonable chance of injection locking. Furthermore, the coherency of the combined 

power is difficult to obtain and the predicted power is often degraded due to the leakage 

effect of the coupling stub[47]. Another potential structure for power combining 

technique stated in [48] is the mutual injection locking between subterahertz oscillating 

RTDs, in which there is no need for a coupling stub; nevertheless, it is highly sensitive to 

the position of the RTD oscillators[47].  

 

As an alternative array configuration, a dipole antenna was reported by the Tokyo 

Institute of Tech. group for several peak frequencies, and which was highly efficient for 

use in imaging applications. This technique  achieved an output power of about 135µm at 

0.92THz with ten-integrated oscillators[49]. For a low frequency on-off keying (OOK) 

transceiver, a resonant tunneling diode integrated with an InP-based HBTs showed µW 

level DC power consumption at an oscillation frequency of 5.7GHz[50]. The increase in 

RTD oscillator’s performance over the last two decades is plotted versus oscillation 

frequency as shown in figure (1.3)[8, 38-44, 47, 51-59].   
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Figure 1.3: Development in the performance of RTD emitters in terms of RF power versus frequency. 

 

As shown in figure (1.3), the output power exponentially deceases with the oscillation 

frequency. This result can be attributed to the decrease in the negative differential 

resistance of the RTDs with frequency due to transit delay time in the double barrier 

quantum well and the collector depletion region. Despite the increase in the output power 

of RTD emitters realized by offsetting the diode from the centre of the antenna, they still 

require a Si lens to couple the radiation out of the substrate. Thus, a different technique 

based on a square patch antenna was proposed through fabricating the antenna on a 7 µm 

thick BCB layer, which is stacked on the RTD with a slot resonator to eliminate the 

bulky Si lens. However, the achieved output power was low (i.e. 40µW at a fundamental 

frequency of 500GHz)[49]. Furthermore, horizontal radiation using horn antenna has 

been also employed for the same reason but the extremely low output power of 0.6µW at 

a 455GHz oscillation frequency makes this technique not useful to date[50].  

Unlike integration with slot antenna, a triple-push topology using a CPW resonator has 

achieved a 3rd harmonic oscillation of 1.27THz[60] and then extended up to 

1.52THz[61]. This technology; however, still suffers from  µW output power levels due 
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to the requirement of  strictly identical RTD sub-oscillators with a very small 

performance deviation among the devices[61].  

 

Additionally, an RTD based differential topology oscillator for power coupling 

enhancement was proposed and showed a radiated output power of 47µW at 

675GHz[62]. This circuit configuration can be basically fabricated with a differential-fed 

dipole antenna including a pair of RTDs and transmission line inductors. Due to the 

differential mode operation, the oscillator circuit becomes insensitive to the common 

mode noise caused by the bias circuitry and semi-insulating substrate[62]. For high data 

wireless communications, RTDs based transmitters and detectors were demonstrated in 

2011 for operation in the sub-terahertz region. A data rate of 1.5Gb/s at 300GHz was 

obtained with error free transmission (10
-12

)[63]. Subsequently, the same author  reported 

an error free wireless system at 300GHz with a bit rate of 2Gb/s using RTDs[64]. During 

the same period,  Asada demonstrated a wireless data transmission with direct amplitude 

shift key (ASK) employing RTDs as  THz sources at 542GHz with a measured bit error 

rates (BER) of  2x10
-8

 and 3x10
-5

 at 2 and 3Gb/s data rates respectively[58], followed by 

as high as 10Gb/s data rate with 20GHz bandwidth[65]. 

 

 

Figure 1.4: Typical structure of an RTD oscillator with a modified MIM capacitor for high data rate 

wireless communications. Adapted from[66].  

 

For wide band direct modulation RTD transmitters, a few hundred femtofarad of metal-

insulator-metal (MIM) capacitor is necessary as this capacitor normally connected with 

bonding wires and other parasitic components surrounding the diode and all of these act 
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as a low pass filter. From which, the cut-off frequency of the direct modulation is 

constrained to ~15GHz (theoretically adequate for up to 20 Gb/s data rate operation). 

Therefore, a modified structure of an RTD transmitter with only one MIM capacitor has 

been proposed as depicted in figure (1.4)[66]. The trend in data rates is increasingly 

growing as shown in figure (1.5)[37, 58, 63-65, 67]. This has led to demonstrating a high 

bit rate of 30Gb/s using a modulated terahertz RTD source operating at a centre 

frequency of 500GHz[30], followed by the highest data rate of 34Gb/s reported to 

date[60].  

 

Figure 1.5: Trend in data rate of mm-wave/THz regime wireless communication using resonant tunnelling 

diodes as a transmitter. 

 

Figure (1.5) shows an exponential increase in the wireless data rate trend using resonant 

tunneling diodes transmitters, reflecting the importance of improving the characteristics 

and performance of the RTDs for mm-wave/THz applications. From a high frequency 

detector viewpoint, RTDs have been also used in direct and heterodyne receivers as the 

double barrier tunnelling devices have a nonlinear region near their peak voltage[68, 69].  

Conversely, the nonlinearity of the triple barrier resonant tunneling diodes (TBRTDs) 

does pinpoint to a zero bias voltage detector, due to the existence of three barriers and 

double quantum wells. A voltage sensitivity of a TBRTD based detector of ~3000 V/W 

at 30GHz was recently achieved[70]. As a different approach, a novel Asymmetric 

Spacer Layer Tunnel (ASPAT) diode structure formed with an AlAs barrier sandwiched 

between double quantum wells of In0.18Ga0.82As, offering dual functions including 

detection and oscillation capability was recently reported. This was obtained by the 
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device exhibiting a negative deferential resistance region and zero bias turn-on features 

in its I-V characteristic[71]. With this in mind, a wide range of applications makes such 

devices attractive for research and applications particularly at terahertz gap.  

 

 

1.4 Resonant Tunneling Diodes Based THz Amplification 

Considering the unique negative differential resistance feature of the RTD, the 

transmission line losses can be compensated and exploited to provide gain. There are 

basically two ways to realize an RTD amplifier; the active transmission line and RF 

signal reflection amplifiers. The first attempt of using an interband tunnel devices 

integrated with a FET transistor for low frequency amplification was reported in 

2003[72]. A double barrier RTD based amplifier circuit implementation operating at 

5GHz was recently demonstrated[73-75]. Later on, Missous and his group presented a 

modeling and theoretically analyse of a novel K-band reflection based amplifier utilizing 

InGaAs/AlAs RTDs and achieved a high gain of 32dB while maintaining a very low DC 

power consumption of 100µW[76].  

LS RS

GTL CTL

 

Figure 1.6: Lumped element representation of a single section of a transmission line. 

 

To fully understand how such an amplifier works, further analysis regarding the 

operating principle of the tunneling devices amplifier including transmission line 

equivalent circuit and related equations were largely discussed in this section. Since the 

transmission lines (TLs) are lossy, RF signals that propagate through them undergo a 

phase shift. It means that the equivalent circuit of the TL has reactive and lossy elements 

as well as  conductance component representing the leakage between signal and ground 

as depicted in figure (1.6)[77]. It is noteworthy to mention that all the lumped elements 

of the equivalent circuit are considered per unit length of the transmission line. 
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Depending on the standard analysis for lossy transmission line, the voltage signal along it 

is given by[77]: 

𝑉 = 𝐴𝑒𝛾𝑥 + 𝐵𝑒−𝛾𝑥                                                                                                                     (1.1) 

 

Where: 

𝛾 = 𝛼 + 𝑗𝛽 = √(𝑅 + 𝑗𝑤𝐿)(𝐺 + 𝑗𝑤𝐶)                                                                                  (1.2) 

 

𝛼 and 𝛽 are the attenuation and phase constants of the transmission line respectively. The 

characteristic impedance of the TL, 𝑍𝑜 can be expressed as: 

 

𝑍0 = √
𝑅 + 𝑗𝑤𝐿

𝐺 + 𝑗𝑤𝐶
                                                                                                                         (1.3) 

The most important term of equation (1.2) is the attenuation constant, which is 

approximately expressed as: 

 

𝛼 =
𝑅

2
√

𝐶

𝐿
+

𝐺

2
√

𝐿

𝐶
                                                                                                                      (1.4) 

The characteristic impedance equation can be also re-written as: 

 

𝑍𝑜 = √
𝐿

𝐶
− 𝑗√

𝐿

𝐶
(

𝑅

2𝑤𝐿
−

𝐺

2𝑤𝐶
)                                                                                              (1.5) 

For the sake of simplicity, the series resistance due to the transmission line length, is 

trivially small and neglected; hence equation (1.4) and (1.5) become [73]: 

 

𝛼 =
𝐺

2
√

𝐿

𝐶
                                                                                                                                     (1.6) 

𝑍𝑜 = √
𝐿

𝐶
(1 + 𝑗

𝐺

2𝑤𝐶
)                                                                                                               (1.7) 

 

Owing to equations (1.1) and (1.6), a signal received at the end of a TL is exponentially 

dependent on its conductance. Hence, the attenuation of the transmission line could be 

negative, if RTDs with their inherently negative resistance feature are used as active load. 
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This contributes to providing gain at the output node of the circuit without a need of 

using three terminal devices.  

 

 

1.5 Optoelectronics for Fibre-to-the-Home applications 

As the work presented here is also involved with optoelectronic integrated circuits design 

and testing, an overview of optical communications field is necessary. Further 

discussions including characterizations and simulation methods of optoelectronic 

receivers are presented in detail in chapters six. The increased growth in data traffic 

makes the demand  for high capacity data transferring ever more pressing[78]. Free space 

RF transmission system is unfortunately unable to support large bandwidth (10Gb/s) and 

to ensure a long-distance transmission, relatively large power is required. For cable data 

transmission architectures, radio frequency signal propagation over coaxial cables is easy 

to implement with IC transceivers; however, this is only used for short distance and low 

data rate applications due to the cables losses and bandwidth limitation[78]. Accordingly, 

these transmission system technologies are currently becoming inefficient in 

accommodating the mainstream of high data rate market requirements.  

 

By contrast, fibre optic links are being used increasingly as a replacement over the 

conventional coaxial cable and waveguide signal distribution. Fibre-optic communication 

is defined as sending information over a distance by transferring pulses of light through a 

fibre and at the receiver side the data is then converted into electrical signals, which can 

be easily processed by electronic circuits. Generally, the advantages of fibre-optic 

communication have led to considering this system architecture as the most favourable 

transmission solution in many applications. Advantages include the tremendously large 

bandwidth obtained (exceeding 50THz), corresponding loss of as low as 0.2-0.5dB/km 

and allowing long distance (>100km) at high data rate of >10Gb/s and insensitive to 

electrical disturbance with almost no crosstalk effect among fibre channels in the same 

cable[78-80]. For example, twisted copper cables have a bandwidth length product of 10 

Mbkm/s, whereas a single mode fibre (SMF) optics can indeed provide 10
6
 Mbkm/s[81]. 

In addition to the aforementioned applications, many supercomputing and server systems 

in data centres are currently utilizing optical rack to rack interconnections, providing an 

effective solution for space reduction. This technology is used for short communication 

distances starting from a few mm for on-chip to several cm for off-chip applications[82].      
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20km is a standard distance between central office and subscriber for well-established 

international optical systems, large bandwidth requirement can only be supported 

exploiting optical fibre transmission such as fibre-to-the-home (FTTH) networks[81]. 

Passive optical networks (PON) are recently becoming widespread system for FTTH and 

these networks form point-to-multipoint (P2MP) architecture with no need for an active 

star configuration, allowing reduction in the installation cost and avoiding extra 

maintenance cost as well. The only downside of using the PON configurations is that loss 

in the power splitter/combiner associated with such architecture causes marginally 

shorter optical link lengths in comparison with active star configuration[80]. 

 

As an optical architecture standard, 2.5Gb/s gigabit PON (GPON) is being deployed and 

the next generation 10Gb/s EPON (IEEE 802.2av, ratified September 2009)  started  to 

be deployed in  late  2013[80, 83]. Due to the passive splitter/combiner used in PON 

systems which is shared by every optical network unit, ONU (i.e. customers), employing 

a multiple access technique is indispensable to avoid data transmitted collisions. Hence, 

several multiple access techniques have been proposed to address this issue. 

Furthermore, time division multiplexing (TDMA) is considered one of the most 

appealing methods that have the capability to provide high data rate communications 

with modest complexity[84].  

In 2012, time and wavelength division multiplexed (TWDM) was chosen to be the 

favoured solution dedicated for the next PON generation stage 2 (NG-PON2)[85]. The 

main principle is to realize 40Gb/s data rate systems using four different wavelengths, in 

which each single wavelength provides 10Gb/s (i.e. 4×10Gb/s)[86]. The importance of 

this system is that it can be extended to 100Gb/s employing 10 different wavelengths. 

However, the transceiver design would be complex, making the cost of this technique 

unaffordable for end customers. To overcome this drawback, efforts were devoted to 

demonstrate a single wavelength photoreceiver, that is able to support  high data rate of 

40Gb/s and beyond[83, 87]. The outstanding progress carried out in optical systems is 

strongly based on the massive improvement in III-V semiconductor device technology 

over the last three decades. 

 

1.6 Major Contributions and Thesis Overview  

The aim of this thesis is thus to study the double barrier resonant tunneling diode 

characteristics and pave the way towards commercial, high performance and reliable 
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RTD-based circuits. This includes realizing high-frequency oscillators and microwave 

amplifiers. The work started with further investigation of the ultra-high frequency 

characteristic of RTDs obtained from their I-Vs and equivalent circuit parameters and 

developing accurate physical models and equivalent circuits. This has involved the use of 

various indium-rich quantum well epilayer structures in the attempt of maximizing the 

performance of the double barrier tunneling devices to be then tailored to mm-wave/THz 

applications. The key-driving force is to bias the RTD in the unique NDR feature and 

developing fully integrated circuits. This required the use of passive elements, namely 

resistors, MIM capacitors and spiral inductors which have been thoroughly modelled and 

characterized in this research. Furthermore, optimization of the coplanar waveguide 

configurations was carried out including their dimensional and effective relative 

dielectric constant impacts. The aim was to choose the most suitable values and 

dimensions of the passive components for actual circuit operation in RF and mm-

wave/THz regime frequencies.  

 

A complementary objective of this work was to characterize and model a transimpedance 

front-end amplifier (TIA) integrated with a PIN diode for high data rate exceeding 

10Gb/s optical receivers utilizing an InP/InGaAs HBT. Different amplifier topologies 

were realized with the main purpose of optimizing their high-speed capabilities. The 

heterojunction transistor and PIN photodiode were individually fabricated and tested, 

followed by experimentally validating their equivalent circuits up to 40GHz. Various 

window sizes of the PIN-PD were fabricated using a top-illuminated configuration at a 

standard optical wavelength of 1.55µm. The transimpedance amplifier was designed and 

realized in Keysight-ADS software, exploiting a series peaking inductor to alleviate the 

loading effect of the photodiode’s capacitance on the TIA and hence enhancing the 

bandwidth of the integrated circuit. In-depth discussion and analysis related to 

monolithically integrated photoreceiver module will be highlighted in later chapters. 

 

The organization of this thesis is presented into seven main chapters. The first chapter 

contains the background information concerned with emerging RTDs devices, covering 

introduction, terahertz frequencies and applications as well as the aims and objectives of 

the work. This chapter also focuses on the conceptual principle of the optical architecture 

standard and relevant topics, such as FTTH and gigabit PON systems. Chapter 2 

summarises the literature reviews of resonant tunnelling diodes over the last three 
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decades providing a solid underpinning of material systems used and developments in the 

structures and characteristics of the tunnelling devices. Later in this chapter, discussion 

of the DC and high frequency characteristic of five different double barriers 

InGaAs/AlAs RTD samples is described and a comparison of their performance with 

state of art devices is undertaken. Chapter 3 is devoted to a description of the design 

procedures and equivalent circuit model of the relevant passive components for the IC 

realisation comprising: resistors, capacitors, spiral inductors and coplanar waveguides. 

The module presented in chapter three was predominantly built using 2.5D 

electromagnetic momentum simulator. Chapter 4 covers the modeling of an RTD 

integrated circuit, the involving design of a high performance, room temperature 

oscillator operating at 100GHz and a very low DC power consumption K-band 

reflection-based amplifier. This correspondingly describes how to satisfy conditions that 

needs to be fulfilled for proper circuit operation.  

 

Chapter 5 presents the background and state of the art of an InP based HBT transistor and 

PIN-photodiode starting from their working principle and their most common used figure 

of merits, followed by comparing those characteristics and performance with other 

conventional technologies. Chapter 6 concentrates on characterizing the realized Agilent-

HBT model and opto-electrical equivalent circuit of the PIN-PDs. It also highlights the 

mask design procedure and briefly describing the fabrication process of both devices. 

The achieved results are then compared with recent reported work in an attempt at giving 

an insight into critique of well-designed epilayer structure of the transistor and 

microfabrication process used throughout the research. Later in this chapter, the high 

speed OEIC design for >10Gbs optical communication systems is presented. An 

overview of such integrated circuit technologies and ways to improve their figure of 

merits, such as -3dB optical bandwidth and overall gain utilizing a specific technique is 

discussed. This includes employing both single and multiple feedback topologies in 

designing transimpedance amplifiers. Finally, Chapter 7 details the conclusions and 

possible research ideas that could be followed in future. This comprises some important 

aspects linked to the most appealing milestones achieved through the PhD programme 

and also potential improvements to further extend this project. 
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CHAPTER 2: CHARACTERIZATION OF DOUBLE 

BARRIER RESONANT TUNNELING DIODES 

 

2.1 Introduction  

This chapter focuses on three important aspects of this thesis. The basic operating 

principle and heterostructure design of the double barrier resonant tunneling diodes are of 

paramount importance prior to venturing into investigation of such a device’s 

characterization. These include an in-depth description of the development in the 

material systems used for high diode’s performance. The RTD DC characteristics, 

namely peak voltage, maximum negative differential conductance, peak current density 

and peak to valley current ratio (PVCR) are presented in this chapter. These 

characteristics are broadly studied for five different RTD structures, from which an 

optimum device structure is discussed, followed by a study of the influence of self-

heating effects on the I-V characteristics of the devices.  

Later in this chapter, RF equivalent circuits and parameter extraction of the RTDs are 

covered including radio frequency output power capability and estimations of the transit 

delay time in the double barrier quantum well and collector depletion regions. The 

experimental findings and the extracted parameters are then compared with recently 

reported state of art tunneling devices.   

 

 

2.2 Quantum Tunnelling Phenomena 

Tunneling is a quantum-mechanical phenomenon which was first discovery in the 20
th

 

century as a result of an extension study of radioactivity. In classical mechanics, particles 

(i.e. electrons) are confined by potential barriers and only particles whose energy are 

equal or exceed the potential barrier height can get across. This approach has been used 

for thermal emission of carriers to describe the operational principle of diodes. By 

contrast, in quantum mechanics description, a particle has both wave and particle 

properties[26]. A consequence of the wave nature is that this wavefunction is not 

instantaneously terminated at the boundary of the barrier. Thus, an electron has a finite 

transmission probability of tunneling through a barrier if the barrier thickness is thin 

enough. In semiconductor technology, homojuction semiconductor materials with abrupt 
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doping or heterojunction structures with multilayers can be exploited to create such a 

potential barrier. These structures involve growing compound, ternary and quaternary 

materials, as well as requiring insulators and metals in the fabrication process. 

 

To this effect, the probability of electrons tunneling through a barrier is not equal to zero. 

This leads to the concept of tunneling probability and tunneling current, the first one can 

be found through solving Schrödinger equation in the different regions. Electrons 

travelling in a semiconductor crystal can be described using wave functions (𝜓) that are 

solutions of the Schrödinger equation: 

 

𝑑2𝜓

𝑑𝑥2
+

2𝑚∗

ℏ2
[𝐸 − 𝑉(𝑥)]𝜓 = 0                                                                                                  (2.1) 

Where 𝑥 is the position vector, 𝑚∗ is the effective mass of electron, 𝑉(𝑥) is the potential 

energy at position 𝑥, 𝐸 is the total energy of the electron and ћ is the reduced Planck 

constant. Figure 2.1 depicts a structure, which is divided into two regions by a barrier, 

and how an electron tunnels through the barrier due to its wave property. 

 

 

Figure 2.1: Wavefunctions showing electron tunneling through a potential barrier. 

In the case of a single potential barrier of height 𝑉 and width 𝑡𝑏, 𝜓 has a general form 

𝑒𝑥𝑝 (±𝑖𝑘𝑥), where 𝑘 = √2𝑚∗(𝐸 − 𝑉)/ћ. Note that for tunneling mechanism, the energy 

𝐸 is below the barrier 𝑉, so that the term within the square root is negative and 𝑘 is 

imaginary. The solution of the wave functions gives the transmission probability for a 

single barrier:  
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𝑇𝑡 = |
𝜓𝐴

𝜓𝐵
|
2

≈
16𝐸(𝑉 − 𝐸)

𝑉2
𝑒𝑥𝑝(−2𝑡𝑏 ∗ √

2𝑚∗(𝑉 − 𝐸)

ℏ2
)                                               (2.2) 

          

For a given energy value, a finite transmission coefficient can be obtained using a low 

barrier height and small effective mass as well as the approach of thinning the barrier 

itself. The overwhelming contributing feature of  quantum based devices is the carriers’ 

tunneling time across a potential barrier, which is dominated by the quantum transition 

probability per unit time instead of the conventional transit time concept[88]. This is 

highly useful in many applications due to the extremely short transit time, providing 

ultra-fast switching speed well into the mm and sub-mm wave regions. 

 

2.2.1 Double Barriers Resonant Tunnelling Diode Structures 

As a result of the great accuracy of Molecular Beam Epitaxy, atomic layer deposition of 

thin and uniform layers is readily achievable. The total thickness of RTD layers can be 

made thin enough (i.e. 200Å to 400Å) compared with the electron mean free path, or the 

de Broglie wavelength (𝜆 = ℎ/𝑃),  ℎ is the Planck constant and 𝑃 is the electron 

momentum. A simple DBQW RTD is composed of a small band gap material (GaAs) 

sandwiched between two large band gap materials (AlAs) as shown in figure (2.2). The 

difference in band gaps of these semiconductor compounds results in conduction and 

valence band discontinuities, denoted as 𝛥𝐸𝐶  and 𝛥𝐸𝑉 respectively. 

 

In general, electrons in DBQW heterostructure can move freely in the x-y plane, where 

there is a continuous energy state distribution. In contrast, the separation between the 

energy levels in the quantum well, for example 𝐸𝑛1 and 𝐸𝑛2, is larger than the electron’s 

thermal energy (𝑘𝑇). This would lead to the particles appearing to be frozen into the 

ground state (𝑛 = 1) (discrete energy level) as illustrated in figure (2.2)[89]. It also 

means that carriers can only move in the plane perpendicular to the growth direction, 

while incapable of moving in the crystal growth direction (confinement direction). In 

such a case, the energy states inside the quantum well are indeed quantised due to 

quantisation of the electron wave function. The electron energy in the quantum well can 

be expressed as: 

𝐸 = 𝐸𝑛 + (
ℏ2

2𝑚∗
) (𝑘𝑥

2 + 𝑘𝑦
2)                                                                                                    (2.3) 
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Where 

𝐸𝑛 = (
ℏ2𝜋2

2𝑚𝑤
∗
)(

𝑛2

𝑡𝑤
2)                                                                                                                  (2.4) 

Where 𝑛 = 1, 2, 3… is an integer denoting the energy level index, 𝐸𝑛 is the quantisation 

energy in the quantum well and 𝑚𝑤
∗  and 𝑡𝑤 are the electron effective mass inside the 

quantum well and the thickness of the quantum well respectively.  

 

Figure 2.2: Band diagram of DBQW, the quantum well (GaAs) sandwich between two wide band gap 

materials of AlAs (barriers). 

 

The broadening of the nth resonant level (𝛥𝐸) in the quantum well is given by the 

Wentzel-Kramers-Brillouin (WKB) approximation:  

∆𝐸𝑛 = 𝐸𝑛 𝑒𝑥𝑝(−2𝑡𝑏√
2𝑚𝑒,𝑡

∗ (𝑉 − 𝐸𝑛)

ℏ2
)                                                                              (2.5) 

Where 𝑡𝑏 is the barrier thickness, 𝑉 is the barrier height and 𝑚𝑒,𝑡
∗  

is the tunneling 

effective mass at energies close to the emitter conduction band[90]. The transmission 

coefficient (𝑇𝐸) the full-width at half-maximum of the resonant level (i.e. T=0.5) can be 

approximated by:  

 

𝑇(𝐸) =
4𝑇𝐿𝑏𝑇𝑅𝑏

(𝑇𝐿𝑏 + 𝑇𝑅𝑏)2
[1 + (

𝐸 − 𝐸𝑛

1
2∆𝐸𝑛

)]

−1

                                                                            (2.6) 
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Where 𝑇𝐿𝑏  and 𝑇𝑅𝑏 are the transmission coefficient through the left and right barrier 

respectively and E is the incident electron energy that is lower than the potential barrier 

height, 𝑉. As stated in equation (2.4), the resonant level in the quantum well can be 

pushed up through reducing the well width or/and growing a material with a low electron 

effective mass in the quantum well resulting into a higher value of the peak current 

density and peak voltage in the RTD. However, this leads to a lower potential barrier 

height by (𝑉 − 𝐸1) for the incident electrons with energy around 𝐸1, broadening  the 

width of the resonant level (𝛥𝐸𝑛) and so an evident improvement in the transmission 

coefficient (i.e. tunneling current) can be realized[91]. Furthermore, the energy 

difference between the adjacent resonant energy levels increases for narrower quantum 

well RTD structure. This contributes to a reduction in leakage current through the second 

resonant energy level, raising the peak-to-valley current ratio (PVCR)[92].  

 

The lifetime of the electron in the resonant state, which represents the transit time of the 

carriers through the double barriers quantum well (𝜏𝑑𝑤𝑒𝑙𝑙) is given by:  

 

𝜏𝑑𝑤𝑒𝑙𝑙 =
ℏ

𝛥𝐸𝑛
                                                                                                                               (2.7) 

 

The positive outcome from widening (𝛥𝐸𝑛)  is shortening 𝜏𝑑𝑤𝑒𝑙𝑙, thereby a significant 

increase in the maximum operating frequency of the device is expected. Since the 

transmission coefficient is exponentially dependent on the barrier thickness as given by 

(2.8), further increase in the current density alongside high frequency device performance 

can be achieved as the barrier gets thinner. 

 

𝑇 ∝ 𝑒𝑥𝑝(−2𝑘𝑡𝑏)                                                                                                                        (2.8) 

 

Where 𝑘 = √2𝑚𝑒,𝑡
∗ (𝑉 − 𝐸𝑛)/ℏ2  being k is the wave vector in the barrier[93]. One of 

the major characteristics of quantum tunnelling phenomena is that the tunnelling time is 

dominated by the quantum transition probability per unit of time instead of the 

conventional transit time. It means that the tunnelling time is ultrashort reaching several 

tens of femtoseconds compared with conventional transit time-based devices whose 

delay times are in the order of a picosecond.  This offers an outstanding potential 
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switching speed for the resonant tunneling diodes, making them among the fastest of all 

solid state electronic devices. The first experimental demonstration of the DBQW RTD 

was reported by Chang et al[94]. This unique heterostructure has become one of the most 

common type RTD structure. In addition to the main DBQW layers, facilitating the 

function of a typical RTD device implies other associated layers as depicted in figure 

(2.3). 

 

 

Figure 2.3: A typical epilayer structure of double barrier RTD using InGaAs/AlAs material system. 

 

The structure is grown on a lattice matched InP semi-insulating substrate as this avoids 

generating additional defects, which would otherwise degrade the performance of the 

device. To enable low ohmic contact resistance, very heavily doped In0.53Ga0.47As (≥10
19

 

/cm
3
) is used for the contact layers; however, lightly less doped (3×10

18 
/cm

3
) layers are 

exploited for the emitter and collector layers. This speed up the charge carriers due to the 

electrostatic forces created by the gradient of the emitter conduction band under bias and 

so a sufficient current density can be obtained.     

The reason behind using undoped spacer layer is to minimize diffusion of donors from 

the doped emitter and collector to subsequent layers during growth, for instance from the 

n
+
-InGaAs into the AlAs. This is due to the diffusion of impurities to such key regions 

will increase carriers scattering events; hence the current density of the device degrades. 

Furthermore, transport time of the carriers through the double barriers and quantum well 

(𝜏𝑑𝑤𝑒𝑙𝑙) will increase because of impact of incoherent tunneling effect[95]. It is  
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important to point out that the width of the barriers and spacers are  not necessarily 

symmetry on both sides of the well as asymmetrical RTD structures are occasionally 

used in some particular applications such as  high output power RTD based oscillators 

[96].  

 

2.2.2 Operating Principle of DBQW Resonant Tunnelling Diode 

There are many types of tunnel diode structures which are either double well, triple well 

or super-lattice structure. As stated in section (2.2), the wave function across the barrier 

indicates that an incident particle from the emitter side can appear in the collector side of 

the barrier if certain conditions are fulfilled. These can be satisfied by ensuring a 

sufficiently thin barrier with low height or/and small effective mass of an electron, since 

all these factors increase the finite transmission coefficient. The term “resonant” refers to 

electrons behaviour whose kinetic energies are lower than the barrier height; 

nevertheless, they are still able to pass though the potential barriers. The tunnelling 

probability of carriers is defined by the transmission coefficient, which is theoretically 

unity at the resonant state[97]. The operating principle of the DBRTD can be deduced 

using the conduction band diagram shown in figure (2.4). There is an interaction between 

charge carriers released from the emitter layer and the discrete energy states in the well, 

depending on the external applied voltage. The following series of graphs depicted in 

figure (2.5) show how the different applied voltages relate to the three main regions of 

the device’s I-V characteristics. It is known that when the forward bias voltage applied 

(𝑉𝑏) is zero, no current is observed as the first resonant quantised state is above the 

Fermi-level.  

 

Figure 2.4: A conduction band of the energy band diagram profile of a double barrier RTD showing the 

barriers and quantum well as well as emitter and collector regions. 
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However, with a low external bias voltage, there is a small amount of current passing 

through the diode due to the existence of a number of electrons which have sufficient 

energy to surmount the barrier (figure (2.5, a)). The tunnelling probability also increases 

in accordance with the voltage bias. With further increase in the bias voltage, the electron 

energy in the collector side relative to that on the emitter side is lowered by −𝑒𝑉𝑏, 

pulling down the first confined state towards resonance. 

 

 

(a) Low bias voltage, exhibiting the positive differential resistance (PDR) region.   

 

(b) Resonant tunneling through E1 followed by misalignment between the conduction band edge of the 

emitter and E1, producing the negative differential resistance (NDR) region.   

  

(c) High bias voltage, no tunnelling current through the first resonant level  

 

Figure 2.5: Energy band diagram and corresponding regions in the IV characteristic of double barrier 

RTD under various bias voltages.  
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At this stage (figure (2.5, b)), the conduction band edge aligns with the first quantised 

state energy (𝐸1), which allows resonant tunneling through the double barrier to occur. 

This corresponds to a maximum current flow (𝐼𝑃) in the device and at this point the 

applied DC bias is called the peak voltage (𝑉𝑃)[98]. When a larger bias voltage is 

applied, the first resonant energy moves down the conduction band offset, the current 

subsequently drops due to off resonance condition as shown in figure (2.5, b and c). The 

voltage, at which current flow is minimum, is called the valley voltage (𝑉𝑉) and the DC 

current is thus the valley current (𝐼𝑉). The unique region between the peak and valley 

voltages is referred to as the negative differential resistance (NDR)[99]. From this, the 

crucial parameter of peak-to-valley-current ratio (PVCR) can be calculated using  

𝑃𝑉𝐶𝑅 = 𝐼𝑃/𝐼𝑉 [100].  

 

The transmission coefficient decreases with further increase in the voltage bias until 

thermal emission mechanism takes place as shown in figure (2.5, c). This makes the 

number of electrons with high enough kinetic energy to overcome the barrier increases 

proportionally, hence the current starts to rise again. The high current of the second 

positive differential resistance (PDR) region is probably due to the thermionic emission 

phenomena and a small participation from an alignment with another allowed resonant 

level in the well. However, the first mechanism is evidently dominant; otherwise, an 

additional NDR region would be clearly exhibited.   

 

 

2.2.3 State of Art RTD Material Systems 

The capability of engineering the band-gaps of group III-V compound semiconductors is 

the most appealing feature that stimulates researchers to extensively use them in a range 

of applications. There is also the attraction of high electron mobility properties and 

hence, higher current density characteristics[101]. In general, high quality atomically thin 

layers have benefited from sustained developments in the MBE technique. This has been 

reflected by the growth of a wide range of semiconductor compound materials with 

accurate control of thickness to within a fraction of a monolayer as is indeed needed for 

tunneling devices. One such example is the QCL which requires many 100s of layers. 

Heterostructure devices give the designer lots of degrees of freedom in terms of offering 

different characteristics and features. However, there is a limitation to selecting pairs of 



57 

 

semiconductor materials as the possibility of creating lattice misfit dislocations at their 

interface is readily possible if their lattice constants are different. This implies particular 

attention when choosing two different materials by making sure that they have very close 

lattice constants, to avoid interface disturbance caused by breaking bonds. For two 

dissimilar materials forming a heterojunction, an abrupt difference in their lattice 

constants can generate crystalline defects. The localized states in the device structures act 

as trapping centres for carriers, contributing to undesirable impact on the device 

characteristics and performance. 

The relationships between energy band gap for III-V and II-VI compounds plotted versus 

their lattice constants is depicted in figure (2.6)[102]. For instance, the conventional 

resonant tunneling diodes are grown based on GaAs technology, where GaAs and AlAs 

materials represent the well and barriers respectively. Both have almost identical lattice 

constants with a very small mismatch of 1x10
-3 

as shown in figure (2.6).  

 

 

Figure 2.6: Energy band gap of III-V and II-VI compounds plotted versus their lattice constants for both 

direct (solid line) and indirect (dashed line) at room temperature[102]. 

 

The large difference in the band gap of these materials is preferred to produce large band 

discontinuity, GaAs and AlAs have band gap of 1.42eV and 2.83eV respectively (Both 

compounds are direct band gap material with a Γ-Γ tunneling mechanism). Slightly 

dissimilar lattice constant material systems can be grown with built-in strain. However, 

this is constrained to a certain critical thickness of epitaxial layer growth, which is 
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theoretically calculated based on the difference between the lattice constant of  the 

materials[98]. From the electronics industry point of view, the preferred semiconductor 

material is silicon as it is compatible with ICs technology. This is the reason why a large 

number of attempts in accomplishing an interband RTD device harnessing Si/SiGe have 

been carried out. Due to the small conduction band discontinuity provided by Si/SiGe 

technology, there is not sufficient effective quantum confinement in SiGe DBQW 

structures[103]. An interband tunneling Si/SiGe device incorporating a δ-doped layer 

was recently demonstrated with PVCR of ~1.8, but with an extremely low current density 

of 0.01mA/µm
2
[104]. To the best of our knowledge, the highest current density of SiGe 

RTD achieved to date is 2.18mA/µm
2
[105]. On the basis of this consideration, resonant 

tunneling devices made of SiGe material systems still suffer from particularly severe 

drawbacks, degrading PVCR or/and peak current density with later being a significant 

issue. 

 

On the other hand, the key advantages of III-V RTDs over conventional Si technology 

make the diodes capable of achieving high current density together with low peak 

voltage and large PVCR[93]. After resonant tunnelling was first proposed in 1973[1], 

many researchers succeeded in demonstrating the double barrier heterostructure using 

GaAs/Al0.7Ga0.3As shortly afterwards in 1974[94, 106]. There has been an issue related 

to this particular RTD, which only exhibits a negative differential resistance at low 

temperatures (77K). This took a long time until it was resolved in 1985 by Shewchuck et 

al, who successfully reported a double barrier GaAs/Al0.25Ga0.75As RTD showing an 

NDR at room temperature with a PVCR of 1.5. Variation in the mole fraction of AlGaAs 

ternary material was the key-factor behind this highly useful characteristics in RTD 

progress[106].  

 

However, the conduction band offset obtained from GaAs/AlxGa1-xAs heterostructure is 

small, resulting in increased leakage current through to the upper resonant level and so 

providing inherently low PVCR values. In addition to this, the GaAs/AlxGa1-xAs has low 

electron mobility due to relatively high effective mass as shown in Table (2.1). These 

parameters are of importance in assessing the high current density capability of the 

devices. As an alternative approach, GaAs/AlAs RTD has supplanted the conventional 

GaAs/AlxGa1-xAs structure in an attempt to increase the potential barrier height, which is 

translated into improvement in the current density of the devices. The first demonstration 
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of GaAs/AlAs resonant tunnelling diode was reported in 1985 by Tsuchiya et al[107]. 

Later on, an impressive peak current density (JP ) of 2.5mA/µm
2
 using GaAs/AlAs RTD 

grown using MBE technique was obtained[108] for a device size of 5µm
2
. 

TABLE 2.1: LATTICE CONSTANT, BAND GAP AND ELECTRON EFFECTIVE MASS OF COMMON 

BINARY AND TERNARY COMPOUND SEMICONDUCTOR MATERIALS USED TO REALIZE RTD AT 

300K. 

Alloy Lattice Constant, (Å) Energy gap, Eg (eV) Effective mass, m* 

Si1-xGex 5.431+0.20x+ 0.027x
2
 

 1.12-0.41x+0.008x
2
 (x<0.85) 

1.86 - 1.2x (x>0.85) 

0.19m0  (x<0.85) 

0.159m0  (x>0.85) 

Si 5.431 1.12 0.98m0 

AlxGa1-xAs 5.6533+0.0078x 1.9+0.125x+0.143x
2
 (0.067+ 0.083x)m0 

GaAs 5.653 1.42 0.067m0 

AlAs 5.661 2.16 (indirect) and 2.83 (direct) 0.1m0 

In0.52Al0.48As 5.852 1.44 0.075m0 

In0.53Ga0.47As 5.868 0.76 0.044m0 

InAs 6.058 0.36 0.023m0 

AlSb 6.135 1.58 0.12m0 

In0.8Ga0.2As 5.978 0.49 0.032m0 

InP 5.869 1.35 0.077m0 

 

The impact of growth temperature on GaAs/AlAs RTDs I-V characteristic was also 

investigated and accomplished the highest PVCR of 5.35 reported to date[109]. The 

group led by Professor Missous at the University of Manchester has recently presented a 

GaAs/AlAs resonant tunneling diode with a very low peak voltage of 0.28V, attributed to 

the material condition used and an excellent growth control in the barrier down to 

fractions of a monolayer[110]. Further steps towards improving the performance of the 

tunneling devices were accomplished using  the lattice matched 

In0.53Ga0.47As/In0.52Al0.48As on a InP substrate in 1986[101]. This structure has a higher 

conduction band offset and a lower electron effective mass than the conventional 
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GaAs/AlAs material systems as depicted in Table (2.1); nevertheless, not much 

difference in outcomes were obtained in terms of JP and PVCR.  

 

Additional efforts by researchers led to pseudomorphic In0.53Ga0.47As/AlAs 

heterostructure operating at room temperature as proposed by Inata et al in 1987[111]. 

The benefit of utilizing an AlAs barrier instead of InAlAs is attributed to its low alloy-

related scattering. This is limited by a requirement of sufficiently thin AlAs barrier 

(<3nm) for  pseudomorphic growth onto the In0.53Ga0.47As subsequent layers and hence 

causing a negligibly small concentration of misfit dislocations[112].    

 

The highest peak to valley current ratio obtained using In0.53Ga0.47As/AlAs RTD is 

23[111] and as high JP as  6.8mA/µm
2
 was later demonstrated by Shimizu et al[113]. 

Meanwhile, as these materials are highly attractive and promising for more improvement 

in RTD structures, incorporation of a low band gap InAs in the well has also been 

reported[114]. The key was to introduce a deep quantum well besides providing a large 

interval between the resonant levels, leading to achieving a very high PVCR of 30 at 

room temperature[114]. The highest JP reported to date for RTDs with an InAs sub-well 

technique is 4.5mA/µm
2
[115]. However, this is at the expense of an increase in the peak 

voltage to 0.7V, leading to a device with relatively high DC power consumption. 

 

Benchmarking of the pioneering Esaki tunnel diode performance was performed using 

InGaAs technology grown on InP substrate and achieved a recorded JP of 22 

mA/µm
2
[116]. Since then, several attempts were made to evaluate such a diode 

performance utilizing Si platform[117, 118]. In 2015, Paul Thomas et al experimentally 

investigated In0.53Ga0.47As Esaki tunnel diode grown on Si substrate via graded buffer 

and obtained a PVCR and JP of 12.9 and 0.3mA/µm
2 

respectively[119]. Unlike InP-based 

RTDs, III-V Esaki tunnel diodes undergo an extensive variation in the valley current of 

the I-V characteristic among devices due to defect-assisted current mechanism[120]. 

Furthermore, these devices have rather thin depletion regions necessary for tunneling to 

occur, resulting in increased intrinsic capacitance in the range of a few tens of picofarad. 

This does show that Esaki-based tunnel diodes are not suitable for mm-wave/THz region 

applications.    
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Generally speaking, the aforementioned GaAs and InGaAs based RTDs have type-I band 

offset compared with technologies using Sb-containing semiconductor materials. In 1991 

Brown et al achieved an oscillation frequency up to 712GHz for an RTD oscillator taking 

the advantage of InAs/AlSb material system[121]. Such a structure has several 

advantages in comparison with GaAs/AlAs devices; firstly InAs/AlSb has a staggered 

type-II band offset, making the attenuation coefficient of the carriers which tunnel 

through AlSb barrier smaller than that in the AlAs barrier. This simply reflects into high 

current density capability for a given barrier thickness[122, 123]. An InAs cap layer 

offers nearly ideal ohmic contacts, which in turn improve the maximum operation 

frequency of the device. Moreover, a very low effective mass of the InAs well does not 

merely contribute to an increase in the confinement energy, but also result in further 

minimizing the transit time across the collector depletion region[124].  

 

 

2.2.4 Overview of Indium rich Double Barrier RTDs 

Since indium-containing semiconductor materials can be heavily doped to 3×10
19

 cm
-3

, 

these devices are now very popular among the RTD community as their associated 

parasitics are further minimized. More importantly, variation in the indium composition 

of the InGaAs material can easily offer promising properties particularly advantageous 

for high electron mobility, high band-offsets, and provide low ohmic contact resistance 

characteristics[125]. Accordingly, an indium rich InGaAs in the quantum well (i.e. 

In0.8Ga 0.2As) was proposed by Matsuzaki in 2002[126].  

 

A highly-strained compressive quantum well In0.8Ga0.2As with AlAs barriers RTD was 

grown using Metal-Organic Vapor-Phase Epitaxy (MOVPE) technique[127]. 

Characterizations of the double barrier RTD with In-rich wells was reflected by 

exponentially dependent  JP on the AlAs barrier thickness[127]. Since then, this ternary 

material has been extensively studied by both NTT Photonics Laboratories and the 

Tokyo Institute of Technology research groups. The most important feature of utilizing 

In-rich InGaAs wells is to effectively produce a high peak current density at low voltage 

bias. The key driving is mainly due to the facility of pulling down the first resonant level 

in the quantum well[128], which is basically considered an alternative approach to the 

aforementioned InAs sub-well structure.  
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In 2003, NTT Photonics Laboratories reported a strained In0.8Ga0.2As/AlAs RTD grown 

on InP substrate and obtained JP of 1.46mA/µm
2
 at peak voltage of 0.43V and with a 

PVCR of 7.7[129]. A high peak current density of 4.09mA/µm
2
 with a  PVCR of 3.8 was 

simultaneously achieved by decreasing the barrier to 4 monolayer thickness[129]. 

Further increase in JP to  13mA/µm
2
 with a  PVCR of 1.5 was demonstrated in a  

collaboration between NTT Photonics Laboratories and the Tokyo Institute of 

Technology research groups in 2008[130]. This result was attained by growing a thin 

AlAs barrier of 1.4 nm with 6 x 10
18

 cm
-3

 doping profile in the cap layer.  

 

Later, Suzuki et al demonstrated a very high JP of 24mA/µm
2
 but at a high peak voltage 

of approximately 0.8V utilizing an AlAs barrier thickness of 1.2 nm and a graded spacer 

from the emitter side for use at ~ 1THz oscillation frequency[131]. This was then 

followed by reporting a higher current density of 28mA/µm
2
 at a VP of ~ 0.9 V, also 

exploiting a graded indium composition spacer layer for an RTD oscillator with a 

fundamental frequency of 1.08 THz[132]. 

 

In 2012, a room temperature fundamental oscillation of 1.31THz with 23mA/µm
2 

high 

peak current density was achieved by Asada et al employing In0.8Ga0.2As material [133]. 

In late 2014, an RTD oscillation frequency of 1.42 THz was demonstrated by the same 

author using In-rich well and emitter graded InGaAs/AlAs RTD[134]. Further increase in 

the indium mole fraction of the well alongside with a graded In-rich cap layer led to a JP 

of 34mA/µm
2
 and an oscillation frequency of 1.86THz[8]. It was followed by the highest 

peak current density of the double barrier RTDs reported to date of 50mA/µm
2
 with an 

impressive oscillation frequency of 1.92 THz using offset slot antenna and about 0.1µm
2
 

mesa size device[135]. This remarkable finding was accomplished by the Tokyo Institute 

of Technology research groups as a consequence of extensive work in this particular field 

for many years, contributing to massive improvements in the structures of the resonant 

tunneling diodes and of course utilizing In-rich wells. 

 

An attempt was made for realizing even higher JP RTDs using wide band gap energy III-

nitride was demonstrated [136, 137];  however, GaN-based devices still suffer from lack 

of reproducibility, mostly attributed to deep energy level trapping centers, which in turn 

degrade the peak to valley current ratio[138, 139]. The quality of these materials is not 

suitable yet for an effective RTD characteristic especially under the condition of the 
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available epitaxial growth technology. This is because the misfit dislocations exacerbate 

the degradation in the NDR characteristics of the GaN-based tunneling devices[140]. 

Instead, III-nitride material system is currently paramount in highly linear low distortion 

power amplifier implementations[141, 142].  

Recently, highly compressively strained In-rich quantum well RTDs were successfully 

grown on semi-insulating InP substrates using the MBE technique at the University of 

Manchester facility. The objective was to achieve a high current density feature 

employing reasonably simple tunneling device structure. Additional aims were the use of 

these devices in sub-millimeter wave RTD oscillators. In-depth discussion and analysis 

related to the RTD sources including device characterizations, MMIC technology and 

oscillator components are elaborated in this and following chapters. 

 

 

2.3 Photolithography and RTD Mask Design 

Design of the device layout for desirable RTD performance requires extra care in terms 

of avoiding needless distances that might introduce additional parasitics. Feature sizes in 

this work were restricted to ~1µm resolution using conventional i-line photolithography 

technology. Despite this limitation, this technology is fairly easy to use and much more 

affordable than electron beam lithography (EBL) technology. Since EBL technique is 

superior in high resolution processing, this system is preferable in submicron scale 

device fabrication though the throughputs are very low[143]. Mask designs and layouts 

for individual RTD devices and MMIC RTD oscillators were extensively developed over 

the period of the PhD research.  

 

After the growth process was accomplished, wafers were diced into 15mm×15mm size 

tiles. The fabrication procedure requires defining the device sizes including the top and 

bottom contacts alongside with bond pads for on-wafer probing measurements. With this 

in mind, the mask was designed with different mesa sizes of the RTD, such as square and 

finger devices (i.e. 6×6, 5×5, 4×4, 3×3, 2×2, 1×5, 1×4, 1×3, 1×2µm
2
). The photo-mask 

used in this thesis is built employing Agilent Advanced Design System (ADS) software. 

It is generally composited of four steps and an example of a 2×2µm
2
 emitter size is 

depicted in figure (2.7).  
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As mentioned above, the RTD devices were fabricated using standard i-line 

photolithography and utilized both dry and wet etching techniques. Furthermore, the 

fabrication of all devices in this project was performed in a clean room environment of 

class 1000. Even though laminar air flow and filter system controls the source of the 

contaminants all the time, there are still a few ways that cause samples contamination. 

These include handling the samples by human operators and other contamination is 

related to processing equipment[92]. On the basis of this consideration, during the 

preparation of the samples and before each step, the tile is cleaned with various solutions 

or/and techniques. The preparation steps are briefly discussed as follows: N-Methyl 

Pyrrolidone (NMP) solution is used to remove pollutants adhered on the surface of the 

sample. As some residues remain after performing the NMP process, the tile is then 

washed with high purity de-ionised (DI) water. To entirely eliminate the remnants of 

NMP, the sample is dunked into Acetone for 5 minutes in an ultrasonic bath. The next 

step was to dip the sample into an Iso-Propan-ol (IPA) solution for 5 minutes, providing 

a clean suface from Acetone remnants.  This is eventually followed by using nitrogen 

(N2) gun to blow-dry the sample.  

 

The basic processing of the RTDs can be summarized into four steps, starting by the self-

aligned technique in which the deposited top contact was employed as a hard mask 

(step#1). After lifting-off the metallization, the self-aligned mesa diodes were formed 

using reactive ion etching (RIE) of the top contact with methane and hydrogen in the 

ratio of 1:8. This dry etching was used to provide an almost isotropic side-wall, 

alleviating the effect of the leakage current that causes degradation in the PVCR of the 

devices. From this, the effective area of the device was defined with a mesa size of 

2×2µm
2 

as shown in figure (2.7). As the highly doped InGaAs cap layer does not act as 

an etch-stop layer, the mesa etching time is adjusted in order not to remove the ohmic 

layer where the bottom electrode is sitting. This step was then followed by the bottom 

contacts (step#2) deposited, allowing wet etching of the self-aligned air-bridges and 

device isolation to be carried out using H3PO4:H2O2:H2O in a ratio of 3:1:50 (step#3). 

 

All these steps are depicted in figure (2.7) showing the pattern dimensions designed in 

the mask. The distance between the layer structure and bottom electrode in step#2 was 

optimized to be 2µm due to the restrictions of the photolithography resolution. This 

crucial parameter determines the spreading resistance of the device and is considered one 
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of the major influences on the RTD radio frequency performance. In-depth investigation 

regarding the series resistance and RF characteristics of the RTDs will be elucidated later 

in this chapter. 

 

                                             

 

                            

Figure 2.7: Top view of the RTD photo-mask designed using Agilent ADS software showing the process 

step by step for a 2×2 µm
2 
device size as defined by the mask patterns. 

 

Since the conventional wet etching does not only etch vertically, but it also etches the 

defined pattern laterally in the range of 0.25 to 0.5µm
2
,
 
depending on several parameters, 

for instance the concentration of the chemical solution used and the epilayer structure in 

terms of the material systems and their thicknesses. In fact, there are two major benefits 

which can be gained from the lateral etching profile; firstly the fabrication process would 

end up with smaller RTD sizes than the designated patterns, thereby improve the 
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performance of the diode at high frequencies. Secondly, this allows to completely open 

the area beneath the air-bridge strip; otherwise either the device size would be so large 

and dominated by the bottom contact area or it might result in a substantial deterioration 

of the NDR feature. Therefore, the wet-etching process had to be performed through 

carefully extending the isolation etching time and choosing a sufficient bridge length of 

3.5µm to make sure the undercut process is complete. Figure (2.8) shows a cross section 

view of an InGaAs/AlAs RTD, including the electrodes and air-bridge formation. 

 

     

Figure 2.8: Cross section view of a 2×2 µm
2 

InGaAs/AlAs RTD device size, clearly indicating the air-

bridge formation. Note that the drawing is not to scale.  

 

The downside is that the undercut profile attacks the area beneath the bottom contacts, 

contributing to potentially breaking the connection with the following step. To prevent 

this from happening, 1μm tolerance was pre-defined by covering the area all around the 

edges of the bottom contacts as shown in figure (2.7) step#3. Due to the large dimensions 

of the bottom electrode (10×20µm
2
) with heavy doping profile ohmic layer, negligibly 

small contact resistance is obtained. It is worthwhile highlighting that the isolation of the 

device down to the semi-insulating substrate surface makes the surrounding devices 

electrically isolated. The non-alloyed ohmic contact scheme used was a thermally 

evaporated Pd/Ti/Pd/Au for both upper anode and lower cathode electrodes with a 
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thickness of 10/20/20/700 nm. Step#4 was dedicated for the coplanar waveguide (CPW) 

formation with standard dimensions, enabling the realization of 50Ω characteristic 

impedance necessary to match with S-parameter probe measurements.  

     

 

Figure 2.9: 3D schematic and SEM images of the fabricated device with a mesa size of 2×2 and 1×2 µm
2
 

respectively, showing the active device, air-bridge and bond pads.   

 

The fabrication process ends-up with two main mesas, the passive and active areas. The 

passive mesa refers to no current passing through such an area, which is beneath the 

signal line of the CPW, see figure (2.8), whilst the current flows in the active mesa of the 

RTD and to avoid any variation in the characteristics of the diode, this area was 

passivated using photoresist layer as shown in figure (2.7). The 3D schematic of an 

ultimately fabricated RTD involving the active device and bond pads is depicted in figure 

(2.9). 

 

 

2.4 Device Structures and Characteristics 

Among all heterostructure tunneling diodes, double barriers InGaAs/AlAs RTDs, have 

been intensively investigated[37, 61, 144, 145]. This includes numerical modeling, 

improvement in fabrication process and significant progress in THz wave applications. 

To satisfy the increasing demands in high data rates wireless communications, 

downscaling of device sizes to submicron features is required to further minimize the 

intrinsic RTD capacitance, providing high speed operation beyond 1 THz [67, 146]. To 

this end, achieving a useful indoor propagation distance necessitates a high output power 
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source at such frequencies. This can be accomplished in two ways: first by boosting the 

peak current density (JP) and second by reducing the electron intraband transit time. 

Thus, investigating and improving the DC characteristics of the resonant tunneling 

diodes is significantly important for RF circuit implementations. Previous related work 

using pseudomorphic InGaAs/AlAs/InAs and thin and deep quantum well InGaAs/AlAs 

RTDs demonstrated high current densities of 4.5 and 14.5mA/µm
2
 respectively [115, 

128] as well as tens of femtoseconds transit times[127, 128]. There is a  compromise to 

be struck between achieving high JP and the complexity of the epitaxial growth process, 

for example using graded spacers or cap layers or/and  emitter layer with quaternary 

materials for lower voltage bias[8, 132].  

This work, however, shows that high current density RTDs can be obtained with 

relatively uncomplicated epitaxial layer structures. It also concentrates on a comparative 

investigation of five different diodes epitaxial structures at the attempt of improving the 

performance of the devices. All the RTDs were grown by Prof. Missous at the UoM, an 

In-rich quantum well sandwiched between two AlAs barriers was utilized in this project. 

The epilayer of these devices were grown on lattice-matched semi-insulating InP 

substrates using Solid Source Molecular Beam Epitaxy (SSMBE). Figure (2.10) depicts 

the epitaxial stack the RTD samples, which are denoted as XMBE#276, #277, #300, 

#302 and #327, relying on the variation in their DBRTD structures and both spacer 

regions.  

 

Figure 2.10: Typical RTD structure including layer dimensions of the double barrier quantum well layers 

and spacers regions which are varied in the five structures investigated. 
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The undoped layers of the RTD samples from the top collector spacer to bottom emitter 

spacer consist of In0.53Ga0.47As collector spacer, AlAs collector barrier, In0.8Ga0.2As 

quantum well, AlAs emitter barrier and In0.53Ga0.47As emitter spacer respectively. 

Dimensions of the DBQW and spacer layers are tabulated in Table (2.2). All other 

layers’ thicknesses are indicated in figure (2.10) and are kept similar for all RTD 

samples. First of all, the role of each layer function is discussed. It is well-known that 

metal-semiconductor contact resistance plays an important role in limiting the high 

frequency operation of devices. Therefore, the highly doped In0.53Ga0.47As cap layers are 

specified to minimize the series resistance of the diode. The doping profile of these 

layers almost reaches the upper limit of InGaAs material[147]. 

 

TABLE 2.2: DIMENSIONS OF THE DBQW AND SPACER LAYERS OF DIFFERENT RTD 

STRUCTURES. 

DESIGN PARAMETERS 

RTD SAMPLE 

276 277 300 302 327 

𝑡𝑠  (nm) 20 20 5 5 5 

𝑡𝑏  (nm) 1.6 1.3 1.2 1.1 1.1 

𝑡𝑤 (nm) 4.5 4.5 4.5 4.5 3.5 

 

 

Both emitter (bottom) and collector (top) spacers are deliberately undoped to prevent 

diffusion of donor generated from the heavily doped regions to the subsequent layers 

during the growth process, for instance from the n
+
-In0.53Ga0.47As into the AlAs barrier. 

This is due to the fact that diffusion of impurities to such regions will increase carriers 

scattering events, resulting in a degradation of the current density of the device[148]. 

Furthermore, the transport time of the carriers across the collector depletion region 

increases with the thickness of the spacer; however, this is inversely proportional to the 

value of the intrinsic capacitance of the device. The reduction in ionized impurity 

scattering as the width of the spacer layers gets thicker, leads also to improving the 

PVCR. The is however at the expense of decreasing the peak current density due to a 

suppression of current stream in the thick spacers[149]. A trade-off between these 

parameters is therefore required. An increase in the oscillation frequency of a resonant 
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tunneling diode oscillator to 1.42THz was recently reported by optimizing the collector 

spacer thickness[150].   

Emitter and collector layers are responsible for emitting and collecting carriers 

respectively. The conceptual framework of the DBQW layers was already discussed in 

section 2.2.2. Furthermore, the dependency of the RF parameter values extraction on the 

structure of the RTDs and their mesa sizes are highly useful for MMIC implementations 

based RTDs and this matter is discussed later in this chapter. 

 

 

2.4.1 DC Characteristics 

Once the fabrication process was successfully performed, the devices were then 

measured; figure (2.11) illustrates typical SEM images of a fabricated RTD device with a 

mesa size of 1×2µm
2
, showing the air-bridge and top and bottom bond pads. The forward 

bias current densities of the diode samples XMBE#300, #302 and #327 as well as for 

samples XMBE#276 and #277 are depicted in figures (2.12) (2.13) respectively.  

 

                    

Figure 2.11: SEM images of an RTD with a mesa size of 1×2µm
2
. 

 

As expected, sample #327 has the highest JP of 10.8mA/µm
2
 due to the thin well and 

barriers, followed by sample #302 as shown in Table (2.3). The key DC characteristics 

parameters are tabulated in Table (2.3) including JP, PVCR and the absolute value of the 

negative differential conductance (𝐺𝑅𝑇𝐷). The parameter 𝐺𝑅𝑇𝐷can be approximately 

expressed as a function of the voltage span (∆V) and current width (∆I) (i.e.  𝐺𝑅𝑇𝐷 =

(3/2)(∆I/∆V)[7]. ∆V and ∆I being the voltage and current difference between the peak 
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and valley voltages and currents respectively, which can be basically extracted from the 

device’s I-V characteristic. Apart from the peak current density of the devices, all other 

parameters are calculated for 4µm
2
 device areas. 

 

 

Figure 2.12: Current density of the RTD samples XMBE#327, #302 and #300. 

 

 

Figure 2.13: Current density of the RTD samples XMBE#276 and #277. 

 

A thicker barrier, 𝑡𝑏 (1.6nm) from the collector side of sample #276, can suppress 

additional current through the collector barrier [140], as compared with sample  #277 

contributing to  the increase in PVCR. However, this is at the expense of a reduction in 

JP. For high 𝐺𝑅𝑇𝐷 , the width of the barriers for sample #302 was grown with a thickness 

of 1.1nm, providing a significant increase in current density. Table (2.3) shows good 

device characteristics including a high PVCR of 5.2 exhibited by sample #276 despite its 
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very low current density. A comparable PVCR value was achieved for sample #327 with 

a remarkable increase in JP and 𝐺𝑅𝑇𝐷 obtained through decreasing both well and barriers 

thicknesses.  

 

TABLE 2.3: FORWARD BIAS DC CHARACTERISTICS OF THE DIFFERENT RTD STRUCTURES 

WITH 4µm
2 

MESA SIZE. 

DC CHARACTERISTICS 

RTD SAMPLE 

276 277 300 302 327 

JP (mA/µm
2
) 0.08 0.26 1.1 3.7 10.8 

PVCR 5.2 3.2 3.8 3 4.9 

|𝐺𝑅𝑇𝐷| (mS) 1.4 3.8 19.6 76 260 

 

 

Interestingly, the experimental data indicates that a high PVCR can still be obtained in 

relatively thick barriers and wells. Since a thick spacer region of 20nm for sample #276 

offers less carrier scattering events, the PVCR has been improved. More importantly, 

further reduction in valley current of sample #276 is due to the existence of a wide 

collector barrier thickness of 1.6nm. These parameters have led to an additional increase 

in the PVCR feature. Generally, the incoherent tunneling mode caused by scattering 

mechanisms occurs because of interactions with impurities or/and defects encountered by 

the injected electrons[151]. Such an RTD characteristic emphasizes that this performance 

is undeniably important in implementation of RF circuit amplifiers with  sub-milliwatt 

level DC power consumption[76, 152]. Conversely, this sample would not be suitable as 

a terahertz emitter due to its rather low estimated output power.  

  

There is a trade-off between achieving a high JP and the dependency of PVCR on spacer 

and DBQW dimensions. A well-designed asymmetrical RTD structure could effectively 

be a compromise between these key parameters, for example a thin 𝑡𝑏 with a wide spacer 

layer from the emitter side alongside relatively thick 𝑡𝑏 with a moderate spacer thickness 

from the collector side would contribute to increase in JP whilst maintaining a high 

PVCR. It is known that reducing the quantum well thickness makes the separation 
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between the first and second resonant levels inside the well larger thereby improving the 

PVCR and with a considerable increase in JP. Boosting of these two parameters was 

achieved for sample #327 which had a relatively simple epitaxial structure. Accordingly, 

a high 𝐺𝑅𝑇𝐷 of 260mS was obtained. The structure’s simplicity mainly refers to the fact 

that no graded or quaternary layers were used. Both of these would be extremely difficult 

to control in a manufacturing environment since the exact compositions and grading 

would need to be achieved over very small distances. The structures presented in this 

work rely exclusively on timing of shutter opening/closing without any change in 

temperature of the effusion cells during growth, making the structures much more 

reproducible. This is highly important for tunnel devices whose characteristics tend to 

exponentially depend on thicknesses.  

 

Asymmetrical I-V characteristic of the RTDs were observed, mainly attributed to the 

existence of both “normal” and “inverted” InGaAs-AlAs interfaces and potentially any 

unintentional variation in barrier thickness which are possible in these multi-interface 

structures as depicted in figure (2.14). As the transmission probability of the RTDs is 

exponentially dependent on the barrier thicknesses[93], this might exacerbate asymmetry  

effect. Lower doping profile in the n
+
-In0.53Ga0.47As ohmic bottom layer compared with 

the top one could also have a small effect on the I-V symmetry. A similar behaviour has 

been previously reported by Wolak and Sugiyama[108, 129]. Furthermore, Tsao et al 

quantitatively investigated the characteristics of various GaAs/AlAs RTD structures and 

surprisingly claimed that the most symmetric I-V characteristics were found from 

asymmetric RTD barrier thicknesses on both sides of the quantum well[153].  

 

Since precisely controlling the thickness of the DBQW and doping concentration as well 

as effectively balance between their impacts on the I-V characteristics are rather difficult, 

symmetric I-Vs for the resonant tunneling diodes cannot be straightforwardly attained. 

However, as long as the major contribution of these devices is the negative differential 

resistance, asymmetric I-Vs would be preferred, providing excellent characteristics in 

one of the bias directions.    

As the current density of the RTDs is extremely sensitive to the barrier thickness, JP 

achieved in reverse bias is three times that obtained in the forward bias directions. From 

figure (2.14), it can be seen that the peak voltages in reverse biases are pushed up 

compared with those observed in forward biases. This undoubtedly confirms that the 
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barrier from the collector side of the forward bias (top) seems to be slightly thinner, 

offering interesting characteristics for asymmetrical device structure, such as high PVCR 

and wide ∆V. However, physical modeling might be indispensable to further investigate 

this type of behaviour.  

 

 

 

Figure 2.14: I-V characteristics of the RTD sample XMBE#277 and #300 with various mesa sizes, showing 

different characteristics in forward and reverse biases. 

 

A degradation of the peak to valley current ratio as the size of the diode gets smaller can 

be noticed throughout the DC characteristics of the tunneling devices. It has been 

experimentally demonstrated[154] and the argument for the  reduction in this figure of 

merit is attributed to a parasitic sidewall current. Thus, smaller undercut profile with 
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appropriate surface passivation is one of the potential ways used to improve scalability of 

the submicron devices[131, 154, 155], maintaining the PVCR value for small devices. 

 

Figure 2.15: Current density of RTD sample XMBE#277 showing a very small variation in the valley 

current for small mesa diodes in comparison with large ones. 

 

In this work, a small degradation in the PVCR was observed with scaling the RTDs down 

to small feature sizes as shown in figure (2.15). This is due to the consequence of an 

approximately isotropic side-wall (less undercut profile) achieved by the dry etching 

process. Table (2.4) and (2.5) summarize the forward and reverse biases DC 

characteristics of the RTD samples XMBE#276, #277, #300, #302 and #327 

respectively. Both forward and reverse biases show a significant increase in the current 

width (ΔI) attributed to thin barriers and wells, resulting in an outstanding improvement 

in the 𝐺𝑅𝑇𝐷 as depicted in Table (2.4) and (2.5). By contrast, this has contributed to a 

decrease in the voltage span (ΔV) which is considered detrimental to the output power of 

high frequency oscillators. To avoid repetitive discussions of the forward bias 

characteristic, the rest of this section is predominantly concerned with the remarkable 

RTD features obtained in the reverse bias direction.    

 

Taking advantage of In-rich quantum well, a relatively low peak voltage is achieved in 

reverse bias voltage; however, it notably increases with reducing barrier or/and well 

widths.  In reverse bias, samples #276, #277 and #300 have a JP that is three times higher 

than those obtained in the forward direction. This is not the case for the RTD sample 

#302 whose peak current density is just about double. Once more, the reason is most 
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likely due to the unintentional variation in the thickness of the barriers and other 

aforementioned impacts.      

TABLE 2.4: SUMMARY OF FORWARD BIAS DC CHARACTERISTICS FOR DIFFERENT RTD 

STRUCTURES WITH A MESA SIZE OF 4µm
2
. 

RTD SAMPLE 

DC CHARACTERISTICS 

|ΔV| (V) |ΔI| (mA) VP (V) 
JP 

(mA/µm
2
) 

PVCR 
|𝐺𝑅𝑇𝐷| 

(mS) 

276 0.32 0.3 0.11 0.08 5.2 1.4 

277 0.28 0.7 0.12 0.26 3.2 3.8 

300 0.26 3.4 0.18 1.1 3.8 19.6 

302 0.2 10.2 0.21 3.7 3 76 

327 0.19 33 0.53 10.8 4.9 260 

 

TABLE 2.5: SUMMARY OF REVERSE BIAS DC CHARACTERISTICS FOR DIFFERENT RTD 

STRUCTURES WITH A MESA SIZE OF 4µm
2
.   

RTD SAMPLE 

DC CHARACTERISTICS 

|ΔV| (V) |ΔI| (mA) |VP | (V) 
JP 

(mA/µm
2
) 

PVCR 
|𝐺𝑅𝑇𝐷| 

(mS) 

276 0.38 1.2 0.32 0.33 6.7 4.7 

277 0.31 3.2 0.4 0.94 6.2 15.5 

300 0.27 10.4 0.41 3.3 4.6 57.7 

302 0.2 16.6 0.37 6.4 2.7 124.5 

327 0.12 44 0.71 14.3 4.2 550 

 

More interestingly, the promising PVCR values obtained with low JP characteristics for 

the device samples #276 and #277 are greatly beneficial for radio frequency MMIC 

implementations with ultra-low DC power consumption. For example, several RF 

amplifier circuit topologies, which consume sub-milliwatt level DC power, have been 

recently reported using either conventional tunnel diodes or double barrier RTDs as 

active loads[76, 152, 156]. As far as the requirement for good characteristics of the RTDs 
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including JP, PVCR and 𝐺𝑅𝑇𝐷 are concerned, samples #302 and #327 would be chosen 

for oscillator circuit design and implementations.  

TABLE 2.6: ROOM TEMPERATURE OPERATION OF INGAAS/ALAS RTD STRUCTURES 

GROWN AT THE UNIVERSITY OF MANCHESTER COMPARED WITH STATE OF ART. 

REPORTED 

IN 

DESIGN PARAMETERS AND TECHNOLOGY DC CHARACTERISTICS 

INGAAS/ALAS 

(nm) 

SPACER 

(nm) 

RTD 

EPILAYER 

DEVICE 

SIZE 

(µm
2
)  

JP 

(mA/µm
2
) 

PVCR 
|GRTD|       

(mS/ µm
2
) 

#302 

(REVERSE 

BIAS) 

IN0.8GA0.2AS/ALAS 

4.5/1.1 
5 SIMPLE 2 6.4 2.7 29 

XMBE#327 

(FORWARD 

BIAS) 

IN0.8GA0.2AS/ALAS 

3.5/1.1 
5 SIMPLE 2 10.8 4.8 95 

XMBE#327 

(REVERSE 

BIAS) 

IN0.8GA0.2AS/ALAS 

3.5/1.1 
5 SIMPLE 2 14.3 4.2 185 

[129] 
IN0.8GA0.2AS/ALAS 

4.5/1.2 
N/A SIMPLE 2×3 1.46 7.7 9 

[129] 
IN0.8GA0.2AS/ALAS 

4.5/1.2 
N/A SIMPLE 2×3 4.09 3.8 ~40 

[130] 
IN0.8GA0.2AS/ALAS 

4.5/1.4 
2 SIMPLE N/A 12.9 1.5 66 

[134]  
IN0.9GA0.2AS/ALAS 

3/1 
12 COMPLEX N/A 18 ~2.1 38 

[134] 
IN0.9GA0.2AS/ALAS 

3/1 
6 COMPLEX N/A 23 ~1.8 67 

[8] 
IN0.9GA0.2AS/ALAS 

2.5/1 
6 COMPLEX N/A 34 ~2.2 66 

[135] 
IN0.9GA0.2AS/ALAS 

2.5/1 
12 COMPLEX N/A 50 1.7 77 
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From RTD oscillator’s perspective, both current difference and voltage span are favoured 

to be as large as possible, to ensure high RF power delivered to the load. Relevant 

quantitatively analysis is discussed for all RTD samples in section 2.6.4. Unlike the 

resonant tunneling diodes studied in this work and grown by the MBE technique, RTDs 

reported in literature has been mainly grown using MOVPE technology. Similarly, those 

device structures were optimized to achieve as high a current density and PVCR 

characteristics as possible. However, there are several fundamental differences related to 

exploiting emitter and collector with quaternary materials or/and graded layers in 

comparison with the devices investigated in this research. Comparison between DC 

characteristics of the In0.8Ga0.2As/AlAs RTD sample XMBE#327 and #302 and recently 

published works are tabulated in Table (2.6). The simplicity of the RTD samples with 

excellent figure of merits achieved is evidence that these devices are suitable for low cost 

mm-wave/THz applications. The MBE grown XMBE#327 RTD exhibits a double PVCR 

value compared with previously reported works.   

 

The most prominent finding is the high 𝐺𝑅𝑇𝐷 obtained for the same sample, which is the 

highest reported to date and is greatly promising for sub-micrometer scale devices used 

in integrated RTD based circuits. Basically, these results are achieved as a direct 

consequence of the excellent grown conditions and materials used alongside appropriate 

fabrication steps throughout the process flow. Furthermore, the excellent 𝐺𝑅𝑇𝐷 obtained 

for the RTD sample XMBE#327 can enable manufacturing RTD transmitters with small 

stabilizing resistor of <6Ω, improving the circuit performance in terms of lower noise 

operation and high DC-to-AC conversion efficiency. This is particularly useful for 

implementing ICs with relatively large RTD sizes ranging from several to a few 

micrometres (i.e. whose 𝐺𝑅𝑇𝐷 is ≥ 0.4S).  

 

 

2.4.2 Self-Heating Effect 

Since an efficient RTD circuit design requires low DC bias voltage, reduction of the peak 

voltage of the devices is highly desirable. From the experimental I-V data, shifting of the 

peak voltage with peak current density of the diode was observed. Though such influence 

was briefly discussed in[157], clarifying it has not been quantitatively presented. This 

previous work claimed that a drop-in voltage at the contact layer could be the reason 

behind this behaviour. However, in practice, the contact resistance (and of course the 
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overall resistance) of the RTDs decreases as device dimension increases, so there must be 

other sources causing this behaviour. In this work, the measured data reveals different 

trends for each RTD sample which are extremely peak current density dependent.  Figure 

(2.16) shows that only a small deviation occurs in VP with device sizes for the low 

current density RTD sample #276. However, a significant variation in I-V characteristics 

was found for the high current density sample #327 at the peak voltage as depicted in 

figure (2.17).     

 

 

Figure 2.16: Current density of RTD sample XMBE#276 with different device sizes showing only a small 

variation in the peak voltage. 

 

Figure 2.17: Deviation in the peak voltage of the RTD sample #327 for various device sizes.  
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Deviation in VP with mesa size was found to be negligibly small for devices with low JP 

(samples: #276, #277 and #300).  On the other hand, this increase in peak voltage rises 

considerably for high peak current density RTDs (samples: #302 and #327) as shown in 

figure (2.18). The RTD samples #302 and #327 have deviation in VP in the range of 14 

and 36mV/µm
2
 respectively. These findings are interpreted as follows: the diodes with 

high JP (and higher areas) are heated up due to the high current passing through them, 

causing excess carrier scattering and in particular throughout the entire doped layers. 

Reduction in the mobility of the electrons consequently occurs, leading to an additional 

parasitic resistance associated with the series resistance of the diode which further 

increases with mesa size of the device. A polynomial fit to the RTDs peak voltage was 

used to estimate the parasitic resistance (𝑅𝑝𝑎𝑟).  

 

 

Figure 2.18: Peak voltage of the InGaAs/AlAs RTDs as a function of device sizes for different peak current 

density samples. The peak voltages were obtained from the measured I-V characteristics of the diodes. 

Inset: estimated parasitic resistance as a function of diode size for RTD samples XMBE#302 and 327 (all 

other samples were excluded from the graph due their very low associated 𝑅𝑝𝑎𝑟). 

 

To accurately evaluate this associated resistance, the intrinsic series resistances of the 

devices were taken into account in the modeled IV curves. The simulation data shows 

that 𝑅𝑝𝑎𝑟 is in the range of 1.4 to 3.6 Ω/µm
2
 for samples XMBE#302 and 327 

respectively as depicted in figure (2.18); all other diode samples had very low parasitic 

resistances depending on their current densities (i.e. < 0.5 Ω/µm
2
). To support this 
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explanation, a 1µm width TLM (transmission line model) air-bridge structure using 

Pd/Ti/Pd/Au with thickness of 10/20/20/700 nm were fabricated. The measured data 

showed that an air-bridge passing a 100mA current has a very low voltage drop of 

3.8mV/µm. This multilayer air-bridge can handle a current exceeding 100mA for a 30µm 

length. With this in mind, the self-heating resistance is clearly caused by the RTDs 

themselves. Therefore to minimize the variation in peak voltage and thus ensure very 

small additional resistance for high current density diodes, submicron devices are 

necessary. 

 

 

 

 

Figure 2.19: RTD I-V characteristic with various pulse widths of the applied DC voltage (a) Sample #277 

with 11.4µm
2
 mesa size, (b) Sample #302 with a mesa size of 8µm

2
. 
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Further measurements using pulsed DC voltage bias (P) were carried out and from which 

the self-heating problem was clearly seen. The time period of the voltage was varied 

from 10 to 500ms with a duty cycle (DuC) of 10%. These measurements did not show 

any significant differences in the current-voltage characteristics of the low current 

density devices, for example RTD sample #277 as shown in figure (2.19, a). Note that 

the set-up oscillations present at DC are absent during pulse measurements. On the 

contrary, the high current density device sample #302 shows a marked trend in which 

higher current (less resistance) was obtained as depicted in figure (2.19, b). The 

enhancement in JP was about 60% with a duty cycle and period time of 10% and 10ms 

respectively. However, it is noticeable that the PVCR decreases, particularly with long 

period times. Different duty cycles were also tried but did not reveal any further 

information. 

 

Due to equipment limitations, large mesa area devices of sample #327 could not be 

measured. To the best of our knowledge, RTD structure designs, in which the self-

heating issue effect is insignificant, has not been reported to date. However, the 

importance of minimizing VP is paramount for relatively large device sizes as well as for 

low DC power dissipation in RTD integrated circuits. While further increase of the 

doping profile in the top cap layer can reduce the specific contact resistance and hence 

minimize voltage drop at the interface, minimizing the spreading resistance is far more 

important for lowering the peak voltage and yielding efficient high frequency 

performances. A graded InGaAs emitter layer is an alternative way exploited to reduce 

the bias voltage due to occurrence of the alignment between the resonant state in the well 

and conduction band edge of the emitter at a low bias voltage[131]. This is; however, at 

the expense of an increase in complexity of the growth process.  

 

 

2.4.3 Integrated Nickel Chromium Stabilized Resistor  

Resistors are widely used in MMIC designs for a number of purposes, such as feedback, 

biasing, matching circuits and terminations. Since this project is involved with design 

and characterizations of high frequency integrated circuits, biasing and stabilizing 

resistors are required for circuit implementations. There are mainly two kinds of thin-

film resistors utilizing resistive metal alloy such as Tantalum Nitride (TaN) and Nickel 

Chromium (NiCr). NiCr facility is readily available at the University of Manchester and 
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so this material was used in this work. In-depth discussion related to the advantageous of 

NiCr resistors over other materials is presented in chapter 3. Generally speaking, the 

value of the resistance can be theoretically determined by altering the geometry of the 

thin film. A NiCr resistor is often realised in RTD oscillators to suppress the low 

frequency oscillation due to parasitic elements coming from the DC set-up cables. To do 

so, the resistor’s value should be sufficiently low to reduce the DC power dissipation; 

however, this would degrade the extracted radio-frequency power of the circuit. This 

trade-off is indispensable and hence the influence of an integrated resistor on the 

characteristic of the resonant tunneling diodes was investigated.  

 

A 25Ω NiCr shunt resistor (𝑅𝑠ℎ) with a 50Ω/□ sheet resistance (𝑅𝑠ℎ𝑒𝑒𝑡) was sputtered 

into both sides of the coplanar waveguide (CPW) in parallel with the RTD sample #302 

as shown in figure (2.20). A 200nm Si3N4 dielectric layer was fabricated underneath the 

NiCr material, so as to avoid shorting the passive device’s epilayer with interconnecting 

metal. It is apparent from the graph depicted in figure (2.21) that the negative 

conductance region almost vanishes for a 4µm
2
 device size, meaning that a 25Ω resistor 

is an overestimate to suppress the low frequency parasitic oscillation. Thus, an optimized 

𝑅𝑠ℎ value was found to be consistent with theoretical analysis in the literature as 𝑅𝑠ℎ is 

constrained by 𝐺𝑅𝑇𝐷 (i.e.  𝑅𝑠ℎ < 1/|𝐺𝑅𝑇𝐷|) [8, 158].  

 

Rsh

Rsh

RTD

 

Figure 2.20: 3D schematic of the NiCr thin film resistor integrated on both sides of the coplanar waveguide 

and the resonant tunneling diode along with a circuit diagram represents the configuration of the fabricated 

structure.  



84 

 

 

Figure 2.21: Current density of different RTD mesa sizes for sample #302 with and without a 25Ω NiCr 

shunt resistor plotted in dashed and solid lines respectively.  

 

A large deviation in VP is not only caused by self-heating problems of the RTDs but due 

largely to current dividing between the resistor and diode, leading to the peak current 

density to occur at higher VP. 

 

2.5 Transmission Line Model (TLM) Measurements 

To facilitate the DC and RF measurements of the electronic devices, contacts made of 

metals are used to electrically connect the devices to the outside world. In such a case, 

the contact resistance between the metal and semiconductor must be reduced to provide 

high performance operation particularly at ultra-high frequencies. An ohmic contact is 

commonly exploited in electronic devices, offering very low contact resistance (a small 

voltage drop at the interface) by allowing a linear current voltage characteristic in both 

forward and reverse bias directions. To ensure introducing ohmic contacts at metal-

semiconductor interface, heavily doped layers beneath the metal are utilized with a 

doping level in the range of > 10
19

 cm
-3

. This avoids forming a Schottky barrier contact 

by providing a thin depletion region width where the field emission transport mechanism 

is dominant[159].    

Assessment of the quality of the metal-semiconductor junction is still required for contact 

resistance evaluation. With this in mind, the transmission line model was previously 

proposed by Berger[160] and a schematic drawing for the TLM structure is shown in 

figure (2.22). This structure is composed of a series of metal contact pads deposited on 
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the highly doped InGaAs cap layer. In this work, the dimensions of each pad were 

chosen to be 50µm×100µm and the TLM test structures were fabricated for both top and 

bottom contacts. These pads are separated by a distance 𝑑1, which is predefined in the 

mask design with 5µm and consistently increased up to reaching 40µm separation 

distance. In fact, the governing current passes out and into the following pad occur within 

a shorter pad’s length called the effective transfer length (𝐿𝑇). 

 

 

Figure 2.22: A generic schematic for top and side views of the transmission line model structure used in 

this work. Note that the drawing is not to scale. 

 

From figure (2.22), two types of sheet resistance are involved in the TLM structure; the 

sheet resistance under the effective contact area of the metal pad (𝑅𝑠𝑘) and the one 

between two adjacent pads denoted as 𝑅𝑠ℎ𝑒𝑒𝑡. From this explanation, the total resistance 

between two neighbouring TLM pads can be express as[161]:  

 

𝑅𝑇 = 2𝑅𝑠𝑘

𝐿𝑇

𝑊𝑡𝑙𝑚
+ 𝑅𝑠ℎ𝑒𝑒𝑡

𝑑1

𝑊𝑡𝑙𝑚
                                                                                              (2.9) 
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All the symbols above are indicated in figure (2.22) and both of the sheet resistances can 

be given by 𝜌/𝑡  (in Ω/□), where  (in Ω.m) is predominantly related to the resistivity of 

the InGaAs cap layer. For the sake of simplicity, equation (2.9) is rearranged to 

become[161]:   

 

𝑅𝑇 = 2𝑅𝑐𝑜𝑛𝑡 + 𝑅𝑠ℎ𝑒𝑒𝑡

𝑑1

𝑊𝑡𝑙𝑚
                                                                                                   (2.10) 

 

𝑅c𝑜𝑛𝑡 being the contact resistance of the pads and is evaluated under the assumption of a 

constant sheet resistance. Accordingly, equation (2.10) can be plotted where the y-axis 

represents the total resistance as a function of the separation distance between the metal 

pads. To maximize the accuracy of the measurements, 4-point probe technique[162, 163] 

was used to test the fabricated TLM structure. Further discussion regarding the extraction 

procedure of the contact and sheet resistances and the effective transfer length from the 

measured data is stated in[161]. The most important parameter is the specific contact 

resistance of the structure, which is given by[161]: 

 

𝜌𝑐 = 𝑅𝑐𝑜𝑛𝑡𝐿𝑇𝑊𝑡𝑙𝑚[𝑠𝑖𝑛ℎ(
𝐿𝑡𝑙𝑚

𝐿𝑇
) cosh (

𝐿𝑡𝑙𝑚

𝐿𝑇
)]⁄                                                                  (2.11) 

 

Since this mathematical expression 𝑠𝑖𝑛ℎ(
𝐿𝑡𝑙𝑚

𝐿𝑇
)/𝑐𝑜𝑠ℎ(

𝐿𝑡𝑙𝑚

𝐿𝑇
) is equal to 1, the specific 

contact resistance is formulated by 𝜌𝑐 = 𝑅𝑐𝑜𝑛𝑡𝐿𝑇𝑊𝑡𝑙𝑚. To measure the uniformity of the 

contact resistance across the sample, many TLM structures were fabricated employing 

the non-alloyed ohmic contact scheme of Pd/Ti/Pd/Au for both upper anode and lower 

cathode electrodes. In spite of the fact that molybdenum-based contacts to n-type InGaAs 

give a low 𝜌𝑐 of (1.10.9) Ω.µm
2
 as reported by Baraskar[164, 165], transmission line 

model measurements for Pd/Ti/Pd/Au scheme used in this work showed an equivalent  

𝜌𝑐 value of approximately 1.3Ω.µm
2
, essentially comparable.   

As example several TLM measurements for the bottom contact of the RTD sample 

XMBE#277 are shown in figure (2.23). The experimental results which overlap each 

other exhibit a linear characteristic, emphasizing that the metal-semiconductor junction is 

indeed an ohmic contact. The slope of the line is related to the sheet resistance divided by 

the width of the metal pad (𝑊𝑡𝑙𝑚), from which 𝑅𝑠ℎ𝑒𝑒𝑡  was found to be 5.4Ω/□.   
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Figure 2.23: TLM measurements for the bottom contact of the RTD sample XMBE#277. 

 

 

2.6 RF Characteristics of the DBQW Resonant Tunnelling Diodes 

Though the DC characteristics of the resonant tunneling diodes are paramount in the 

assessment of the devices’ suitability for high frequency operation, radio frequency 

characteristics are far more significant for tailoring to the various applications. This is 

due to the fact that the equivalent circuit components of the tunneling devices are 

typically frequency dependent parameters, resulting in reduction in the switching speed 

and predicted RF output power of the RTD oscillators. Therefore, this section is 

dedicated to analysing and discussing the RF characteristics of RTD samples 

XMBE#276, #277, #300, #302 and #327. The analysis is mainly constrained to the 

description procedure of the equivalent circuit extraction and capacitance-voltage 

characteristics of the devices. Furthermore, the estimation of transport time in the double 

barrier quantum well RTDs and relevant topics are presented here.   

 

2.6.1 Series Resistance Evaluation 

The series resistance of the resonant tunneling diode, 𝑅𝑠 is a composite of three elements: 

ohmic contact resistance, resistance due to epi-layer (𝑅𝑒𝑝𝑖−𝑙𝑎𝑦𝑒𝑟𝑠) contacts and spreading 

resistance (𝑅𝑠𝑝𝑟) introduced by the current flowing through the bottom ohmic layer in a 

horizontal path. The top contact resistance is extracted from the transmission line model 

measurement for the devices using (𝜌𝑐/𝑅𝑇𝐷𝐴𝑟𝑒𝑎). The bottom contact of all RTDs was 

defined with a size of 10×20µm
2
, providing very small contact resistance and so was 
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neglected. 𝑅𝑒𝑝𝑖−𝑙𝑎𝑦𝑒𝑟𝑠 was then simply calculated from  𝑅 = 𝜌𝑙/𝑅𝑇𝐷𝐴𝑟𝑒𝑎, where 𝜌, l and 

𝑅𝑇𝐷𝐴𝑟𝑒𝑎 are the resistivity, material thickness and cross-sectional area of the diode 

respectively. Additionally, the spreading resistance is approximated as[8]: 

 

𝑅𝑠𝑝𝑟 =
1

𝜋𝜎𝑑𝑡ℎ 
𝑙𝑛 (

𝑎

𝑎𝑚𝑒𝑠𝑎
)                                                                                                     (2.12) 

 

Where 𝜎 is the conductivity of the bottom ohmic layer,  𝑎 = 𝑎𝑚𝑒𝑠𝑎 + 𝐷𝑠𝑝𝑟 and 𝑑𝑡ℎ, 

𝑎𝑚𝑒𝑠𝑎 and 𝐷𝑠𝑝𝑟 are the length and thickness indicated in figure (2.24). From this, the 

calculated series resistance of the RTD can be simply obtained from: 

 

𝑅𝑠 =
𝜌𝑐

𝑅𝑇𝐷𝐴𝑟𝑒𝑎
+ 𝑅𝑒𝑝𝑖−𝑙𝑎𝑦𝑒𝑟𝑠 + 𝑅𝑠𝑝𝑟                                                                                    (2.13) 

 

 

Figure 2.24: Cross section of an RTD showing the epi-layers and contacts on semi-insulating InP substrate 

investigated in this work. 

 

In this work, 𝐷𝑠𝑝𝑟 was defined to be 2µm.  For an RTD with a mesa size of 2×2µm
2 

and 

with a corresponding structure depicted in figure (2.24), the calculated 𝑅𝑠𝑝𝑟 and 

𝑅𝑒𝑝𝑖−𝑙𝑎𝑦𝑒𝑟𝑠 were found to be 1.2Ω and 0.15Ω respectively. The extracted top contact 

resistance was 0.33Ω and this yields a series resistance of ~1.7Ω. A comparable value 

was obtained from the S-parameter measured data as will be discussed in detail in the 

following section. Since 𝑅𝑒𝑝𝑖−𝑙𝑎 𝑦𝑒𝑟𝑠 value is often trivial, the diodes are largely 
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degraded by their top contact and spreading resistances. To mitigate the contact 

resistance effect, heavily doping the ohmic layers along with high electron mobility 

properties of the material used is preferred. Furthermore, 𝐷𝑠𝑝𝑟 parameter must be as 

small as possible to ensure low device spreading resistance; hence high-performance 

device in the mm-wave/THz frequency bands.         

 

 

2.6.2 C-V Extraction and Analytical Considerations 

To accurately estimate the cut-off frequency of the resonant tunneling diodes, extraction 

of the values of the intrinsic equivalent circuit components is imperative.  To this end, the 

RTD samples were fabricated into one port 50Ω characteristic impedance with GSG 

(ground signal ground) coplanar waveguide layouts. However, the ultimate layout circuits 

of the RTDs are mostly realized without CPWs as those supplementary structures are not 

needed in the final circuit. De-embedding techniques are therefore used to remove the 

parasitic elements associated with the additional transmission lines, such as CPWs, 

microstrip and coplanar strip lines (CPS)[166, 167]. Open, short and actual CPWs were 

fabricated with standard 50µm signal line width and 35µm separation distance as shown 

in figure (2.25). 

            

Figure 2.25: Microscope images of: (a) open CPW (b) short CPW (c) actual diode in the CPW 

configuration (Note: the images are not scalable). 

 

In this project, the S-parameter measurements were performed on-wafer using a Vector 

Network Analyzer (VNA, Anritsu 37369A) up to 40GHz. The measuring equipment was 

first calibrated, contributing to eliminating the impact of the GSG probe. It is noteworthy 

mentioning that due to self-oscillation issues in the NDR region, care was taken to 

  (a)   (b)   (c) 
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produce stable scattering parameters data, through attenuating the input RF power to 

about -30 dBm[168]. The well-known equivalent circuit of the open and short modes is 

represented by a capacitor and an inductor respectively and their values strongly rely on 

the CPW dimensions and length as depicted in figure (2.26).  

 

CP

  

LPRP

 

Figure 2.26: Equivalent circuit of: (a) open CPW (left hand side) (b) short CPW (right hand side). 

 

The series resistance of the short mode is negligibly small and so it was excluded from 

the equivalent circuit elements. To carefully extract the pad capacitance(𝐶𝑃), pad 

inductance (𝐿𝑃)  and intrinsic capacitance of the diode(𝐶𝑅𝑇𝐷), two steps of de-

embedding technique was utilized here[166]. From the measured scattering parameters, 

𝐶𝑃 and 𝐿𝑃  of the open and short configurations can be given by: 

 

𝐶𝑃 =
𝐼𝑚(𝑌11𝑂𝑝𝑒𝑛

)

𝜔
                                                                                                                    (2.14) 

𝐿𝑃 =
1

𝜔 (𝐼𝑚 (𝑌11𝑂𝑝𝑒𝑛
− 𝑌11𝑆ℎ𝑜𝑟𝑡

))
                                                                                       (2.15) 

 

Where Y is the Y-parameter computed from the measured data of S-parameter and 𝜔 is 

the angular frequency. The capacitance of the devices is expressed as:  

𝐶𝑅𝑇𝐷 =

[
 
 
 
 

(
1

𝜔
)

1

1

𝐼𝑚 (𝑌11𝑡𝑜𝑡𝑎𝑙
− 𝑌11𝑂𝑝𝑒𝑛

)
+

1

𝐼𝑚 (𝑌11𝑂𝑝𝑒𝑛
− 𝑌11𝑆ℎ𝑜𝑟𝑡

)]
 
 
 
 

                                (2.16) 

From equation (2.14) and (2.15), 𝐶𝑃 and 𝐿𝑃 were found to be 23fF and 43pH 

respectively. Figure (2.27) shows good agreement between the equivalent circuit model 
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of the open and short structures built in Keysight-ADS and the measured data, validating 

the approach used in this work. Since the capacitance and inductance of the pads do not 

change with the DC voltage applied, the measurement was carried out at zero-bias 

voltage and -30dBm RF input power.  

 

 

Figure 2.27: Equivalent circuit model and measured data of open and short CPW configurations (red and 

blue lines are for the measured and simulated data respectively).   

 

The measured result indicates that the series resistance of the short mode is very small 

because the reflection coefficient response is on the circumference of the Smith chart. In 

the literature, equivalent circuit of the double barrier RTDs has been widely studied in 

various ways in terms of parameter extraction, for example Spice model[169, 170] and S-

parameter fitting with circuit parameters[171, 172]. In fact, continuous scaling of the 

lateral dimensions of the devices to further extend their high frequency operation would 

undoubtedly minimize the size of the equivalent circuit parameters. This in turns makes 

the de-embedding method more complicated due to the existence of several parasitic 

elements. This is problematic for >100GHz frequency measurements in which the effects 

of the fringing capacitances between the air-bridge finger and InGaAs bottom ohmic layer 

as well as between the bridge and CPW are not trivial[173]. However, up to 40GHz a 

simple equivalent circuit model and straightforward extraction approach are adequate 

especially with relatively large emitter device sizes (i.e. 4µm
2
). The well-known 

equivalent circuit parameter of the resonant tunneling diodes involving the pad elements 

is depicted in figure (2.28).  

 

Short Mode 

Open Mode 
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Figure 2.28: Typical equivalent circuit of the RTDs including the embedded parasitic elements and the 

intrinsic device equivalent circuit (dash lines). 

 

For the RTDs, 𝐶𝑅𝑇𝐷 includes both the depletion region (𝐶𝑑𝑒𝑝) and quantum 

capacitances (𝐶𝑄) as theoretically given by 𝐶𝑅𝑇𝐷 = 𝐶𝑑𝑒𝑝 + 𝐶𝑄[8]. The depletion region 

capacitance (as a parallel plate) can be estimated using 𝐶𝑑𝑒𝑝 = 휀𝑜휀𝑟𝑅𝑇𝐷𝐴𝑟𝑒𝑎/𝑑, where 휀𝑜, 

휀𝑟 and 𝑑 are the free space permittivity, the relative dielectric constant and thickness of 

the double barriers quantum well region including emitter and collector spacers 

respectively[174]. An increase in the negative charge in the accumulation region and 

quantum well, which counter balances the positive charge in the depletion region, is the 

main reason behind introducing such an associated quantum capacitance[95, 175]. Figure 

(2.29) shows an example regarding the equivalent circuit model validated through a fitting 

approach with the experimental reflection coefficient data up to 40GHz for the RTD 

sample XMBE#277 with a mesa size of 2µm
2
. The measured and simulated results are in 

very good agreement.  

 

𝑅𝑠 was first calculated and then used to fit with the measured data. Additionally, the 

derived 𝑅𝑠 + 𝑅𝑅𝑇𝐷 (𝑅𝑅𝑇𝐷 is the junction resistance of the RTDs in the positive differential 

region (PDR) calculated from 𝜕𝑉/𝜕𝐼 of the measured I-V characteristic, is well matched 

to the extracted values from the S11 data. However, there are some drawbacks correlated 

with the accuracy of the simple equivalent circuit of the tunnelling devices. Two terminal 

devices operating in the terahertz regime have been experimentally demonstrated to have  

frequency dependent series resistances[176]. 
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Figure 2.29: Real and imaginary parts of the equivalent circuit and S-parameters measurement of the RTD 

sample #277 with a mesa size of 2µm
2
 (sold and dash lines are the real and imaginary parts of the S11 

respectively). The diode was biased at the positive differential resistance. 

 

This dependency was attributed to two major reasons; firstly, the electromagnetic (EM) 

field impacts which interacts with the diode itself and the surrounding additional pads. 

Therefore, previous reported work claimed that there is a difficulty to fully understand 

the geometry-dependent EM field with a conventional series resistance model[177]. 

However, to analytically extract the mm-wave/THz diode’s equivalent circuit model 

including losses caused by the EM field interaction, numerical methods are necessary, 

which is out of the scope of this thesis. Thinning the structure buffer layer has been 

suggested to be one of the possible ways to minimize field-coupling issue[173].  

 

The additional downside is that the spreading resistance of the device increases with  

frequency due to a decrease in the bottom ohmic conductivity as the frequency gets 

higher[178]. An effective approach used to remedy this is to further minimize the 

distance between the ohmic InGaAs layer and the bottom electrode to submicron scale. 

As  conventional i-line photolithography technology is restricted to ~1µm resolution, 

optimizing this key distance can be achieved through exploiting a trilayer soft reflow 

technique as reported previously[145]. In practice, the impact of both aforementioned 

issues is insignificant for parameters extraction below 100GHz measurements, 

supporting the procedure of the equivalent circuit parameters carried out in this work.     
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From the small signal equivalent circuit of the RTD, the theoretical maximum oscillation 

frequency has been derived by Brown et al[124]. As the quantum inductance does not 

have a significant effect on the upper operating frequency limit, the RTD input 

impedance, 𝑍𝑖𝑛(𝑅𝑇𝐷) is obtained from the circuit shown in figure (2.28) and given by: 

 

𝑍𝑖𝑛(𝑅𝑇𝐷) = 𝑅𝑠 +
𝐺𝑅𝑇𝐷

𝐺𝑅𝑇𝐷
2 + 𝜔2𝐶𝑅𝑇𝐷

2 − 𝑗
𝜔𝐶𝑅𝑇𝐷

𝐺𝑅𝑇𝐷
2 + 𝜔2𝐶𝑅𝑇𝐷

2                                                     (2.17) 

 

The upper operating frequency limit can be theoretically found by setting the real part of 

𝑍𝑖𝑛(𝑅𝑇𝐷) to zero which means the second term of the real part can compensate the series 

resistance of the circuit[179]. 

 

𝑓𝑚𝑎𝑥 =
|𝐺𝑅𝑇𝐷|

2𝜋𝐶𝑅𝑇𝐷

√
1

𝑅𝑠|𝐺𝑅𝑇𝐷|
− 1                                                                                            (2.18) 

 

It might be necessary to highlight that 𝑓𝑚𝑎𝑥 is the frequency at which the net negative 

differential resistance of the RTD becomes zero, resulting in the real part of the input 

resistance turning into a positive value. This basically results in the  RTD no longer 

working as an active device[26, 93]. From equation (2.18), minimizing the passive 

elements including 𝑅𝑠 and other parasitic components is of paramount importance in 

ensuring an efficient operation in the mm-wave/THz regions. Due to the 5 nm spacer 

thicknesses for sample #300, a large value of 𝐶𝑅𝑇𝐷 was obtained. For both, the thin 

barrier RTD sample #302 and the 3.5nm well thickness device #327, there is a decrease 

of their respective capacitances, leading to a significantly increase in 𝑓𝑚𝑎𝑥 exceeding 0.8 

and 1.6THz respectively as illustrated in Table (2.7). Note that all RF parameters 

tabulated in Table (2.7) are calculated for 4µm
2
 device areas and in the middle of the 

NDR region. This is an important consideration for manufacturing and commercial 

applications and a key advantage of RTDs for achieving such high 𝑓𝑚𝑎𝑥 values utilizing a 

relatively large device size compared with other technologies (i.e. HEMTs and HBTs), for 

instance where extremely small, nanometer scale gate lengths are required for HEMTs 

and thin base and collector contacts for HBTs. 
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TABLE 2.7: RF CHARACTERISTICS OF DIFFERENT RTD STRUCTURES FOR FORWARD BIAS 

DIRECTION. 

RTD 

SAMPLE 

DESIGN PARAMETERS  RF CHARACTERISTICS 

𝑡𝑠(nm) 𝑡𝑏  (nm) 𝑡𝑤  (nm) Rs (Ω) CRTD (fF) fmax (THz) 

276 20 1.6 4.5 2.2 30 0.13 

277 20 1.3 4.5 2.2 30 0.22 

300 5 1.2 4.5 1.6 36 0.48 

302 5 1.1 4.5 2 33 0.86 

327 5 1.1 3.5 1.6 30 1.64 

 

 

It has amply demonstrated that the intrinsic capacitance of the double barrier RTDs is a 

voltage dependent parameter[68, 180], therefore capacitance-voltage characteristic of 

such tunneling devices needs to be prudently extracted. From the measured reflection 

coefficient, the capacitance of the RTD sample XMBE#277 were obtained and plotted as 

a function of voltage bias as depicted in figure (2.30). The experimental data shows that 

two maxima value of 𝐶𝑅𝑇𝐷 which can be noticed at zero voltage bias and the NDR 

region. A similar trend has been previously reported[68, 168]. The first maximum is 

caused by the depletion region capacitance, which gets smaller with higher external 

applied voltage due to broadening in the width of the depletion region. This is why, 𝐶𝑅𝑇𝐷 

decreases up to pre-peak voltage before starting to increase owing to the extra quantum 

capacitance. This associated capacitance comes from the charge pile-up in the quasi-

bound states located in the triangular–well which is formed just before the barrier from 

the emitter side. 

 

Due to the high peak voltage in reverse bias direction, the depletion region capacitance 

further decreases in comparison with the one obtained in the forward bias. As the 

resonant tunneling diodes are predominantly biased in the NDR region feature, reducing 

the impact of 𝐶𝑄 is indispensable for high switching speed well into ultrahigh 

frequencies. A graded spacer layer would effectively reduce the amount of accumulated 

charge in the quasi-bound state. This would also promote the quantum-based resonant 
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phenomena to  occur at a low bias voltage as demonstrated in[131]. Moreover, the 

measured input impedance of the RTDs, 𝑍𝑖𝑛(𝑅𝑇𝐷)should exhibit a negative value in the 

NDR region.  Figure (2.31) shows the real part of 𝑍𝑖𝑛(𝑅𝑇𝐷) for sample #277 with a mesa 

size of 4µm
2
 biased at various voltages.  

 

-0.8 -0.4 0.0 0.4 0.8
0

3

6

9
 C

a
p

a
ci

ta
n

ce
 (

fF
/µ

m
2
)

Voltage (V)
 

Figure 2.30: C-V characteristic of the RTD sample XMBE#277, the capacitance was evaluated at 40GHz 

frequency measurement. 
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Figure 2.31: Real part of the measured input impedance of the RTD sample XMBE#277 with a mesa size 

of 4µm
2
 biased at different applied voltages. 
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As expected, the diode gives positive resistance behaviour at pre-peak and second PDR 

regions. However, the finding reveals that the negative resistance vanishes at low 

frequencies reaching 40GHz. The contradiction between the estimated operating 

frequency of the device (>200GHz) and the available negative resistance is largely 

attributed to the self- oscillation at low frequencies (2-3GHz). 

 

 

2.6.3 Intrinsic Capacitance of High JP Tunneling Devices  

High current density tunneling devices normally exceeding 5mA/µm
2
 and this is among 

the most appealing feature required for mm-wave/THz regime operations. Since the 

characterization of an electronic device must be the first step towards integrated circuits 

implementation, this study has involved various RTD structures in terms of their 

equivalent circuit parameters extraction. Whilst performing the reflection coefficient 

measurements of the RTDs, the experimental data provided particular unexpected 

outcomes. To help in better understanding these, comparison and analysis consideration 

among the measured S11 were carried out and can be translated into several steps. Figure 

(2.32) shows the S-parameter data with different applied voltages plotted on a Smith 

chart for the RTD sample #277 with a mesa size of 1×2µm
2
.  

 

                          

Figure 2.32: Measured S-parameter response at different voltage bias for the RTD sample #277 with a 

mesa size of 1×2µm
2
. Each applied voltage is shown in the figure with corresponding data. 
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The results clearly indicate that the diode exhibits a capacitive behaviour when it is 

biased in the PDR or/and beyond the NDR region, as expected. Outside unit circle 

measurement was also observed at 0.2V external voltage bias due to the impact of the 

negative differential resistance with junction resistance (𝑅𝑅𝑇𝐷) of ~ -900Ω as shown in 

figure (2.33). Less capacitive effect at high applied voltage (≥0.9V) is obvious as a 

consequence of broadening in the depletion region width. As the series resistance of the 

RTD is small, 𝑅𝑅𝑇𝐷 was calculated by taking the first derivative of the measured I-V 

characteristic of the device. 
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Figure 2.33: Discrete I-V characteristic and junction resistance of the RTD sample #277 with a mesa size 

of 1×2µm
2
. 

 

For the small device sizes, the S-parameter response of sample #277 are as predicted; 

however, large scale features showed a few unexpected results at first glance. Figure 

(2.34) illustrates the experimental data of the S11 and discrete I-V characteristics of 

sample #277 with an emitter size of 5×5µm
2
. These can be prominently seen when the 

diode shows inductive and capacitive behaviours in both PDR and NDR regions. To fully 

clarify these findings, each measured point of the scattering parameter was compared 

with the corresponding device’s current and junction resistance, 𝑅𝑅𝑇𝐷 as depicted in 

figure (2.34).  
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Figure 2.34: Measured S-parameter response at different voltage bias for the RTD sample #277 with a 

mesa size of 5×5µm
2 
alongside its discrete I-V characteristics and junction resistance. 

 

The discrete 𝑅𝑅𝑇𝐷 ranges from 10 to a few tens of ohms at the positive differential 

resistance, emphasizing that the RTD acts as a short circuit at certain bias voltages (i.e. 1, 

-0.2 and -0.3V); hence the impact of the intrinsic capacitance disappears. A mathematical 

analysis can help to further highlight this undesirable outcome. Additionally, the device 

exhibits negative resistance values reaching -50Ω in the NDR region; nevertheless, they 

are insufficiently small to demonstrate a response which goes outside the unit circuit of 

the chart especially with the inherent self-oscillation problem. From the RTD equivalent 
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circuit presented in figure (2.28), the extrinsic input impedance of device including the 

active device and surrounding bond pads can be written as:  

 

𝑍𝑖𝑛(𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐) =
1 

𝑗𝜔𝐶𝑃 + [1/(𝑗𝜔𝐿𝑃 + 𝑅𝑠 +
1

|𝐺𝑅𝑇𝐷| + 𝑗𝜔𝐶𝑅𝑇𝐷
)] 

                                    (2.19) 

 

For a relatively large device size, large negative or/and positive conductance (less 

resistive) is provided and so 𝐺𝑅𝑇𝐷 ≫ 𝜔𝐶𝑅𝑇𝐷 at frequencies ≤40GHz, yielding 

𝑍𝑖𝑛(𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐) to become: 

𝑍𝑖𝑛(𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐) =
1 

𝑗𝜔𝐶𝑃 + [1/(𝑗𝜔𝐿𝑃 + 𝑅𝑠 +
1

|𝐺𝑅𝑇𝐷|
)] 

                                                       (2.20) 

For the sake of simplicity, 𝑅𝑅𝑇𝐷 ≃ 𝑅𝑠 +
1

|𝐺𝑅𝑇𝐷|
 so that equation (2.20) can be rearranged 

to be: 

𝑍𝑖𝑛(𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐) ≃
𝑅𝑅𝑇𝐷

2 + 𝜔2𝐿𝑃
2  

𝑅𝑅𝑇𝐷 − 𝑗(𝜔𝐿𝑃 − 𝜔2𝐿𝑃
2 𝐶𝑃 − 𝜔𝑅𝑅𝑇𝐷

2 𝐶𝑃)
                                                (2.21) 

 

Since this term (−𝜔2𝐿𝑃
2 𝐶𝑃 − 𝜔𝑅𝑅𝑇𝐷

2 𝐶𝑃) ≪ 𝜔𝐿𝑃, the latter formula can be rewritten as: 

 

𝑍𝑖𝑛(𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐) ≃
𝑅𝑅𝑇𝐷

3 + 𝜔2𝐿𝑃
2 𝑅𝑅𝑇𝐷 

𝑅𝑅𝑇𝐷
2 + 𝜔2𝐿𝑃

2 + 𝑗
𝜔𝐿𝑃𝑅𝑅𝑇𝐷

2 + 𝜔3𝐿𝑃
3

𝑅𝑅𝑇𝐷
2 + 𝜔2𝐿𝑃

2                                             (2.22) 

 

According to these particular conditions, equation (2.22) reveals that the extraction of the 

equivalent circuit parameters is independent of 𝐶𝑅𝑇𝐷. Therefore, the extrinsic input 

impedance of the device is dominated by inductance of the pad under the assumption of 

neglecting the small participation introduced by 23fF 𝐶𝑃  in comparison with a 43pH 𝐿𝑃 . 

This evidently is the reason behind the measured inductive behaviour of the S-parameter 

data. Such an issue would become rather worse for high current density RTDs despite 

their respective micrometre-scale mesa sizes. Figure (2.35) presents the measured 

reflection coefficient response for RTD samples #300 and #302 with a mesa size of size 

of 1×2µm
2
. The current densities of these RTD samples are 1.1 and 3.7mA/µm

2
. 

Unsurprisingly, the relatively small device sizes of the samples show an inductive 

behaviour in a few measured points, again attributed to their very low junction resistance.  
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Figure 2.35:  Measured S-parameter response at different voltage bias for the RTD samples #300 and #302 

with a mesa size of 1×2µm
2
. 
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Figure 2.36: A semi log-scale of the discrete junction resistance of RTD samples #277, #300 and #302 with 

a mesa size of 1×2µm
2
, showing a very low junction resistance of roughly 20-30Ω in the PDR for high 

current density devices.  

 

Due to the high JP of sample #302, the inductive response tends to be more robust and 

moves toward the short circuit point of the chart (i.e. zero normalized impedance) as 

shown in figure (2.35). Since the current density of the tunneling devices is exponentially 

barrier and quantum well thicknesses dependent, the junction resistance of the samples 
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shows a similar trend. RTD sample #302 has an 𝑅𝑅𝑇𝐷 of roughly 20-30Ω in the PDR 

region and of course these values become even lower for larger device sizes as depicted 

in figure (2.36). All the aforementioned experimental findings imply that it is rather 

difficult to evaluate the intrinsic capacitance of high JP RTDs. However, there are two 

fundamental ways that can be employed to estimate 𝐶𝑅𝑇𝐷 as a function of dc applied 

voltages. Firstly, sub-micrometer feature sizes are required to ensure reasonable junction 

resistance values across the high current characteristic of the PDR region. This could 

contribute to a further reduction in the influence of high conductance feature on the 

extraction of the equivalent circuit (in other words, the condition  𝐺𝑅𝑇𝐷 ≤ 𝜔𝐶𝑅𝑇𝐷 

illustrated in equation (2.19) must be satisfied). 

 

An alternative approach is based on the estimation of 𝐶𝑅𝑇𝐷 at some measured points in 

which the device provides high 𝑅𝑅𝑇𝐷 and a mathematical model can be then used to 

obtain the entire C-V characteristic. This model was demonstrated by S. Diebold et 

al[68], utilizing the Gaussian distribution function to smooth the second maxima of 𝐶𝑅𝑇𝐷 

occurring at the peak voltage due to the accumulated charge in the quasi-bound states. In 

this work, the second technique was employed; thereby 𝐶𝑅𝑇𝐷 was extracted and tabulated 

in Table (2.7). Small device sizes of ≤2µm
2
 were used, exploiting S-parameter fitting 

approach in the first and second PDR regions. Since the high current density RTDs 

sample #300, #302 and #327 have a spacer thickness of 50nm, the depletion region 

capacitance assumed to be similar at zero voltage bias. Nevertheless, submicron devices 

are still required to carefully evaluate the intrinsic capacitance of the RTDs.  

 

2.6.4 Estimation of Transport Time and RF Power for DBQW RTDs 

Assessments of the suitability of the RTD structures for use as terahertz emitter requires 

an estimation of carriers’ transit time in both DBQW and collector depletion region. The  

quantum capacitance formula is given by 𝐶𝑄 ≃ |𝐺𝑅𝑇𝐷|𝜏𝑅𝑇𝐷, where 𝜏𝑅𝑇𝐷 is the transit time 

through the double barriers quantum well (𝜏𝑑𝑤𝑒𝑙𝑙) and collector depletion region (𝜏𝑑𝑒𝑝) 

[175]. Under this consideration, the carrier transit time in a resonant tunneling diode is 

expressed as[8]: 

 

𝜏𝑅𝑇𝐷 = 𝜏𝑑𝑤𝑒𝑙𝑙 +
𝜏𝑑𝑒𝑝

2
                                                                                                              (2.23) 
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The key factor of 
𝜏𝑑𝑒𝑝

2
 has been mathematically derived for collector depletion region 

transit time in the analysis of transistors[181]. It would be worthwhile highlighting that 

continuous downscaling of a high 𝐺𝑅𝑇𝐷  RTD to < 1µm
2
 can contribute to an increase in 

the quantum capacitance over the depletion region one. From the aforementioned 

explanation, 𝐶𝑄 and 𝜏𝑅𝑇𝐷in an RTD for small signal analysis at low frequency (where 

𝜔𝜏𝑑𝑤𝑒𝑙𝑙, 𝜔𝜏𝑑𝑒𝑝/2 ≪ 1) can be approximately given by[182]: 

 

𝐶𝑄 ≃ (𝜏𝑑𝑤𝑒𝑙𝑙 +
𝜏𝑑𝑒𝑝

2
)𝐺𝑅𝑇𝐷                                                                                                    (2.24) 

 

The evaluation of the term 𝜏𝑑𝑤𝑒𝑙𝑙 + 𝜏𝑑𝑒𝑝/2 has been found from the measured data of the 

extracted intrinsic capacitance values of the RTDs. 𝐶𝑄 was first obtained as stated 

in[182] from which 𝜏𝑅𝑇𝐷 was then estimated as shown in Table (2.8).  It is important to 

point out that a moderate spacer thickness is necessary as a compromise between an 

optimum transport time across the depletion region and the capacitance of the device. 

Regardless of limitation in high frequency operation caused by parasitic elements of the 

diodes, the intrinsic high frequency limit due to both tunneling and depletion region delay 

times is given by [7]:  

 

𝑓𝑖𝑛𝑡−𝑙𝑖𝑚𝑖𝑡 =
1

4(𝜏𝑑𝑤𝑒𝑙𝑙 +
𝜏𝑑𝑒𝑝

2 )
                                                                                               (2.25)  

 

From a first glance of the data in Table (2.8), RTD samples XMBE#302 and #327 should 

be suitable for relatively high output power oscillators as a result of their high current 

density and so further discussion in this section is mainly concentrated on these samples. 

Due to the dependency of the delay time in double barriers RTDs on a negative 

differential resistance, a relatively low frequency operation limit was obtained for 

samples #276 and 277. As expected, sample #327 has the highest 𝑓𝑖𝑛𝑡−𝑙𝑖𝑚𝑖𝑡 followed by 

sample #302 as a result of their thinner well and barriers. These particular RTDs are 

promising candidates for mm-wave/THz applications. Further reduction in the thickness 

of the quantum well would significantly increase 𝑓𝑖𝑛𝑡−𝑙𝑖𝑚𝑖𝑡.   
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TABLE 2.8: CALCULATED TRANSIT TIME AND INTRINSIC HIGH FREQUENCY LIMIT FOR THE 

RTD SAMPLES. 

RTD 

SAMPLE 
𝑡𝑠 (nm) 𝑡𝑏  (nm) 𝑡𝑤  (nm) 𝑃𝑚𝑎𝑥 (µW) 𝜏𝑅𝑇𝐷 (fs) fint-limit (THz) 

276 20 1.6 4.5 18 1880 0.13 

277 20 1.3 4.5 37 800 0.31 

300 5 1.2 4.5 166 410 0.61 

302 5 1.1 4.5 380 260 0.96 

327 5 1.1 3.5 1200 92 2.7 

 

0.5 1.0 1.5 2.0 2.5 3.0

10
-4

10
-3

 Frequency (THz)

 

O
u

tp
u

t 
P

o
w

er
 (

W
)

 #327

 #302

 #300

 

Figure 2.37: Calculated output power as a function of operating frequency for RTD samples #327, #302 and 

#300.  

 

For an efficient THz RTD emitter, the difference between peak and valley voltages (Δ𝑉) 

is a key driver in maximizing the RF output power.  With this in mind, producing a peak 

resonance at lower bias voltage is also important for low dc power consumption. The 

maximum output power was calculated using 𝑃𝑚𝑎𝑥 = (3/16)Δ𝐼Δ𝑉 [183], and was found 

to be 1.2mW for diode sample #327 for a device size of 4µm
2
. However, in practice, the 

actual output power is degraded as a consequence of a decrease in 𝐺𝑅𝑇𝐷 with frequency 

(i.e. long transit delay time), so the above formula becomes[184]:  
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𝑃𝑅𝐹−𝑎𝑐𝑡𝑢𝑎𝑙 = (
3

16
)Δ𝐼Δ𝑉 cos𝜔𝜏𝑅𝑇𝐷                                                                                     (2.26) 

 

Accordingly, figure (2.37) shows the predicted output power as a function of frequency 

for devices #300, #302 and #327 with different barriers and well thicknesses. As depicted 

in Table (2.8), sample #327 can theoretically operate up to 2.7THz. This clearly 

emphasizes that high JP RTDs with an adequately large value of PVCR have the potential 

for switching beyond 2THz. 

 

 

2.7 Summary 

This work presented systematic experimental study of InGaAs/AlAs RTDs designed to 

improve the diode characteristics involving five different device structures. A promising 

high peak to valley current ratio of 5.2 was obtained for a very low current density device 

(sample #276). A comparable PVCR value was achieved for sample #327 with a 

remarkable increase in JP and 𝐺𝑅𝑇𝐷 obtained through decreasing both well and barrier 

thicknesses. As expected, the measured results show a significant increase in the current 

density with thinner barriers and quantum well widths. This is, however, at the expense 

of an increase in the peak voltages for high peak current density devices. A 36mV/µm
2
 

voltage deviation was found for a diode sample #327 with a peak current density of 10.8 

mA/µm
2
, which was attributed to self-heating of the diodes and confirmed using pulsed 

dc voltage tests. More importantly, the promising PVCR values achieved with low JP 

characteristics for the devices from samples #276 and #277 are very promising for radio 

frequency MMIC implementations with ultra-low DC power consumption. 

 

The most prominent result is the very high 𝐺𝑅𝑇𝐷 of 185mS/µm
2 

obtained for RTD sample 

#327, which is the highest reported to date. An estimated high frequency operation limit 

of 2.7THz with a 𝑃𝑚𝑎𝑥 of 1.2mW was deduced for the same device sample, opening the 

way to mm-wave/THz regime IC implementations. To demonstrate how the self-

oscillation at low frequency can be eliminated, a 25Ω resistor was integrated in parallel 

with the diodes. The experimental findings suggest that the partially stabilizing resistor is 

limited by the absolute value of the negative differential resistance. The equivalent circuit 

of the diodes was validated using on-wafer S-parameter measurements up to 40 GHz. 

Furthermore, the mathematical analysis and measured results revealed that the extrinsic 
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input impedance of relatively large feature size RTDs (>4µm
2
) is dominated by 

inductance of the pad, exhibiting an inductive response on the Smith chart and thus 

making the C-V extraction difficult. This issue become rather worse for high current 

density RTDs (sample #302 and #327 due to their 𝑅𝑅𝑇𝐷 values being ≤20Ω in the PDR 

region) despite their respective micrometre-scale mesa sizes, emphasizing that sub-

micron devices are actually necessary.  
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CHAPTER 3: MODELING AND 

CHARACTERIZATION OF PASSIVE ELEMENTS 

 

3.1 Introduction 

In earlier chapters, an overview of resonant tunneling diodes and their characteristics 

were discussed. As one of the major goals of this thesis is to realise RTD integrated 

circuits operating at high frequencies, as well as modeling and designs of optoelectronic 

integrated circuits for high data rate communication systems, passive components are 

certainly required. Furthermore, the values and high frequency behaviour of such 

elements have a significant impact on overall ICs performance. This chapter is, therefore, 

devoted to fully describe the design procedure, modeling and characterizations of the 

passive components including resistors, capacitors, spiral inductors and coplanar 

waveguides. In this project, the modules were built using the Momentum simulation tool 

embedded in Agilent ADS software.  

 

 

3.2 MMIC Technology    

The technology chosen to implement the RTD circuits in this project is the Monolithic 

Microwave Integrated Circuit (MMIC) technology. The term Monolithic comes from the 

Greek word meaning “as a single stone,” where all the circuit components, both passive 

and active, can be fabricated on the same material substrate. The indication from the term 

IC is that the semiconductor material does not only comprise active devices, for example 

RTDs and transistors, but it also includes passive elements with their interconnections to 

realise a whole circuit[185]. Due to their monolithic capability, MMICs have received a 

great deal of attention and are widely used in manufacturing of solid-state electronic 

circuits. The reason is largely due to their advantages compared with equivalent hybrid 

microwave integrated circuits (MIC), where packaged transistors and passives are 

mounted on alumina substrates.  

 

The small dimension of the MMICs ranging from 1 to 10 mm
2
, offers the facility of 

fabricating thousands of circuits on a single 4 inch wafer so that the reduction in the mass 

production cost can be further lowered[185]. Unlike hybrid MICs, monolithic integration 
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approach is compatible with many applications in which  compact and light designs are 

actually needed, for instance mobile cell phones and portable computers[185]. 

Furthermore, minimizing the parasitic elements of the MMICs comes from the fact that 

there is no longer any requirement for bond wire connections, contributing to eliminating 

any undesirable performance and embedding the active devices within the printed circuit. 

This advantage of such a technology is highly beneficial in providing excellent 

performance in broadband applications. In addition, only a few photolithographic process 

steps are required in MMICs for circuit integration which are realised using the same 

mask plates. This further enables the reproducibility of MMICs; however, there is a 

drawback that has to be addressed from the outset. Checking the correct functionality of 

the circuits can only be carried out after the whole fabrication process is entirely 

completed. This tends to raise the manufacturing cost if errors in the mask designs 

propagate to the actual fabrication process. In fact, the low-cost of MMICs can only be 

ensured, if high numbers of chips are needed and the design produces a high-yielding 

circuit. Thus, an accurate electromagnetic model for all active and passive components 

together with accurate evaluation of all parasitics is imperative before starting the unit 

fabrication[186]; otherwise, the fabrication process must be repeated several times from 

scratch for proper circuit functionality. 

 

 

3.3 ADS Momentum Simulator 

ADS electromagnetic (EM) simulation is a model based on 2D component layout with 

the capability of providing a 3D perspective of radio frequency current flow in the 

transmission lines and far-field radiation patterns, so it is known as a 2.5D simulator. 

Furthermore, the EM simulation tool can this take into account the coupling impact of 

the neighbouring transmission lines. This translates into a more accurate module which 

can be straightforwardly extended to predict the circuit performance prior to actual 

fabrication and  practical results[187]. In fact, the EM model has two main simulators; 

momentum RF and momentum microwave, the latter mode was used in this work.  It is 

due to the fact that this mode utilizes full-wave Green’s functions, which are frequency 

dependent and incorporate the losses in the ground plane of the prime elements caused by 

the high frequency operation. The setting of the momentum was set as follows. Since the 

transmission lines in the simulator are divided into small cells during the simulation 

process, the mesh was selected to be at the highest simulation frequency. This is to 
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ensure a sufficient mesh density of cells per wavelength, resulting in a better simulation 

performance. The only downside of too dense mesh is that the execution time of the 

simulation process increases. The electrical and physical parameters of the conductor, 

dielectric and lossy layers were defined in the simulator, such as dimensions, 

conductivity and relative permittivity. In fact, the relative permittivity (휀𝑟) is a frequency 

dependent complex parameter as given by:  

 

휀𝑟(𝑓) = 휀𝑟
′(𝑓)(1 − 𝑗 𝑡𝑎𝑛 𝛿(𝑓))                                                                                              (3.1) 

 

 휀𝑟
′(𝑓) is the real part of the 휀𝑟(𝑓) and 𝛿(𝑓) is the angle between the real and imaginary 

parts. Note that the imaginary part represents the losses caused by the substrate. In ADS 

momentum, the built in Svensson/Djordjevic model can be chosen[187], so the frequency 

dependency of 휀𝑟 will be taken into account over the simulated frequency region. For 

coplanar waveguide configuration, a finite substrate thickness was employed, meaning 

that the model is analysed with no ground plane at the back of the structure. This 

eliminates the additional parasitics associated with the grounded coplanar structures 

(GCPW). A 625µm thickness of semi-insulating InP substrate with 휀𝑟 of 12.5 and as low 

as loss tangent (𝑡𝑎𝑛 𝛿) of ~0.002 was used in this simulation[188]. These parameters 

were defined at a low frequency of 1GHz and the variation in their values is basically 

based on Svensson/Djordjevic model embedded in the simulator. 

 

 

3.4 Performance of the Passive Components  

Passive components are extensively exploited for many purposes in electronic circuits, 

such as DC blocking, biasing, filtering and matching circuits. These components 

determine the power output, cut-off frequency, bandwidth and other fundamental 

characteristics of the system. Accordingly, their performance and reliability are 

paramount in the integrated circuits particularly in high-frequency operation. The values 

and performance of the passive elements are strongly dependent on the actual dimensions 

and fabrication process instead of design equations. This implies that the equivalent 

circuit models, in which the non-ideal nature is included, are required. It can help to 

avoid substantial errors in the design and make the simulation results more accurate and 

closer to the actual measured results. In this project, all the passive components were 
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individually fabricated and then the scattering parameter measurements were on-wafer 

performed up to 40GHz employing an Anritsu 37369A VNA. The verification of the 

equivalent circuits was then experimentally validated using a fitting approach with the S-

parameter data.   

 

3.4.1 MMIC Nickel Chromium Resistors 

There are predominantly two different approaches to realise a resistor in MMICs. The 

first one can be fabricated using the active semiconductor layer under the MMIC surface, 

or by implanting known impurities into the semiconductor active layer. However, the 

issue accompanying  this type of resistor is the high temperature coefficient of resistance 

(TCR), which is about 3000 ppm/°C[189]. This would cause nonlinear behaviour at high 

temperatures. The material used for realization of an integrated resistor should have high 

resistivity, low TCR and high handling current capability. As an alternative approach, a 

thin-film of resistive metal alloy is often utilized in circuits, for instance Tantalum 

Nitride (TaN) or Nickel Chromium (NiCr). Due to their rather low TCR compared with 

semiconductor active layer resistors, the resistive metals are preferred for use in MMIC 

applications[143, 189]. NiCr resistors are fairly easy to fabricate, their sheet resistance 

controlled by varying the geometrical size and they have a low TCR of 77 ppm/°C 

contributing to  stable operations over a wide range of temperatures[190]. Nevertheless, 

active semiconductor layer resistors have a sheet resistance, 𝑅𝑠ℎ𝑒𝑒𝑡 within a few hundred 

ohms per square, making them beneficial for high value resistors. A typically sheet 

resistance of thin film films ranging from 20 to 50 Ω/□ implies that such a resistor is 

feasible for relatively small values. At UoM, only the NiCr capability is readily available, 

so this alloyed material was used in this project. 

 

The prime resistance value is theoretically determined by altering the dimensions of the 

thin film using 𝑅𝑁𝑖𝐶𝑟 =
𝜌𝑙

𝑡𝑤
= 𝑅𝑠ℎ𝑒𝑒𝑡

𝑙

𝑤
 , where the ρ, l, t and w are the resistivity, material 

length, thickness and width of the resistive metal respectively. The equivalent circuit 

model of the resistor including prime and additional parasitic components is depicted in 

figure (3.1). The series inductance, 𝐿𝑠 due to length of the NiCr is computed by the 

following empirical relationship[191]. 

𝐿𝑠(𝑝𝐻) = [𝐿𝑅1 +
𝐿𝑅2

𝑤
−

𝐿𝑅3

𝑤2
] 𝑙                                                                                                 (3.1) 
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The parallel capacitors, 𝐶𝑠𝑢𝑏1 and 𝐶𝑠𝑢𝑏2 are introduced because of capacitive interaction 

between the metal and ground plane and expressed as[191]: 

𝐶𝑠𝑢𝑏1,𝑠𝑢𝑏2(𝑓𝐹) = 10−3[𝐶𝑅1 + 𝐶𝑅2𝑤]𝑙                                                                                   (3.2) 

The parameters 𝐿𝑅1, 𝐿𝑅2 , 𝐿𝑅3 , 𝐶𝑅1 and 𝐶𝑅2 can be manipulated to get simulation fit with 

measurement results. The parallel parasitic capacitance, 𝐶𝑃 has a trivial impact on the 

model performance, and hence was neglected. 

Ls

Csub1

RNiCr

Csub2

CP

 

Figure 3.1: A typical equivalent circuit for NiCr resistor showing the prime and parasitic elements. 

  

Figure 3.2: Simulated and measured results of reflection coefficient response (S11) for various values of 

NiCr resistor (red and blue lines are for experimental and model results respectively). 

 

In this work, NiCr resistors with various values ranging from 25 to 1kΩ were deposited on 

200nm Si3N4 dielectric layer. The measured sheet resistance was found to be 50Ω/□ with 

a thickness of 120nm. Figure (3.2) shows good agreement between the modeled and 

25Ω 

100Ω 

1kΩ 
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experimental results for 25, 100 and 1kΩ NiCr resistors. Comparable resistor values were 

also calculated from the slopes of the measured I-V characteristics. Furthermore, the 

extraction of 𝐶𝑠𝑢𝑏1 and 𝐶𝑠𝑢𝑏2 were carried out based on the S-parameter measurements 

and found to be 10 to 15fF depending on the resistors’ value. Since the resistors were 

fabricated with a 15µm width, a negligibly small 𝐿𝑠 was obtained, in line with equation 

(3.1); however, 𝐶𝑠𝑢𝑏1 and 𝐶𝑠𝑢𝑏2 values are expected to increase, necessitating an optimum 

dimension for a given NiCr resistor design.  

 

 

3.4.2 MMIC Metal-Insulator-Metal (MIM) Capacitors 

In general, capacitance is defined in terms of the ability of a passive component to store 

charge and this determines its impedance to radio frequency signals. Passing of RF 

signals can be through charging and discharging of the capacitors. In MMICs technology, 

there are two main ways to form a capacitor, such as the interdigital and MIM capacitors. 

Figure (3.3) shows generic interdigital capacitors whose values are strongly dependent on 

the separation distance between each two adjusted metal fingers, which are separated by 

a few microns. This type of capacitor is often realised in a similar manner to interconnect 

metallization used for transmission lines. The advantage of the interdigital capacitors 

does not solely come from the fabrication process simplicity where a single metal layer is 

needed but it is also due to the fact that its capacitance value is approximately insensitive 

to process variations[185, 192]. The fringing capacitance has fairly low values reaching 

~1 pF, accordingly this is deemed to be not a helpful for mm-wave RTD oscillators in 

which the required capacitance is >5pF.  

 

                                                                           

Figure 3.3: A top view schematic of an interdigital capacitor for MMIC applications.  
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On the contrary, the MIM capacitor values up to 200 pF can be achieved due to their 

construction from a layer of dielectric material sandwiched between two relatively large 

plates of metal as depicted in figure (3.4). There are many materials that are widely used 

as an insulator layer, namely Si3N4, SiO2, benzocyclobutene (BCB), polyimide and a 

combination of a number of these layers. The effective overlapped area between the two 

parallel plates determines the capacitance of the structure whose expression is given by 

𝐶 = 휀𝑜휀𝑟 𝑤𝑙 𝑑⁄  where 휀𝑜and 휀𝑟 are the dielectric constant of free space and relative 

permittivity of the dielectric respectively and all other parameters are indicated in figure 

(3.4).      

 

Figure 3.4: The schematic of MIM capacitor: (a) top view, (b) cross section view. 

 

The relative dielectric constant of Si3N4 is between 7 to 7.5, while it is typically 2.7, 3.9 

and 4.5 for BCB, SiO2 and polyimide materials respectively. It is worth mentioning that 

the breakdown voltage and high frequency operation of MIM capacitors is determined by 

how high 휀𝑟 of the insulating material is and its thickness, favoring the use of Si3N4 over 

others. A low loss tangent of around 0.0003 for Si3N4 is another advantage that leads to 

further reduction in parasitic losses in  integrated circuits[192].  
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Figure 3.5: Equivalent circuit model for MIM capacitor used in this work involving the prime and parasitic 

elements. 
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There are various models for performance characteristic of MIM capacitors that were 

demonstrated, the well-known equivalent circuit model employed in this project was 

reported by L. Wang et al[193] as shown in figure (3.5). The value of the prime 

capacitance, 𝐶𝑀𝐼𝑀 and the parasitic components can be determined by the physical 

dimensions of the top and bottom plates of the capacitor, such as the length and width of 

the plates in addition to the dielectric material type and its thickness. The frequency 

dependent conductance loss, 𝐺 due to the dielectric is expressed as: 

𝐺 = 𝜔𝐶𝑀𝐼𝑀𝑡𝑎𝑛𝛿                                                                                                                         (3.3) 

The parasitic resistances, inductances and capacitances caused by the top and bottom 

plates are denoted as 𝑅𝑡 , 𝑅𝑏, 𝐿𝑡, 𝐿𝑏, 𝐶𝑡 and 𝐶𝑏 respectively. According to the transmission 

line equations, 𝐿𝑡,𝑏 and 𝐶𝑡,𝑏 can be given by[194]:  

𝐿𝑡,𝑏 =
0.4545𝑍𝑜 𝑙

𝑐
                                                                                                                       (3.4) 

𝐶𝑡,𝑏 =
0.5휀𝑒𝑓𝑓 𝑙

𝑍𝑜
                                                                                                                           (3.5) 

Where 𝑙, 𝑍𝑜, 𝑐 and 휀𝑒𝑓𝑓 are the plate’s length of the MIM capacitor, 50Ω characteristic 

impedance, speed of light and effective permittivity of the substrate respectively. As the 

MIM capacitors are normally designed with a square shape, their series resistances are 

trivial. Further increase in the width dimension can also reduce the parasitic inductances 

[192]. This is particularly important in high speed operation in which the associated 

parasitics degrade the circuit performance. In this work, various capacitor values have 

been fabricated and measured ranging from 1 to 20pF with a 200nm Si3N4 dielectric 

thickness.  

 

The S-parameters response of the measured and equivalent circuit model results show a 

good agreement over the measured frequencies as depicted in figure (3.6).  Form the 

fitting approach, 𝐶𝑡,𝑏 and  𝐿𝑡,𝑏 were estimated to be 55fF and 100pH respectively for a 

1pF 𝐶𝑀𝐼𝑀. It was observed that the conductance loss is negligibly small, attributed to 

rather low tangent loss of Si3N4. As the value of the MIM capacitor gets larger, it does 

exhibit a short circuit at lower frequencies (i.e. S11< -10dB) as shown in figure (3.7). The 

experimental results also demonstrated that the reflection coefficient of 5 and 10 pF 
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capacitors starts gradually rising with frequency, which is due to increase in the 

impedance of the parasitic inductances. 

 

Figure 3.6: Measured (red) and simulated (blue) S-parameters response of 1pF MIM capacitor in the 

frequency range of 0.03-40 GHz. 

 

Figure 3.7: Measured reflection coefficient response of different MIM capacitors. 

 

 

3.4.3 MMIC Spiral Inductors 

On chip inductors have become progressively more valuable in high frequency integrated 

circuits particularly in CMOS and other technologies[195]. In ultra-high speed digital 

communication transceivers with a data rate over 100Gb/s, spiral inductors are highly 
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useful and so were investigated in the mm-wave regime[196]. Since the performance of a 

spiral inductor degrades in high frequency operation, a minimum  quality factor 

exceeding 10 is still a challenge to achieve[195, 197]. An ADS momentum model was 

built in an attempt at improving the quality factor without significantly maximizing the 

size of the element. In general, planar inductors are fabricated by laying out one tract of 

metal with an overlapped interconnection transmission line. The most common inductors 

used in integrated circuits are square spirals whose cross-section view is shown in figure 

(3.8). The total inductance is determined by the sum of the self and mutual inductances 

as well as the number of turns (𝑛𝐿) and physical dimensions of the inductor, such as 

outer diameter(𝐷𝐿), inner diameter (𝑑𝐿), track width (𝑊𝐿), separation between tracks 

(𝑆𝐿) and the overall length of the track (𝑃𝐿)[198]. 

 

Lsp

Csub1

Rs

Csub2

Cs

 

Figure 3.8: Cross section view of spiral inductor along with its equivalent circuit model including both 

prime and associated parasitic components. 

 

The inductance of the spiral can be basically calculated from[199]: 

 

𝐿 = 𝑘𝐿1

𝜇𝑜𝑛𝐿
2(𝐷𝐿 + 𝑑𝐿)

1 + 𝑘𝐿2𝜓
                                                                                                            (3.6) 

𝜓 =
𝐷𝐿 − 𝑑𝐿

𝐷𝐿 + 𝑑𝐿
                                                                                                                                (3.7) 

 

Where 𝜇𝑜, 𝑘𝐿1 and 𝑘𝐿2 are free space permeability and the latter two of which are layout-

dependent factors. For square planar inductors, 𝑘𝐿1 and 𝑘𝐿2 are 2.34 and 2.75 

respectively[199]. The prime element is the inductance, 𝐿𝑠𝑝 and the other parasitics due 
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to fringing and length of the track effects can be calculated using a π model extraction 

procedure[197]: 

𝐿𝑠𝑝 = −
1

𝜔
𝑖𝑚𝑎𝑔 (

1

𝑌21
)                                                                                                              (3.8) 

𝑅𝑠 = 𝑟𝑒𝑎𝑙 (
−1

𝑌21
)                                                                                                                          (3.9) 

𝐶𝑠𝑢𝑏1 = 𝑖𝑚𝑎𝑔 (
𝑌11 + 𝑌21

𝜔
)                                                                                                     (3.10) 

𝐶𝑠𝑢𝑏2 = 𝑖𝑚𝑎𝑔 (
𝑌12 + 𝑌22

𝜔
)                                                                                                     (3.11) 

 

It is noteworthy to mention that 𝐶𝑠 and 𝐶𝑠𝑢𝑏1,2 are caused by the inter-turn crossover and 

the interaction between the metal and the two ground planes respectively. The effective 

parameter in designing a spiral inductor is achieving a high quality factor which is 

formulated as the ratio of the imaginary part to real part of Y21 as given by[200]: 

 

𝑄𝑓 =
𝑖𝑚𝑎𝑔(1/𝑌21)

𝑟𝑒𝑎𝑙(1/𝑌21)
                                                                                                                 (3.12) 

 

From equation (3.12), lowering the series resistance of the inductor is the key for a good 

𝑄𝑓, thereby reduce the noise figure of the integrated circuits.  Spiral inductors with 3 and 

7µm track widths were fabricated and tested. The equivalent circuit model and measured 

results for a 0.5nH inductor with 3µm track width are well-matched as depicted in figure 

(3.9). As can be observed that S11 exhibits an inductive behaviour and the S21 response 

does not intersect with the centre line of the chart, from which the self-resonant 

frequency (𝑆𝑅𝐹) is evidently higher than the equipment frequency limitation. An 

extended frequency sweep for the equivalent circuit model revealed that this planar 

inductor has an 𝑆𝑅𝐹 of 78GHz. It is noteworthy to point out that such inherent 

phenomenon occurs due to the existence of an associated capacitive effect which in turn 

cancels the inductive reactance at a certain frequency. This means that the inductive 

response is no longer obtainable, implying that these passive elements cannot be used at 

frequencies ≥ 𝑆𝑅𝐹. A 9Ω track length series resistance and 𝐶𝑠 and 𝐶𝑠𝑢𝑏1,2 values of 7, 

23fF respectively were extracted from the measured data. The inductor has a 𝑄𝑓 of 25, 

which was estimated at high frequencies (i.e. >20GHz). Further increase in metal 

thickness of the tract can effectively boost the quality factor. 
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Figure 3.9: Measured (red) and simulated (blue) S-parameters response of 0.5nH spiral inductor in the 

frequency range of 0.03-40GHz. 

 

An alternative approach is to optimize the inner diameter of the inductor in which the 

majority of the magnetic flux variation passes through a sufficiently large space would 

offer much less eddy current losses for higher quality factor and low noise circuit 

operation[197]. Table (3.1) illustrates comparison among various measured spiral 

inductors in terms of their series resistances, quality factors and self-resonant 

frequencies. 

 

TABLE 3.1: COMPARISON AMONG IMPORTANT FACTORS FOR DIFFERENT SPIRAL INDUCTOR 

VALUES WITH A TRACT WIDTH OF 3µm. 

PARAMETERS 

SPIRAL INDUCTOR WITH 3µm TRACK 

WIDTH 

 SPIRAL INDUCTOR WITH 

7µm TRACK WIDTH 

0.5 (nH) 2.5 (nH) 6 (nH) 2.5 (nH) 6 (nH) 

𝑅𝑠  (Ω) 9 22 46 11 18 

𝑄𝑓 25 10 7 11 9 

𝑆𝑅𝐹 (GHz) 78 25 14 23 12 

 

Unsurprisingly, the experimental data shown in Table (3.1) indicates that 𝑅𝑠 decreases 

for 7µm track width inductors; however, this has led to a slight decrease in self-resonant 
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frequency, which is related to an increase in inter-turn crossover capacitance. Due to the 

significantly increased series resistance with inductor values, the quality factor reduces. 

Generally speaking, minimizing an inductor footprint necessitates that the outer diameter 

must be made as small as possible. This essentially involves shrinking the metal track 

width and turn-to-turn spacing (𝑆𝐿) and so improving in 𝑆𝑅𝐹; however, such an 

approach contributes to reduce the quality factor[196]. It was reported that a wide turn-

to-turn separation distance diminishes the dependency of the inductance on the frequency 

variation[201] and this requires optimizing the inner diameter to further boost the quality 

factor. Therefore, the performance of the inductors is strongly dimensions-dependent 

emphasizing that their layouts have to be carefully designed.  

      

  

Figure 3.10: Measured (red) and EM simulation (blue) S-parameters response of 0.5nH spiral inductor in 

the frequency range of 0.03-40GHz plotted on a Smith chart alongside the layout of the spiral inductor 

shown in ADS-schematic. 

 

A 2.5D simulations embedded in ADS-momentum tools was used for evaluating the S-

parameters of the planar inductors. The module was performed by fitting with measured 

results as shown in figure (3.10). The measured and simulated results show very good 

agreement, validating the model employed in this project. Later on in this work, the 

module will be used in the prediction of circuit performances and to aid in further 

developments in layout of specific device based circuits.    

 

 

3.4.4 MMIC Coplanar Waveguide (CPW)  

The Coplanar waveguide was first introduced by Cheng P. Wen in 1969[202] and since 

then, a number of researches have been dedicated to its development. CPWs are normally 
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designed to connect the active devices (i.e. transistors and diodes) and passive 

components in either parallel or series configuration. In this work, CPWs are realised as 

an inductor to determine the oscillation frequency of oscillator circuits through 

resonating with the capacitance of the active devices. A conventional CPW structure 

consists of a strip of single conductor located between two finite width ground planes as 

shown in figure (3.11). As indicated in the 3D schematic, 𝑤 is the signal line width, 𝑠 is 

the gap distance between signal line and ground plane, 𝑔 is the ground plane width, 𝑑 is 

the thickness of the conductor and the length of the CPW is denoted as 𝑙. 

 

Figure 3.11: A generic 3D schematic of a CPW structure sitting on a semi-insulating substrate.  

 

The simplicity of the CPW fabrication process comes from the requirement for merely a 

single mask step. Unlike conventional microstrip technology, there is no need for via 

holes for proper circuit operation in coplanar configurations. The characteristic 

impedance is determined by engineering the geometry of the conductor and separation 

distance, resulting in freedom in lessening the frequency dispersion of the CPWs. A high 

dielectric constant material is preferred as a substrate in order to suppress field radiation 

loss through the air. There are numbers of design rules that must be maintained for such a 

component, for example the width of the ground planes (𝑔) should be double of the gap 

distance between signal line and ground plane. This is to reduce the radiation loss caused 

by a narrow ground plane structure. Furthermore, the thickness of the substrate, ℎ must 

exceed the factor 𝑤 + 2𝑠, so that the impact of finite dielectric substrate can be 

ignored[185]. The thickness of the transmission line metal (𝑑) is determined by at least 

three times the skin depth of the film. The skin depth of the metal is given by[203]: 
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𝛿 = √
𝜌

𝜋 𝑓 𝜇𝑜𝜇𝑟
                                                                                                                         (3.13) 

Where 𝜌 is the metal resistivity, 𝑓 is the lowest operating frequency required and 𝜇𝑜 and 

𝜇𝑟 are the free space permeability and relative permeability respectively. The key driving 

in estimating the skin depth at the lowest operating frequency of the integrated circuits is 

to ensure that the RF signal does not suffer from significant attenuations. For instance, 

for gold the resistivity is 𝜌= 2.44x10
-8

 Ω.m, the free space permeability 𝜇𝑜= 4πx10
-7

 

H/m, the relative permeability 𝜇𝑟=1, at a frequency 𝑓 =50 GHz, there parameters result 

in a skin depth of 0.35µm. The metal film thickness should therefore be at least 1.05 µm.  

The characteristic impedance, 𝑍𝑜  of a finite ground coplanar waveguide (FG-CPW) on a 

finite substrate and also the closed-form equations for effective dielectric constant, 휀𝑒𝑓𝑓 

can be expressed as[204]:  

𝑍𝑜 =
30𝜋

√휀𝑒𝑓𝑓

𝐾(𝑘1
′ )

𝐾(𝑘1)
                                                                                                                   (3.14) 

Where 𝐾(𝑘1) is the complete elliptic integral function of the first type and 𝐾(𝑘1
′ ) its 

complementary function. These equations can be used in the typical implementations of 

CPW circuits in order to calculate the characteristic impedance and physical dimensions 

of the structure. The electromagnetic wave propagates along the CPW signal line within 

the dielectric of the substrate and the air, meaning that the wave travels in two different 

dielectrics media. Of course, these dielectrics have dissimilar propagation speed due to 

the difference in their permittivity. The effective dielectric constant,  휀𝑒𝑓𝑓 is thus 

employed through analysing the CPW structures, which mostly acts the average of both 

휀𝑟 media(i.e. the substrate and air)[143]. To calculate the characteristic impedance of the 

coplanar waveguides, the modulus of the complete integrals was demonstrated to 

be[204]. 

𝑘1 =
𝑤

𝑤 + 2𝑠
√

𝑔(𝑤 + 2𝑠 + 𝑔)

(𝑠 + 𝑔)(𝑤 + 𝑠 + 𝑔)
                                                                                    (3.15) 

𝑘2 = 𝐴
𝑠𝑖𝑛ℎ(𝜋𝑤/4ℎ) 

𝑠𝑖𝑛ℎ[(𝜋(𝑤 + 2𝑠)/4ℎ]
                                                                                              (3.16) 

𝑘1,2
′ = √1 − 𝑘1,2

2                                                                                                                        (3.17) 
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Where A is given by: 

𝐴 = √
1 − 𝑠𝑖𝑛ℎ2 [

𝜋(𝑤 + 2𝑠)
4ℎ

] /𝑠𝑖𝑛ℎ2[
𝜋(𝑤 + 2𝑠 + 2𝑔)

4ℎ
]

1 − 𝑠𝑖𝑛ℎ2(
𝜋𝑤
4ℎ

)/𝑠𝑖𝑛ℎ2[𝜋(𝑤 + 2𝑠 + 2𝑔)/4ℎ]
                                              (3.18) 

In this work, the CPW dimensions are calculated using the “LineCalc” tool embedded in 

Keysight-ADS software. This simulator is an analysis and synthesis tool which is 

designed to compute the physical dimensions and electrical parameters of transmission 

lines including strip and microstrip lines as well as CPW and GCPW structures. 

 

3.4.5 Dispersion and Attenuation Characteristics in CPWs 

It is well-known that the dimensions of the centre line and separation between ground 

planes and the centre line beside 휀𝑒𝑓𝑓 and the thickness of the substrate determine the 

value of the characteristic impedance of the transmission lines. In this section, 

investigation of the impact of the variation parameters on the high frequency 

performance of the CPWs is broadly covered. The ability of eliminating  the unwanted 

modes from propagating in such a configuration, due to the existence of two ground 

planes on both sides of the centre conductor, is indeed very valuable [205]. Losses in 

CPWs are often caused by three main sources: conductor losses, dielectric losses and 

change in the effective dielectric constant with frequency. It was stated in the 

literature[206] that as long as the ratio of the signal line width to ground to ground 

spacing (𝑤 + 2𝑠) is in the range of 0.4 to 0.7, the conductor loss constant of the 

transmission line is insignificant. 

  

It has been argued that the dispersion caused by surface wave is very small, if the 

thickness of the substrate is much greater than the same factor (𝑤 + 2𝑠)[207]. However, 

the substrate thickness, ℎ is constrained by fulfilling the condition (ℎ ≤
𝜆𝑔

4
), which is 

required to prevent high order modes from propagating (𝜆𝑔 is defined as 𝑐/

𝑓√휀𝑟𝑒𝑓𝑓)[208]. Furthermore, the loss tangent (𝑡𝑎𝑛𝛿) of the substrate plays a substantial 

role in terms of reducing dielectric losses, which can be estimated using[206]: 

 

𝛼𝑑(𝑁𝑃/𝑚) =
(휀𝑟𝑒𝑓𝑓 − 1)휀𝑟𝑡𝑎𝑛𝛿

(휀𝑟 − 1)휀𝑟𝑒𝑓𝑓𝜆𝑔
                                                                                        (3.19) 
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A low loss tangent substrate is preferred to mitigate losses particularly at ultra-high 

frequency operation. All the electronic devices used in this work were grown on a lattice 

matched semi-insulting InP substrate, which has a 𝑡𝑎𝑛𝛿 of ~0.002. Due to the large 

number of the electric and magnetic field lines in the air, the effective dielectric constant 

of the CPW is normally low compared with the conventional transmission lines, leading 

to an increase in the characteristic impedance of CPWs[209]. The relationship which 

determines such a change is given by[207]. 

 

휀𝑟𝑒𝑓𝑓(𝑓) =

(

 
 

휀𝑟𝑒𝑓𝑓 +
√휀𝑟 − 휀𝑟𝑒𝑓𝑓

(1 + 𝑎 (
𝑓

𝑓𝑇𝐸
))

−1.8

)

 
 

2

                                                                      (3.20) 

The surface wave mode cut-off frequency (𝑓𝑇𝐸) is expressed as:  

𝑓𝑇𝐸 =
𝑐

4ℎ√휀𝑟 − 1
                                                                                                                     (3.21) 

휀𝑟𝑒𝑓𝑓 = √
휀𝑟 + 1

2
                                                                                                                       (3.22) 

Where 𝑐 and 𝑎 are speed of light in vacuum and factor related to CPW dimensions which 

can be calculated using approximated equations presented in[210] respectively. An InP 

substrate with an 휀𝑟 of 12.5 and thickness of 625µm was utilized to evaluate the variation 

in 휀𝑟𝑒𝑓𝑓 with frequency for various CPW dimensions as shown in figure (3.12). The 

calculated results reveal that narrow transmission lines exhibit less frequency dispersion 

than wide ones because their 휀𝑟𝑒𝑓𝑓 approximately does not change for wide range of 

frequencies. An increase in 휀𝑟𝑒𝑓𝑓 with frequency inevitably contributes to the appearance 

of alteration in characteristic impedance; hence losses due to reflections will be 

presented. This is followed by simulating the dependency of 𝑍𝑜 on structure’s 

dimensions at 100GHz as depicted in figure (3.13). The model results show that a 50Ω 

characteristic impedance can be obtained at certain 𝑤 and 𝑠 values. On top of that, the 

impedance of the coplanar exponentially increases with the width of the signal line. A 

similar trend has been recently demonstrated[211, 212]. 
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Figure 3.12: Relative effective dielectric constant versus frequency for different CPW dimensions sitting 

on an InP substrate. The surface wave cut-off frequency (𝑓𝑇𝐸) was found to be 35GHz. No that the width of 

the 𝑤 and 𝑠 parameters are in micrometre-scale.   
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Figure 3.13: Simulation results of the characteristic impedance of the CPW with various dimensions, the 

structure is sitting on an InP substrate with an 휀𝑟 of 12.5. 

 

According to the findings, providing a good matching between the RF measuring 

equipment and the integrated circuits requires maintaining the fabricated transmission 

line dimensions to be as close to the designated ones. This is fairly feasible with i-line 

photolithography technique, in which the process can achieve 1µm resolution.  Thus far, 

all the CPWs were modeled under the assumption that 휀𝑟 of the semi-insulating substrate 
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is constant. In the real-world, this crucial parameter does change with frequency, 

resulting in a different transmission line performance.  

 

The characteristic impedance of similar dimensions was extracted as a function of 

relative dielectric constant as shown in figure (3.14). The 휀𝑟 was assumed to be in range 

of 12.5 at low frequency to 9.6 at high frequency. The conductor used, in this study, is 

gold with a thickness of 1µm. A narrow signal line width provides high 𝑍𝑜, nearly 

reaching 70Ω at an 휀𝑟 of 9.6 (at high frequency), in comparison with lower impedance 

introduced by wide lines. The reason is due to the fact that narrow conductor lines have 

large series resistance, which can be compensated by depositing a sufficiently thick metal 

(>1µm). However, this might not be necessary as narrow transmission line CPWs exhibit 

much less influence in frequency dispersions. Furthermore, several micrometre coplanar 

dimensions would present a negligibly small associated parasitics, considered desirable 

for an integrated circuit operating beyond microwave frequencies.  
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Figure 3.14: Dependence of the characteristic impedance of the CPWs on relative dielectric constant for 

various structures’ dimensions. 

 

 

3.5 Summary 

The importance of MMIC technology and a brief description of 2.5D momentum module 

developed in this project were presented here. The main objective of this chapter is to 

experimentally study the equivalent circuit parameters of the passive elements including 

NiCr resistors, MIM capacitors, spiral inductors and CPW transmission line 
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configurations. NiCr resistors with various values ranging from 25 to 1kΩ were fabricated 

and tested. A 50Ω/□ measured sheet resistance was obtained for a NiCr thickness of 

120nm and experimental results were well-matched with the equivalent circuit models 

involving all potential parasitics in the circuits. Since the resistors were fabricated with a 

15µm width, a negligibly small 𝐿𝑠 was obtained. For the MIM capacitors, the measured 

results demonstrated that the capacitors become short circuits at lower frequencies (i.e. 

S11<< -10dB) when their values get higher, as expected.  

 

A quality factor of 25 with a 9Ω track length series resistance for a 0.5nH spiral inductor 

was extracted. Further increase in metal thickness of the tract can effectively boost the 

quality factor. As expected, the experimental data revealed that 𝑅𝑠 decreases with 

increase in the width of the inductors; however, this has led to a slight decrease in self-

resonant frequency due mainly to an increase in inter-turn crossover capacitance. 

Nevertheless, reducing the track length resistance was interpreted into improving the 

quality factor. In general, boosting 𝑆𝑅𝐹 requires minimizing the inductor footprint and 

this necessitates that the outer diameter must be made as small as possible, which can be 

simply performed by shrinking the metal track width and turn-to-turn spacing. For the 

CPW characterizations, the calculated results showed that narrow transmission lines 

exhibited less frequency dispersion than wide ones as a result of a very small variation in 

their 휀𝑟𝑒𝑓𝑓 for wide range of frequencies. However, these narrow signal lines CPWs have 

a high 𝑍𝑜 reaching 70Ω at an 휀𝑟 of 9.6 (at high frequency). This is caused by a large 

series resistance associated with narrow conductor lines, implying that such an issue can 

be compensated by depositing a sufficiently thick metal, roughly exceeding 1µm.   
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CHAPTER 4: DEVELOPMENT OF HIGH 

FREQUENCY RTD BASED CIRCUITS 

 

4.1 Introduction 

In previous chapters, literature review and characterizations of resonant tunneling diodes 

were investigated in detail as a preface regarding the feasibility and usefulness of the 

tunneling devices for microwave and THz applications. Therefore, chapter four 

concentrates on two fundamental aspects of the RTD based circuits. This involves 

modeling a high frequency oscillator and microwave amplifier utilizing an integrated 

RTD biased in its NDR region. To fulfill the oscillation requirements, a stabilizing circuit 

with proper operation must be used, so an associated discussion is presented here as well. 

High output power capability and limitations in the mm-wave/THz regime oscillators and 

what strategies can be exploited to address these issues are discussed. 

 

Furthermore, the reflection-based amplifiers using RTDs as active loads are covered in 

this chapter too, including their working principle and the designed module built in 

Keysight-ADS software. The key outcome of this study is the realization of a µW level 

DC power consumption amplifier operating in K-band frequencies. This is followed by 

optimization of the integrated circuit’s parameters aiming for high performance amplifier 

operation. 

 

 

4.2 Requirements for RTDs Oscillator Design 

In general, an RTD oscillator consists of three main elements, the RTD device, resonator 

and stabilizing circuit as shown in figure (4.1). As long as the net negative differential 

resistance of an RTD is greater than zero, the device is still able to be used in the circuit. 

The resonators act as an inductor, 𝐿𝑜𝑠 and are often realized using antennas and 

transmission lines, for example microstrip lines, CPS and CPWs.  In this project, CPWs 

were used due to their fabrication process simplicity as no via holes are required 

compared with conventional transmission lines. The stabilizing circuit or normally 

known as decoupling circuits are predominantly fabricated with a parallel combination of 

resistor, 𝑅𝑠ℎ and capacitor 𝐶𝑐𝑝. The voltage bias, 𝑉𝑏𝑖𝑎𝑠 of the oscillator circuit depicted in 
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figure (4.1) sets the diode in the negative differential resistance region. The parasitics 

caused by the DC biasing cable are denoted as 𝑅𝑏 and 𝐿𝑏.  

Lb

Ccp

Los

Rsh

RL

Rb

Vbias

RTD

 

Figure 4.1: A single RTD oscillator topology with shunt resistor, 𝑅𝑠ℎ and decoupling capacitor, 𝐶𝑐𝑝. 

 

The inductance of the CPW and the intrinsic capacitance of the RTD determine the high 

frequency oscillation by resonating at a certain frequency in accordance with their 

respective values. To theoretically analyze the circuit operation and for the sake of 

simplicity, the effect of the parasitic elements was neglected. From the oscillator circuit, 

the derived susceptance (i.e. the imaginary part of the admittance) is set to zero to sustain 

the oscillation as given by: 

 

2𝜋𝑓𝑜𝑠𝑐𝐶𝑅𝑇𝐷 −
1

2𝜋𝑓𝑜𝑠𝑐𝐿𝑜𝑠
= 0                                                                                                   (4.1) 

The oscillation frequency can be then expressed as: 

𝑓𝑜𝑠𝑐 =
1

2𝜋√𝐶𝑅𝑇𝐷𝐿𝑜𝑠

                                                                                                                   (4.2) 

In practice, the oscillation frequency would be slightly different from the one given by 

equation (4.2) due to the additional parasitics not included in the formula. Thus, choosing 

the inductor value is not arbitrary as such a crucial parameter relies on the tuning in the 

CPW conductor length. The maximum operating frequency and RF power of the RTDs 

are the most important quantities in the circuits design; the former is given by 𝑓𝑚𝑎𝑥 =

(|𝐺𝑅𝑇𝐷|/2𝜋𝐶𝑅𝑇𝐷)√(1/𝑅𝑠|𝐺𝑅𝑇𝐷|) − 1, which can be rearranged to become: 
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𝑓𝑚𝑎𝑥 =
3∆𝐼

4𝜋𝐶𝑅𝑇𝐷 ∆𝑉 
√

2∆𝑉

3∆𝐼 𝑅𝑠
− 1 =

1

2𝜋𝐶𝑅𝑇𝐷

√
3∆𝐼

2∆𝑉𝑅𝑠
−

9∆𝐼2

4∆𝑉2
                                     (4.3) 

𝑓𝑚𝑎𝑥 deduced from equation (4.3) can give a good indication about how far the upper 

oscillation frequency is affected by the device capacitance, series resistance beside 

current difference and voltage span. In order to further maximize 𝑓𝑚𝑎𝑥, the trade-off 

between the mesa area and series resistance has to be effectively balanced. The spacer 

thickness can be made thicker, contributing to a decrease in 𝐶𝑅𝑇𝐷 without the need to 

minimize the mesa area. This can also assist in improving the PVCR as a result of a 

reduction in ionized impurity scattering events. However, thick spacers increase the 

carriers’ transit time in the collector depletion region and reduces the peak current 

density, due to a suppression of current stream in thick spacers[92]. In-depth discussion 

for optimization of an RTD structure was already presented in chapter two and will not 

be repeated here.  

 

 

4.3 DC Stability of Oscillator Circuit 

In addition to the self-capacitance of the RTD and the inductance of the resonator, other 

conditions must be satisfied to sustain the oscillation. This is simply due to a plateau-like 

current oscillation in the NDR region of the device, resulting in the radio frequency to be 

distributed between low and designed frequencies[6]. To remedy this problem, a 

stabilizing circuit RC combination was employed in this work. The shunt resistor, 𝑅𝑠ℎ is 

to suppress the parasitic bias oscillation at low frequency (2-3GHz).  For the intrinsic 

equivalent circuit of an RTD integrated with a resonator, the real part of the admittance is 

given by:  

 

𝑅𝑒𝑎𝑙(𝑌𝑖𝑛) =
1

𝑅𝑠ℎ
−

𝐺𝑅𝑇𝐷

(1 − 𝜔2𝐿𝑜𝑠𝐶𝑅𝑇𝐷)2 + (𝜔𝐿𝑜𝑠𝐶𝑅𝑇𝐷)2
                                                   (4.4) 

 

To sustain the oscillation at the desired frequency, 𝑅𝑒𝑎𝑙(𝑌𝑖𝑛) must be negative, providing 

instability status for proper circuit operation. However, the real part of the admittance is 

positive at low frequencies, contributing to suppression of the parasitic oscillation and 

the circuit is stable (no oscillation) and this gives (𝑌𝑖𝑛) = [(1 𝑅𝑠ℎ⁄ ) − 𝐺𝑅𝑇𝐷] > 0. To do 

so, this condition 𝑅𝑠ℎ < 1 𝐺𝑅𝑇𝐷⁄  has to be fulfilled. It is important to point out that 



130 

 

𝑅𝑠ℎ must be sufficiently low to achieve bias stability requirement and reduce the DC 

power consumption of the oscillator (i.e. this enables an enhancement in the DC to RF 

conversion efficiency) but large enough to boost the extracted RF power of the circuit, 

[213]. However, the shunt resistor still consumes power so that a decoupling capacitor is 

connected to act as a short circuit at high frequency, avoiding RF power being dissipated 

by the resistor. The value of the decoupling capacitor can be calculated by: 

 

(2𝜋𝑓𝑜𝑠𝑐𝐶𝑐𝑝)−1 < 0.1                                                                                                                  (4.5) 

 

Since the negative conductance is expressed as 𝐺𝑅𝑇𝐷 = 3∆𝐼 2∆𝑉⁄ = 3∆𝐽𝐴 2∆𝑉⁄  and this 

equation can be rearranged to be: 

 

𝑅𝑠ℎ <
2∆𝑉

3∆𝐽𝑅𝑇𝐷𝐴𝑟𝑒𝑎
                                                                                                                    (4.6) 

The maximum RTD size, 𝑅𝑇𝐷𝐴𝑚𝑎𝑥 for a given shunt resistor must be fulfilled in order to 

stabilize the oscillator with the maximum RTD mesa area[214]. 

𝑅𝑇𝐷𝐴𝑚𝑎𝑥 <
2∆𝑉

3∆𝐽𝑅𝑠ℎ
                                                                                                                   (4.7) 

For the InGaAs/AlAs RTD sample XMBE#300 with 4µm
2
 whose DC characteristic are 

summarized as 𝛥𝑉 = 0.26V, 𝛥𝐽 = 0.85mA/µm2 and with a shunt resistor 𝑅𝑠ℎ = 20Ω, 

the maximum RTD size based on the stability criteria is: 

𝑅𝑇𝐷𝐴𝑚𝑎𝑥 < 10.2µ𝑚2 

The 𝑅𝑇𝐷𝐴𝑚𝑎𝑥 calculated for this particular RTD is larger than the device size (i.e. 4µm
2
), 

meaning that the shunt resistor of 20Ω is adequate to DC stabilize the oscillator circuit. 

Hence, the parasitic oscillation is suppressed and the RF power is expected to rise. 

Equation (4.7) also suggests that large device sizes require a small 𝑅𝑠ℎ, which is 

relatively difficult to fabricate.  

 

 

4.4 Modeling of Single RTD Integrated Oscillators  

Since one of the main objectives of this project is to realize a high frequency oscillator 

utilizing the resonant tunneling diodes as an active device, modeling of such an 
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integrated circuit prior to fabrication process is very important including all the DC 

characteristics required for high performance RTD oscillator, which was extensively 

discussed in chapter two. As a primary example to investigate the performance of high 

frequency oscillator circuit based electromagnetic modelling, InGaAs/AlAs RTD sample 

XMBE#230 was used. The device was grown on a semi-insulating InP substrate using 

Solid Source Molecular Beam Epitaxy (SSMBE) and its epitaxial stack is shown in Table 

(4.1). 

 

TABLE 4.1: EPITAXIAL LAYER FOR RTD SAMPLE XMBE#230. 

Layer Material Doping (cm
-3

) Thickness (Å) 

Top Ohmic  
In0.53Ga0.47As 2×10

19
 (Si) 450 

Collector In0.53Ga0.47As 3×10
18

 (Si) 250 

Spacer In0.53Ga0.47As Undoped 200 

Barrier AlAs Undoped 12 

Well In0.8Ga0.2As Undoped 45 

Barrier AlAs Undoped 12 

Spacer In0.53Ga0.47As Undoped 200 

Emitter In0.53Ga0.47As 3×10
18

 (Si) 250 

Bottom Ohmic  In0.53Ga0.47As 1×10
19

 (Si) 4000 

Substrate InP   

 

The measured I-V characteristic of a diode with a mesa size of 9µm
2
 is depicted in figure 

(4.2). Table (4.2) shows the room temperature DC characteristics of the diode. This 

device has a large 𝐺𝑅𝑇𝐷 of 29mS and a high peak current density of 1.2 mA/µm
2
 with a 

very high PVCR of 9.4 in the reverse bias direction and thus higher output power can be 

expected. These characteristics can be easily improved further by reducing the 

thicknesses of the well and barrier. The self-capacitance of the diode was extracted after 

the parasitic bond capacitance and inductance were de-embedded[215]. Validation of the 

equivalent circuit of the device was then verified using a fitting model with the measured 

scattering data. To this end, the estimated intrinsic capacitance in the middle of the NDR 

was found to be ~6 fF/µm
2
. Accordingly, the key- parameter, 𝑓𝑚𝑎𝑥 of this device is 220 

GHz, evaluated employing the extracted values of the equivalent circuit. To further 
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extend such a figure of merit to reach THz frequencies, ~1 µm
2
 device size is required, 

which is relatively feasible with the standard i-line photolithography technique 

 

 

Figure 4.2:  I-V characteristic of the InGaAs/AlAs RTD device sample XMBE#230 with a mesa area of 9 

µm
2
. 

 

TABLE 4.2: DC CHARACTERISTICS FOR THE RTD SAMPLE XMBE#230 WITH A MESA AREA 

3×3µm
2
 AT ROOM TEMPERATURE. 

RTD Sample 

XMBE#230 
|ΔV| (V) |ΔI| (mA) 

|GRTD|  

(mS) 
PVCR 

JP 

(mA/µm
2
) 

𝑃𝑚𝑎𝑥 

(µW) 

Forward bias 0.45 3.5 11.6 8.4 0.41 295 

Reverse bias 0.49 9.45 29 9.4 1.2 868 

 

To connect the passive and active components of the oscillator and determine the 

oscillation frequency of the circuit, a CPW resonator was used. In this work, the 

dimensions of the CPWs are computed using “LineCalc” tool embedded in Keysight-

ADS from Agilent Technologies. There are some parameters which must be defined to 

obtain the physical dimension of the resonator, such as 휀𝑟, thickness and loss tangent of 

the substrate as well as skin depth of the conductor. The characteristic impedance of the 

CPW was set to be 50Ω to match the standard equipment setup. Furthermore, the 

electrical length, 𝛽𝑙 should be < 90°, thereby ensuring an inductive reactance for the 

shorted coplanar structure. The first step of the RTD oscillators design is to calculate the 
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oscillation frequency, given in equation (4.2), the wavelength of the generated RF signal 

can be then expressed by: 

𝜆 =
𝑐

𝑓𝑜𝑠𝑐√휀𝑒𝑓𝑓

                                                                                                                             (4.8) 

Where 𝑐 is the speed of light and 휀𝑒𝑓𝑓 is the average of the relative dielectric constant 

between the substrate and air. The input impedance of the short end CPW is theoretically 

computed by the well-known relationship of the transmission line impedance[203]: 

𝑍𝑖𝑛 (𝐶𝑃𝑊) = 𝑍𝑜

𝑍𝐿 + 𝑗𝑍𝑜 𝑡𝑎𝑛 𝛽𝑙

𝑍𝑜 + 𝑗𝑍𝐿 𝑡𝑎𝑛 𝛽𝑙
                                                                                               (4.9) 

Of course, the inductance of the oscillator does not solely rely on physical length of the 

CPW. This is due to the fact that the current passes through the conductor film at the end 

of the slots, leading to a magnetic energy to be stored behind the termination[216]. An 

inductive reactance is thus situated beyond the slots, denoted as 𝐿𝑠𝑐 and the effective 

length extension, 𝑙𝑒𝑥𝑡 based on this inherent phenomenon can be given by[47]: 

𝑙𝑒𝑥𝑡 ≃
𝑤 + 2𝑠

8
                                                                                                                           (4.10) 

The inductance of this extension length is expressed as: 

𝐿𝑠𝑐 =
𝑍𝑜𝛽𝑙𝑒𝑥𝑡

2𝜋𝑓𝑜𝑠𝑐
                                                                                                                           (4.11) 

𝑤 being the signal line width and 𝑠 is the gap distance between signal line and ground 

plane of the CPW. In the radio frequency signals, there is a 2𝜋 phase variation in every 

single wavelength, the phase velocity is; thus, formulated as 𝛽 = 2𝜋/𝜆[217]. From 

equations (4.9), (4.10) and (4.11), the total physical length of the shorted CPW, taking 

the impact of 𝑙𝑒𝑥𝑡 extension into account, becomes[6]: 

 

𝑙 =
𝜆

2𝜋
tan−1 [

2𝜋𝑓𝑜𝑠𝑐𝑍𝑜(𝐿𝑜𝑠 − 𝐿𝑠𝑐)

𝑍𝑜
2 + 4𝜋2𝑓𝑜𝑠𝑐

2 𝐿𝑠𝑐𝐿𝑜𝑠
]                                                                                   (4.12) 

The resonator length at various oscillation frequencies was calculated using ADS tools 

and a comparable result was found from equation (4.12). It is important to mention that 

the major behavior of the shorted transmission line stubs with narrow center conductor 

width is inductive at high frequency[143]. There is no available built in model for the 
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tunneling devices in the CAD used, the RTD was, thus, implemented exploiting a 

SDD2P (Symbolically Defined Devices Two Ports) block with a 9th order polynomial 

equation. The realized module utilized the reverse bias direction of the measured I-V 

characteristic as depicted in figure (4.3) to take advantage of the high DC performance 

obtained in the reverse bias compared with the forward bias direction. A plateau-like 

current oscillation in the NDR region of the experimental data is caused by the bias 

equipment setup. 

 

 

Figure 4.3: Measured IV characteristic for the RTD XMBE#230 with 9µm
 
mesa size in comparison with 

9
th

 order polynomial fitting equation modeled in Keysight-ADS. 

 

 

Figure 4.4: A schematic of the designed RTD oscillator circuit in ADS software, using InGaAs/AlAs RTD 

device sample XMBE#230 with a mesa area of 9µm
2
. 
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In the module used, the intrinsic equivalent circuit of the RTD was made up of a dynamic 

current source connected in parallel with 𝐶𝑅𝑇𝐷 as shown in figure (4.4). This implies that 

such a configuration is implemented under the assumption of involving both the series 

and junction resistances of the device in the measured I-V characteristic (i.e. 
𝜕𝑉

𝜕𝐼
+ 𝑅𝑠). In 

this work, the stabilizing circuit is realized with a combination of shunt resistor, 𝑅𝑠ℎ and 

decoupling capacitor, 𝐶𝑐𝑝 to suppress the parasitic oscillation and prevent RF power 

being dissipated by 𝑅𝑠ℎ at the operating frequency. To avoid considerable errors in the 

design and make the simulation results close to the actual practical data, the non-ideal 

nature of the passive components was taken into account. This is largely because the 

values and performance of these elements depend on the fabrication process instead of 

only design equations. The equivalent circuit models for 𝑅𝑠ℎ used here is the one 

proposed by S. Renu et al[191], which includes a series inductance denoted as 𝐿𝑠 due to 

the length of the NiCr. Furthermore, the MIM capacitance is represented by the 

equivalent circuit reported by L. Wang et al[193], comprising the prime lumped 

component as well as the top and bottom metals’ inductances (𝐿𝑐𝑡 and 𝐿𝑏𝑐  respectively). 

It also takes the effect of the substrate’s loss tangent into account, which is given by: 

𝐺𝑀𝐼𝑀 = 𝜔𝐶𝑐𝑝𝑡𝑎𝑛𝛿, where 𝜔 is the angular frequency and 𝑡𝑎𝑛𝛿 is the loss tangent of the 

insulating material used.  

 

The dimensions of the decoupling capacitance have been optimized to alleviate the non-

ideal behavior of the components, for example the additional inductance and resistance of 

the metals. In-depth discussion and analysis regarding the extraction of the equivalent 

circuit parameters’ model for the passive elements was elaborated in chapter three. The 

parasitic of the dc bias set-up, 𝑅𝑏 and 𝐿𝑏 shown in figure (4.4), were estimated to be 1 Ω 

and 1nH respectively. The RTD sample #230 is biased at the centre of the NDR region 

and a load resistor with a 50Ω is used to match the input impedance of the measuring 

equipment with a dc block capacitance (𝐶𝑑𝑐). The circuit was simulated at 100GHz 

operating frequency by the transient simulation tool with the following components 

values: 𝑅𝑠ℎ=21 Ω, 𝐶𝑐𝑝=20 pF. Since the entire circuit will be monolithically integrated on 

the InP substrate with an 휀𝑟 of 12.5, the CPW inductor of 𝐿𝑜𝑠=47pH was calculated, 

corresponding to 1.15mm wavelength signal at 100GHz frequency. With this in mind, the 

electrical length of the transmission line was found to be ~30.5°, so the estimated physical 

length of the resonator is 97µm.   
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A 2D electromagnetic model built in ADS-momentum was used to simulate the CPW 

resonator, facilitating the coupling impact of the neighbouring transmission lines and the 

losses in the ground plane to be involved in the simulation. This model was already 

validated using fabricated passive components as presented in the previous chapter. 

Figure (4.5) shows the output voltage signal across the load resistor, 𝑅𝐿 over a 5 ns and 

0.1 ns time span. The sinusoidal wave has 224 mV peak to peak voltages. To extract the 

RF output power, a Fast Fourier Transform (FFT) was then taken as depicted in figure 

(4.6). The resulting power at the fundamental frequency of 100 GHz is 100 µW (-10dBm). 

It is also apparent from the spectrum that the first harmonic occurs at 201GHz with an 

extremely low power of 0.05µW. 

 

    

Figure 4.5: Simulation result of the output voltage across the load (a) over 5 ns time span (b) over 0.1 ns 

time span. 

 

 

Figure 4.6: The spectrum of the output voltage signal across the load of the RTD oscillator modelled in ADS 

using device sample #230 with 9 µm
2
 mesa size. 

 

(a) (b) 
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Unsurprisingly, the simulated oscillation frequency is clearly shifted from the calculated 

one as this mainly due to the parasitic components associated with the circuit model. The 

maximum output power can be theoretically achieved when the condition (𝐺𝐿 = 𝐺𝑅𝑇𝐷) 

occurs for single RTD oscillator, where 𝐺𝐿 is the conductance of the load. It is well-

known that the negative conductance of the RTD decreases with frequency, thus; the latter 

condition should be satisfied at the desired operating frequency. One of the most 

important features of RTD oscillators and still considered a challenge is the circuit DC-to-

AC efficiency. This key-factor was calculated to be 2% including the power dissipated in 

the shunt resistance.   

 

 

4.4.1 Variations in Circuit Parameters and Performance     

The designated operating frequency is 100 GHz but higher frequencies can be also 

investigated. This approach is to investigate the effect of the parasitic components caused 

by the embedded circuit on the oscillator performance in terms of high RF power. To 

examine the oscillator’s performance in the frequencies beyond 100 GHz, the relationship 

between the oscillation frequency and the RF power was then studied. The resonator 

inductance (𝐿𝑐𝑝𝑤) value was changed in the range of 68 pH to 25 pH, corresponding to a 

CPW length ranging from 137 to 54 µm respectively. Note that all other component 

values used throughout the simulation setup were maintained similar to the ones given in 

the previous section. The outcome from the simulation result was that the output power 

decreases with increasing the oscillation frequency as depicted in figure (4.7).  

 

Figure 4.7: RF power of the RTD oscillator versus fundamental oscillation frequency simulated in ADS.  
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The main reason behind this behavior is attributed to the reduction in the negative 

differential resistance with the operating frequency. This was reflected into a decrease in 

the obtained output power, significantly emphasizing the importance of high 𝐺𝑅𝑇𝐷 RTDs 

for promoting the oscillator characteristics. On the basis of this consideration, maximizing  

the performance of the oscillator requires further thinning in the barriers and quantum 

well of the RTD structure for ultrafast transit delay time as stated in the following 

formula 𝑃𝑅𝐹−𝑎𝑐𝑡𝑢𝑎𝑙 = (3/16)∆𝐼 ∆𝑉 𝑐𝑜𝑠 𝜔𝜏𝑅𝑇𝐷[184]. The RTD oscillator reported here 

gives a potential power output of 30 µW at 133 GHz, which is relatively low for this 

particular RTD. This could be due to mismatching between the conductance of the load 

and RTD. More importantly, low RF power was most likely exacerbated as result of the 

parasitic elements of the passive components.  

                        

 

Figure 4.8: Simulated result for the RTD oscillator, the device used is sample #230 with 9 µm
2
 mesa size (a) 

RF power versus the stabilizing resistor when 𝑅𝑠ℎ < 1/|𝐺𝑅𝑇𝐷|, (b) The extracted spectrum when 𝑅𝑠ℎ >

1/|𝐺𝑅𝑇𝐷|. 
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Since the variation in the stabilizing resistor has a strong influence on the circuit 

performance, the oscillator model was simulated with different 𝑅𝑠ℎ values. Figure (4.8, a) 

shows that the extracted power increases with the stabilizing resistor values. However, 

higher  𝑅𝑠ℎ (i.e. 𝑅𝑠ℎ > 1/|𝐺𝑅𝑇𝐷|)  leads to a disappearance of the oscillation at 100GHz 

frequency because the stability status cannot be satisfied at low frequencies as depicted in 

figure (4.8, b). Consequently, the power was distributed between the designed frequency 

and low biasing oscillation, as is observed in the spectrum. Note that stability status (or 

no oscillation status) is achieved by ensuring that the real part of the admittance of an 

RTD positive. In other words, the stabilizing resistor must be constrained by 𝑅𝑠ℎ <

1/|𝐺𝑅𝑇𝐷| for proper circuit operation. 

 

 

4.5 Double RTD Oscillator Circuits and Layouts 

High current density RTDs with sub-micrometer scale are necessary for good 

performance IC oscillators. However, single RTD oscillators are still limited by the 

voltage and current differences (∆𝑉 and ∆𝐼) of the discrete diodes. An alternative 

topology is to integrate multiple RTD elements to increase the available output power 

without the need for extremely high JP RTDs. This technique is actually based on 

combining the RF power of the discrete devices at the port termination.  Figure (4.9) 

shows the circuit configuration with double RTD oscillators. Each single device is 

individually biased with its own stabilizing circuit.  

Lb

Ccp Rsh
CPW,

Los

Rb

Vbias

RTD1

CcpRsh

RTD2 Lb

Rb

Vbias

 

Figure 4.9: Schematic of 2RTDs integrated oscillator, including the stabilizing circuits and parasitic due to 

the biasing cables.  

 

To maintain the designed operating frequency, the mesa sizes of both RTDs must be the 

same, necessitating extra care to be taken during the fabrication process. When the 
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external DC voltage is applied, the CPW acts as a short circuit, allowing a coupling 

configuration for the RTDs thereby each diode can be separately biased. At the desired 

frequency, the small signal equivalent circuit is often simplified with the main intrinsic 

components of the RTDs and inductor of the resonator as depicted in figure (4.10). 

 

GRTDLos

RTD1

CRTDGRTD RL

RTD2

CRTD

 

Figure 4.10: Small signal equivalent circuit of the RTD oscillator with 2 integrated elements. 

 

Since two active devices are integrated with a CPW resonator, the oscillation frequency 

can be rewritten to be: 

𝑓𝑜𝑠𝑐 =
1

2𝜋√(𝐶𝑅𝑇𝐷1 + 𝐶𝑅𝑇𝐷2)𝐿𝑜𝑠

                                                                                           (2.13) 

Assuming that the RTDs are identical and their respective capacitances 𝐶𝑅𝑇𝐷1 = 𝐶𝑅𝑇𝐷2 =

𝐶𝑅𝑇𝐷,  𝑓𝑜𝑠𝑐 becomes 1/(2𝜋𝐶𝑅𝑇𝐷√𝐿𝑜𝑠). The extracted 𝐺𝑅𝑇𝐷of each integrated tunneling 

device is preferred to be half of the load conductance so as to deliver the maximum 

amount of power to the load (𝐺𝐿 = 𝐺𝑅𝑇𝐷/2). As the RTD performance is the major 

underpinning in oscillator’s circuit implementation, high current density devices sample 

XMBE#327 and #302 were chosen. The DC characteristics of those samples are 

summarized in Table (4.3) and (4.4). The data indicates that a single RTD element from 

sample #327 with a mesa size of 2×2µm
2
 is theatrically able to provide 1.2mW. For 

sample #302, two integrated devices with power combining technique is needed to 

provide an equivalent RF power given by the former RTD sample. Nevertheless, both 

samples are very useful in mm-wave/THz regime applications, for example imaging and 

high wireless data communications, in which the actual distance between a transmitter 

and receiver ranges from a few centimeters to several meters. The promising results of 



141 

 

the RTDs characterized in chapter two are a great motivator to move forward in 

demonstrating an RTD oscillator operating in microwave and mm-wave frequencies. 

 

TABLE 4.3: DC CHARACTERISTICS FOR RTD SAMPLE XMBE#302 WITH DIFFERENT MESA 

SIZES AT ROOM TEMPERATURE. 

Device Size (µm
2
) |ΔV| (V) |ΔI| (mA) |𝐺𝑅𝑇𝐷| (mS) PVCR JP (mA/µm

2
) 𝑃𝑚𝑎𝑥 (µW) 

F
o

rw
ar

d
 B

ia
s 

1×2 0.3 4.6 23 2.8 3.7 258 

1×3 0.2 7.9 59 3 3.7 296 

2×2 0.2 10.2 76 3 3.7 382 

R
ev

er
se

 B
ia

s 

1×2 0.2 7.7 57 2.7 6.4 288 

1×3 0.2 12.9 96 2.7 6.4 484 

2×2 0.2 16.6 124 2.7 6.4 622 

 

TABLE 4.4: DC CHARACTERISTICS FOR RTD SAMPLE XMBE#327 WITH DIFFERENT MESA 

SIZES AT ROOM TEMPERATURE. 

Device Size (µm
2
) |ΔV| (V) |ΔI| (mA) |𝐺𝑅𝑇𝐷| (mS) PVCR JP (mA/µm

2
) 𝑃𝑚𝑎𝑥 (µW) 

F
o

rw
ar

d
 B

ia
s 

1×2 0.24 17 106 4.8 10.8 765 

1×3 0.2 26.5 209 4.9 10.8 994 

2×2 0.19 33.7 266 4.9 10.8 1200 

R
ev

er
se

 B
ia

s 

1×2 0.19 22 174 4.2 14.3 783 

1×3 0.16 33.6 315 4.2 14.3 1008 

2×2 0.12 41.4 517 4.2 14.3 931 

 

A mask for 30 and 100GHz oscillators was designed in Keysight-ADS, involving 

different RTD mesa sizes (i.e. 1×2, 1×3 and 2×2µm
2
). The physical length of the CPWs 

was calculated for each oscillator in accordance with the capacitance of the integrated 

RTDs and the designed frequency. To effectively balance the trade-off between the 

stability status of the circuit at low frequency and high-power capability at high 

frequency, various values of the stabilizing resistors were used. The mask is mainly 
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constructed of seven steps and an example of the RTD oscillator using a device size of 

2×2µm
2
 is depicted in figure (4.11).  

  

       

    

Figure 4.11: Top view of photo-mask designed for 100GHz RTD oscillator showing the process step by 

step. The RTD size is 2×2 µm
2 
as defined by the mask pattern. 

 

The basic process of the ICs starts by depositing the collector metal contact, so defining 

the designed area of both RTDs which can be performed after lifting-off the metallization 

(step#1). A self-aligned diode mesa is formed using a dry etching process with vertical 

side walls down to the heavily doped In0.53Ga0.47As cap layer. The emitter metal contact 

is then deposited with a 2µm spreading distance between the device’s epilayer and the 

bottom contact as shown in figure (4.11) step#2. This allows wet etching of the self-

aligned air-bridges and device isolation to be carried out (step#3). As the conventional 

wet etching does etch the materials in both directions (i.e. vertically and laterally), the 

defined area of the RTDs was protected to ensure that the active layers of the devices not 

be etched (step#3). It is important to point out that the undercut profile also occurs 

Step1 
2µ

m 

3.5µm 

Step2 

2µm 

Step3 

Step4 

Bottom metal of 

MIM Capacitor 

Step5 Dielectric 

NiCr resistor Step6 

Step7 

GSG output port 

- + - Biasing pads 
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underneath the top pad and bottom contacts of the RTDs, which would contribute to 

breaking the connection with next overlapped metal step; that is why, these areas were 

protected (step#3). Up to this stage, each IC is totally isolated from the neighboring 

devices.  

The next step is to perform the bottom metal of the MIM capacitors (step#4). This is 

followed by sputtering a Si3N4 dielectric layer with thickness of 200nm for the capacitors 

and acts as a platform for the ready thin film resistor (step#5). A NiCr resistor with a 

thickness of 120nm is required for the 50Ω/□ sheet resistor which can then be sputtered 

(step#6), facilitating a stabilizing circuit for the integrated oscillators. The final stage 

(step#7) is the metallization of the CPW resonator and interconnection between the 

resistor and other components as well as being a top metal for the MIM capacitor. After 

lifting-off the metal and passivating the active layers of the RTDs and NiCr resistors, the 

oscillator circuits is then ready to be experimentally tested. In this mask, different 

dimensions of the stabilizing resistors have been designed ranging from 8 to 18Ω 

depending on 𝐺𝑅𝑇𝐷 and mesa sizes of the RTDs. As the oscillator is aimed to operate at 

30 and 100GHz frequencies, the values of the coupling capacitors were chosen to be 5 

and 20pF respectively.  

 

                  

Figure 4.12: Photo-mask for the RTD oscillators designed for this project. Left side: the complete mask 

with a total area of 13×13mm
2
 including the IC of the various oscillators, alignment marks and process 

control monitoring (PCM). Right side: Close-up view of two PCM cells containing RTDs with different 

sizes, TLM pads, MIM capacitors and air-bride test. 
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In the mask design, other than RTDs, capacitors and resistors integrated in the circuits, 

there are a few discrete components known as process control monitor (PCM) structures 

as shown in figure (4.12). Such elements are used to test all the components individually, 

so avoiding any errors in the fabrication process. Furthermore, TLM structures were 

added to evaluate the quality and uniformity of the RTD’s ohmic contact as well as to 

extract the sheet resistance of the NiCr resistors. Unfortunately, towards the end of this 

project, the clean room was out of commission due to water flood and the fabrication 

process had to be delayed. At the time in which the writing up of this thesis was on-

going, the experimental results have not been completed yet. However, the research was 

not interrupted as an alternative approach of an RTD based circuit was investigated for 

use in microwave frequencies as will be amply presented in the following sections.   

 

 

4.6 Possibility of Microwave ICs using Tunneling Devices 

The unallocated millimeter and sub-millimeter wave regions are becoming more 

attractive for a wide field of applications, for instance wireless data systems, imaging and 

security. However, low current density RTDs with a JP of <2mA/µm
2
 are not that 

beneficial or/and unable to switch well at such an ultra-high frequency. Therefore, the 

use of those tunneling devices is highly important in integrated circuits particularly those 

operating in microwave frequency bands, mainly below 30GHz as discussed below. To 

satisfy the promise of the on-coming Internet of Things (IoT) technology, low-cost high 

bandwidth electronic chips built in smart phones are becoming indispensable. This 

technique would be compatible with the 5
th

 generation internet technology planned to 

start from a low speed of ~6GHz to frequencies reaching 28GHz[218]. A significant 

challenge in developing an efficient IC is the requirement for a very low DC power 

consumption. This reflects into a decrease in the temperature of the device and thus 

allows for no recharge of the battery for many hours. 

The potential solution to fulfil this key-factor is to reduce the supply voltage of the 

circuit; thus, the resonant tunneling diode is a good candidate in realizing a compact, 

room temperature operation RF amplifiers, transmitters and zero-biased receivers. 

Accordingly, amplifier-based circuits exploiting an RTD as an active device can be 

monolithically integrated with the transceiver systems, enabling manufacturability of 

high-speed quantum-based ICs. To this end, this research is concerned with modeling of 

an RTD based amplifier operating at frequencies beyond 20GHz.  
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4.7 Reflection based Amplifiers 

The negative differential resistance feature of the RTDs can be utilized to compensate the 

transmission line losses, resulting in actual gain. This certainly offers the capability of 

realizing an amplifier without the need of using three terminal devices. The first attempts 

at making an RTD amplifier was recently demonstrated[73-75] including a report of an 

integrated RTD with a FET transistor[72]. Basically, there are two main ways to realize 

an amplifier based RTD; active transmission line amplifier and RF signal reflections-

based amplifier. This work focuses on the latter approach as a result of the simplicity of 

the circuit configuration in which a few components are often sufficient for IC 

implementations.  

 

A significant minimization in the size and noise performance of the chip is an advantage 

of the reflection-based amplifiers over the conventional transmission line types. As the 

name of the amplifier implies, the RF incident signal is reflected suitably terminated 

ports to ensure high gain at the output node. A related theoretical analysis involving the 

well-known equivalent circuit of the transmission line and how the losses are cancelled 

by an RTD active load was presented in chapter one.   

 

4.7.1 Principle of Amplifier Operation 

The RTD based amplifier normally incorporate a single bandwidth limit branch coupler 

and two identical RTDs as shown in figure (4.13). It is important to briefly describe the 

branch coupler in terms of its principle of operation and some other key factors. First of 

all, the incoming signal is applied to the input port and is then divided into two equal 

parts that are 90° out of phase. The amplified signal (due to the negative resistance) is 

afterwards reflected by the by-pass capacitance, 𝐶𝑏𝑝. The signals at the RTD ports can be 

then combined in phase at output port with 270° phase difference in comparison to the 

input signal at the input port. Furthermore, the reflected amplified signals are 180° out of 

phase at the input port and so they cancel each other[219]. In order to eliminate the low 

frequency parasitic oscillation, a by-pass capacitance is used to act as a short circuit at 

the unwanted frequencies[152]. The voltage gain of the amplifier is defined by the 

magnitude of the reflection coefficient between the coupler and RTDs as expresses 

below: 

𝛤 =
𝑍𝑅𝑇𝐷 − 𝑍𝑜𝑢𝑡

𝑍𝑅𝑇𝐷 + 𝑍𝑜𝑢𝑡
                                                                                                                      (4.14) 
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Figure 4.13:  Schematic circuit of the reflection-based amplifier model. Dash lines are for the lumped 

element which represents the single branch coupler.  

 

Due to the two RTDs loaded at the termination of the coupler and operated in their NDR 

regions, the refection will be larger than 1. The value of these impedances must be 

almost similar to mitigate losses caused by mismatching effect. The motivation in 

realizing the reflection-based amplifier configuration is that there is no need for a bulky 

matching circuit. The reason is mainly attributed to the fact that the output impedance of 

the lumped element coupler is component values dependent. To do this, the components 

of the coupler can be optimized to match 𝑍𝑅𝑇𝐷. A lumped element based single branch 

coupler was previously reported for MMIC applications[220]. At microwave frequencies, 

it is more common to realize this type of coupler using simple interconnected length of 

transmission lines  

 

4.7.2 Modeling of Lumped-Element Coupler  

Practically, a branch-line coupler is basically composed of four microstrip lines, their 

lengths are one-quarter wavelength at the desired frequency and two of which have the 

same characteristic impedance of the input and output ports. The impedance of other 

ports are commonly formulated as 𝑍𝑜/√2[143, 185]. To characterize a branch-line 

coupler, two key features are required to be considered: coupling factor and directivity as 

expressed by[221]: 
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𝐶𝐹 = 10𝑙𝑜𝑔
𝑃1

𝑃3
                                                                                                                         (4.15) 

𝐷𝑐𝑜𝑢𝑝𝑙𝑒𝑟 = 10𝑙𝑜𝑔
𝑃3

𝑃2
                                                                                                               (4.16) 

 

P1 being the input power to port1, whereas P2 and P3 are the output power from port 2 

and 3 respectively. The coupling factor should be 3dB to provide even power split 

between port 3 and 4 and decent couplers have a directivity of 30-35dB, which is 

important to ensure that the output power at port 2 is trivial compared to port 3[221]. To 

examine a coupler response, a model was realized in Keysight-ADS employing ideal 

transmission lines with an operating frequency of 25GHz as shown in figures (4.14). 

 

 

Figure 4.14: Single branch coupler built in Keysight-ADS with ideal transmission lines. 
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Figure 4.15: S-parameters simulation result of single branch coupler modeled in ADS using ideal 

transmission lines at 25GHz. 
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As each stub should give 𝜋/2 phase shift for proper coupler operation, the electrical 

length was set to be 90°. The simulation results reveal that the input power is evenly split 

at ports 3 and 4 over a fairly narrow range of frequencies with a center operating 

frequency of 25GHz, providing large bandwidth as depicted in figure (4.15). The 

performance of the reflection at port 1, S11 and the power received at port 2, S21 is 

excellent as they both are much less than -10dB. In practice, it is rather difficult to 

achieve such findings due to the impact of the losses and parasitics neglected at this 

stage.  Moving forward to the actual circuit configuration, the coupler was modeled by 

LC passive elements as shown in figure (4.16). These integrated elements are carefully 

tuned to obtain ~3dB coupling factor with a directivity of > 30dB. 

 

 

Figure 4.16: ADS model of a single branch coupler using lumped element operating at 25GHz. 

 

As clearly indicated in figure (4.17), the performance of the coupler is moderately 

comparable to the first one built using ideal transmission lines. The coupling factor and 

directivity can be calculated from the S-parameter responses using the formula 𝐶𝐹 =

|𝑆31| and 𝐷𝑐𝑜𝑢𝑝𝑙𝑒𝑟 = |𝑆31 − 𝑆21| respectively. These crucial parameters were evaluated 

to be 3.1 and 57dB at the operating frequency, contributing to an outstanding 

performance for the coupler’s circuit. This was achieved by the excellent result obtained; 

S11 and ports isolation (S21), both of which have a response much lower than -10 dB at 

25GHz and the 3dB power split S-parameters (S31 and S41) was accomplished for the 

branch coupler. It was found that the values of the lump elements are relatively small and 

can be mathematically estimated from: 

𝑋𝐶𝑠1 = 𝑋𝐶𝑠2 =
𝑍𝑜

√2
                                                                                                                    (4.17) 
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𝑋𝐶𝑝1 = 𝑋𝐶𝑝2 = 𝑍𝑜                                                                                                                    (4.18) 

𝑋𝐿1 = 𝑋𝐿2 = 𝑋𝐿3 = 𝑋𝐿4 =
𝑍𝑜

2.41
                                                                                           (4.19) 

Note that these equations are only valid when all ports have 50Ω characteristic 

impedances. 
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Figure 4.17: S-parameters simulation result of a single branch coupler modeled in ADS using LC lumped-

element operating at 25GHz. 

 

The dimensions of the coupler chip are scaled down in size with frequency because of the 

decrease in the LC component values. This is generally preferred up to a certain 

frequency, in which the unavoidable parasitics are much smaller than actual circuit 

components. Beyond this point, a coplanar waveguide based directional coupler would 

be required. Alternatively, a multilayer MMIC coupler is indispensable as was 

demonstrated for wide-band amplifier up to 60GHz[222].  Such a feasible approach 

might be useful to experimentally investigate the coupler performance in the future. The 

next step is to focus on designing the whole amplifier circuit and studying whether it can 

support high gain and required functionality.  

 

4.7.3 RTD Amplifier: Simulation Results and Discussion 

The main objective in this section is to model a novel K-band reflection-based amplifier 

utilizing the NDR advantage of double barriers InGaAs/AlAs RTDs. The device sample 

XMBE#277 with 1×2.4µm
2
 mesa area was used because of its low current density of 
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0.26mA/µm
2
. This is primarily to ensure low dc power consumption characteristic while 

maintaining high gain at the output port. The measured forward I-V characteristics of the 

diode alongside its junction resistance (𝑅𝑅𝑇𝐷) is depicted in figure (4.18). 
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Figure 4.18:  Forward I-V characteristic (measured and simulated) and junction resistance of the 

InGaAs/AlAs RTD device sample XMBE#277 with a mesa area of 1×2.4µm
2
. 

 

For the sake of simplicity, the RTD was represented exploiting SDD2P block with 

polynomial equation in parallel with the junction capacitance of the device, 𝐶𝑅𝑇𝐷. This is 

to realize the RTD in Keysight-ADS as well as to extract the modeled 𝑅𝑅𝑇𝐷, obtained 

by 𝑅𝑅𝑇𝐷 = 𝜕𝑉/𝜕𝐼. The measured and simulated data show an excellent agreement as 

depicted in figure (4.18). Though the total resistance of the diode is equal to 𝑅𝑅𝑇𝐷 + 𝑅𝑠, 

the series resistance is very small in comparison with 𝑅𝑅𝑇𝐷 ; hence it was neglected. The 

device provides a negative resistance over the entire NDR feature, reaching nearly -

4000Ω in the middle of the region. Validation of the equivalent circuit of the device has 

been verified using a fitting model with the measured scattering data. The junction 

capacitance of the RTD sample #277 was accurately extracted to be 6fF/µm
2
 as discussed 

in chapter two. The actual S11 of the intrinsic device (i.e. after de-embedding the 

surrounding parasitics of the pads) is found outside the unit circle of the Smith chart 

(|S11 > 1|) or in other words, it is >0dB in x-y graph, implying that the reflected power 
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is greater than the incident ones as shown in figure (4.19). This is due to the negative 

resistance of the RTD, emphasizing that the device is able to generate a power within the 

measured frequencies. 

 

  

Figure 4.19: Left and right sides: measured S11 for intrinsic device sample #277 with a mesa area of 

1×2.4μm
2 
biased in the NDR region plotted in smith chart and x-y graph respectively.  

 

 

Figure 4.20: An ADS amplifier model of a reflection-based amplifier showing two integrated RTDs with 

lumped-elements coupler.  

 

Since the input impedance of the RTD used does not match with the standard 50Ω, the 

lumped-elements of the coupler had to be optimized. The inductance of the coupler is in 

the range of 200-380pH, while the capacitance is between 30 and 125fF for effective 

operation of the circuit. According to the extracted parameters of the coupler and RTD, 



152 

 

both circuits were incorporated to realize a reflection-based amplifier as depicted in 

figure (4.20). In this work, harmonic balance simulation tool was exploited to simulate 

the circuit. Strong evidence for the proper operation of the amplifier was found from the 

achieved high-power gain of 32 dB at 25.3GHz as shown in figure (4.21). The RTDs 

were both biased in the NDR region, at 0.32V with bias current of about 0.4 mA 

corresponding to a low dc power consumption of 256µW. The key FOM (figure of merit) 

for low power RF applications is gain in dB over dc power consumed (in mW) in 

integrated circuit. Owing to a promising FOM of 125dB/mW, such a quantum-based 

amplifier is considered very attractive and feasible for RF applications with low dc 

power consumption.  
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Figure 4.21:  Simulated gain and return loss of the amplifier using RTD sample #277 with mesa area of 

1×2.4µm
2
. The two identical diodes are biased at 0.32V and the obtained reflection coefficient was 

between the 50Ω input port and the coupler.  

 

Power gain dependent voltage bias were also studied to further examine the effect of 

variation in the resistance of the RTDs on such transmission characteristic as shown in 

figure (4.22). The simulated results indicate that the gain vanishes at an external voltage 

close to the peak and valley voltages, confirming that the performance of the amplifier 

strongly relies on the absolute value of the negative resistances. Nevertheless, the gain is 

relatively flat from 0.2 to 0.4V giving a comfortable process window for the circuit’s 

operation. 
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Figure 4.22:  Simulated transmission gain of the amplifier versus the applied bias voltage, which was 

varied over the entire NDR region. 

 

TABLE 4.5: COMPARISON OF RADIO FREQUENCY AMPLIFIERS BASED TUNNELING DEVICES 

AND OTHER TECHNOLOGIES. 

REPORTED 

IN 
TECHNOLOGY 

FREQUENCY 

(GHZ) 

GAIN 

(dB) 

DC POWER 

CONSUMPTION 

(mW)  

FOM 

(dB/mW) 

[223] 

Two FET 

transistors 

incorporated one 

coupler 

6.2 8.1 N/A N/A 

[224] 
0.25µm GaN 

multiple transistors 
10 27 750 0.036 

[225] 
180nm CMOS 

LNA 
5 10.2 0.8 12.8 

[226] 
130nm CMOS 

LNA 
5.1 10.3 1.03 10 

[152] 
Reflection based 

amplifier with 

0.8µm
2
 RTD 

5.7 11.5 0.47 24.5 

This work 
Reflection based 

amplifier with 

2.4µm
2
 RTD 

25.3 32 0.256 125 

 

A comparison between the works demonstrated using tunneling devices and other 

technologies is tabulated in Table (4.5). As the two terminal tunneling devices are able to 
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provide a gain with rather low power consumption in comparison with transistor-based 

circuits, the usefulness of such a compact, low cost manufacturing and room temperature 

operation IC is significant.  

 

 

4.8 Summary 

Electromagnetic modelling of double barriers InGaAs/AlAs RTD sample #230 have been 

carried out using 9µm
2
 mesa devices with a peak current density of 1.2mA/µm

2
 

integrated with a coplanar waveguide resonator. A 100 GHz oscillator was realized and 

achieved an output power of 100µW through exploiting the negative differential 

resistance feature of the diode. The RTD oscillator reported here gives a potential power 

output of 30 µW at 133 GHz. The circuit modelling was performed using advanced 

design system software. To ensure practical circuit’s performance, all parasitic elements 

associated with the passive components were taken into account. The influence of the 

stabilizing resistance on the extracted power was also investigated and it was found out 

that the extracted power increases with the stabilizing resistor values and constrained by 

the factor 𝑅𝑠ℎ < 1/|𝐺𝑅𝑇𝐷|. 

Modeling and theoretically analysing of a novel K-band reflection-based amplifier was 

performed utilizing the NDR feature of the InGaAs/AlAs RTD. A 2.4µm
2
 mesa area 

device was fabricated and measured and on-wafer probe S-parameter measurements up to 

40GHz were carried out. Verification of the diode’s equivalent circuit was 

experimentally validated and then employed to realize a K-band reflection-based 

amplifier. The model was realized including a lumped element branch coupler with two 

active loads RTDs. Due to constructively combining the in- phase electromagnetic waves 

at the amplifier’s output port, a high gain of 32 dB was achieved at 25.3GHz while 

maintaining a very low DC power consumption of 256µW. This corresponds to a record 

figure of merit of 125dB/mW to date, validating the excellent performance of the 

amplifier. Since the power gain of the amplifier relies on the absolute value of the 

negative resistances, the simulated results revealed that a relatively flat gain was 

achieved from the peak to valley voltages offering a comfortable window for IC 

operation. 
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CHAPTER 5: III-V HBT TRANSISTORS AND PIN-

PD: FUNDAMENTALS AND THEORY OF 

OPERATIONS 

 

5.1 Introduction 

A major part of this research on high speed devices is concerned with the design of an 

InP/InGaAs based photoreceiver. The backgrounds and state of the art performances of 

InP based heterojunction bipolar transistors (HBT) and PIN-photodiode are covered in 

this chapter. Firstly, HBT’s DC and RF operating principles and figures of merit are 

discussed, for example I-V curves of a common emitter transistor, Gummel plots and 

unity current gain cut-off frequency. A comparison between HBT technology and 

conventional BJTs in terms of capability of high-speed operation with much less relaxed 

feature sizes is also discussed. 

Additionally, chapter five presents an overview of the most common parameters of the 

PIN-diodes. This involves an associated discussion describing the device’s structure and 

its band diagram besides briefly highlighting the material systems used in growing such 

photodiodes.  

 

 

5.2 Primer on Homojunction Bipolar Junction Transistors 

The bipolar junction transistor, BJT is a three-terminal electronic device, composed of 

two back-to-back unified PN-junctions. The three semiconductor layers making up the 

transistor are known as emitter, base and collector, where the doped base layer is 

sandwiched between the other two opposite polarity layers. The most commonly used 

BJT type is the NPN structures, in which the base is doped with p-dopant, while the 

emitter and collector are doped with n-dopants. The reason is simply attributed to the 

high mobility of electrons in the base region, resulting in high-speed device operation. 

The primary electron conducting carriers are emitted by the emitter and pass through the 

base region until they are collected by the collector[227]. In a homojunction BJT, all 

three regions of the transistor are basically made of the same semiconductor material. 

Several configurations can be realised in the transistors, however the common emitter 
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(CE) configuration is the most often preferred topology due to its ability to amplify both 

current and voltage signals. This terminology is due to fact that the emitter output side of 

the circuits are connected to ground[227].  

 

The following analysis of a CE BJT is discussed first to set the scene for further 

enhancement made possible by the HBT itself. For moderate transistor gain, the emitter 

is heavily doped, followed by a lower doped base and a much lower doping in the 

collector region. In the active mode of operation, the emitter-base (EB) junction is 

forward biased, enabling a large number of electrons to be injected into the base layer. 

These electrons become minority carriers in the base due to the majority p-type dopants, 

contributing to the occurrence of some recombination process. This event can be 

mitigated by growing a thin base layer with a thickness that is much smaller than the 

diffusion length of the electrons. The residual carriers would then diffuse across the base 

width due to an electrostatic field caused by a concentration gradient. When the electrons 

reach the edge of the depletion region of the reversely biased base-collector (BC) 

junction, they are accelerated across the wide depletion region by the applied electric 

field and will be then collected in the collector layer[227].   

The relatively small amount of the input voltage (BE-voltage) can lead to very large 

induced changes in the collector current because of the exponential dependence between 

them. This indeed leads into achieving a current gain, making the transistors one of the 

most valuable electronic devices[228].  However, there are a few undesirable 

mechanisms that have detrimental impacts on the gain of the BJT as summarized 

by[229]:  

 

1. Recombination of the injected electrons from the emitter with the holes, either in the 

base layer or in the forward biased EB space charge region, introducing two small 

currents 𝐼𝑟 and 𝐼𝑠 respectively. 

2.  The reverse injected holes from the p-type base region into the emitter provides a 

hole current of 𝐼𝑝. 

3. Due to the reverse biased BC junction, a small thermally generated e-h pairs causes a 

number of holes to be swept into the base from the n-type collector region, giving rise to 

a small current, 𝐼𝐶𝐵𝑂. 
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Figure (5.1) depicts the schematic drawing and energy band diagram of an NPN-BJT, 

showing the contribution of these currents. The currents of the emitter, base and collector 

terminals can be expressed as: 

𝐼𝐸 = 𝐼𝑛 + 𝐼𝑝 + 𝐼𝑠                                                                                                                        (5.1)  

 

𝐼𝐶 = 𝐼𝑛 − 𝐼𝑟 + 𝐼𝐶𝐵𝑂                                                                                                                    (5.2)  

 

𝐼𝐵 = 𝐼𝑝 + 𝐼𝑟 + 𝐼𝑠 − 𝐼𝐶𝐵𝑂                                                                                                           (5.3)  

 

    

           

Figure 5.1: Schematic drawing and energy band diagram of an NPN homojunction bipolar transistor, 

showing (in red) the mechanisms that have detrimental impacts on the gain of the device. 

 

The well-known figure of merit for common emitter BJT is the current handling 

capability or current gain, 𝛽 which is formulated as: 
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𝛽 =
𝐼𝐶
𝐼𝐵

=
𝐼𝑛 − 𝐼𝑟 + 𝐼𝐶𝐵𝑂

𝐼𝑝 + 𝐼𝑟 + 𝐼𝑠 − 𝐼𝐶𝐵𝑂
                                                                                                  (5.4)  

 

Since the base width, 𝑊𝑏 is often grown to be approximately one tenth of the electron 

diffusion length, the impact of the recombination events in the base layer can be safely 

ignored (i.e. 𝐼𝑟 ≃ 0). Beside this, 𝐼𝑝 is typically ≫ 𝐼𝑠 and the thermally generated 𝐼𝐶𝐵𝑂 is 

trivial, so both can be neglected in the following analysis[230]. The emitter injection 

efficiency is defined as the ratio of the electron injected current from the emitter to the 

total emitter current as expressed by: 

 

𝛾𝑒 =
𝐼𝑛

𝐼𝑛 + 𝐼𝑝
                                                                                                                                 (5.5) 

The maximum current gain, 𝛽𝑚𝑎𝑥 can be theoretically achieved by further reduction in 

the minor leakage currents.   

 

𝛽𝑚𝑎𝑥 =
𝐼𝑛
𝐼𝑝

                                                                                                                                     (5.6) 

To evaluate 𝛽𝑚𝑎𝑥, the electrons and holes injection current densities, 𝐽𝑛 and 𝐽𝑝 

expressions  based on the Boltzmann’s approximation are used[231]: 

 

𝐽𝑛 = 𝑁𝐷𝜈𝑛𝑏 𝑒𝑥𝑝 (
−𝑞𝑉𝑛

𝑘𝑇
) =

𝑞𝑁𝐷𝐷𝑛

𝑊𝑏
𝑒𝑥𝑝 (

−𝑞𝑉𝑛

𝑘𝑇
)                                                                 (5.7) 

𝐽𝑝 = 𝑁𝐴𝜈𝑝𝑒 𝑒𝑥𝑝 (
−𝑞𝑉𝑝

𝑘𝑇
) =

𝑞𝑁𝐴𝐷𝑝

𝑊𝑒
𝑒𝑥𝑝 (

−𝑞𝑉𝑝

𝑘𝑇
)                                                                  (5.8) 

 

𝑁𝐷, 𝑁𝐴 are (assumed) uniform doping levels in the emitter and base respectively and 𝜈𝑛𝑏 

and 𝜈𝑝𝑒 are the mean speeds, due to the combined impacts of both drift and diffusion, of 

electrons at the emitter-end of the base, and of holes at the base-end of the emitter 

respectively. 𝐷𝑛 and 𝐷𝑝 are the diffusion coefficients of the minority carriers in the base 

and emitter and 𝑊𝑏 and 𝑊𝑒 are the width of the base and emitter respectively. 𝑉𝑛, 𝑉𝑝, 𝑘, 𝑇 

and 𝑞 are the barrier to electrons and to holes, the Boltzmann’s constant, temperature in 

Kelvin and charge of electron respectively. Therefore 𝛽𝑚𝑎𝑥 can be rewritten to become: 

𝛽𝑚𝑎𝑥 =
𝐼𝑛
𝐼𝑝

=
𝑁𝐷𝐷𝑛𝑊𝑒

𝑁𝐴𝐷𝑝𝑊𝑏
𝑒𝑥𝑝 (

𝑞(𝑉𝑝 − 𝑉𝑛

𝑘𝑇
)                                                                               (5.9) 
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For homojunction transistors, the barrier to electrons and to holes is similar (i.e. 𝑉𝑝 −

𝑉𝑛 = 0) because the epitaxial layer is made up from the same semiconductor material, 

𝛽ℎ𝑜𝑚𝑜 is then given by: 

 

𝛽𝐵𝐽𝑇 =
𝑁𝐷𝐷𝑛𝑊𝑒

𝑁𝐴𝐷𝑝𝑊𝑏
                                                                                                                       (5.10) 

 

Evidently, equation (5.10) reveals that the common emitter gain of a homojunction 

transistor is predominantly determined by the thickness and doping concentration of the 

emitter and base. With this in mind, much higher doping of the emitter than the base with 

an extremely thin base layer is the only viable option that would be utilized to maximize 

the gain through allowing more injected electrons to arrive at the collector region. This 

helps to enhance the emitter injection efficiency due to a reduction in the number of the 

reverse injected holes from the base into the emitter. However, low base doping profile 

can lead to degradation in DC and RF performance of the device. This is due to the 

resulting large sheet resistance, from which a low cut-off frequency and a low early 

voltage would be the consequences[232]. Furthermore, a heavily doped emitter results in 

an increase in the EB-depletion region capacitance, limiting the high-frequency operation 

of the transistor.  

 

 

5.3 Heterojunction Bipolar Transistors 

Heterojunction bipolar transistors (HBTs) are grown with dissimilar semiconductor 

materials. In general, the emitter is constructed from a larger band gap material than the 

base, facilitating to further reduce the injected minority carriers from the base into the 

emitter and hence, improve the emitter injection efficiency. This then leads to the 

possibility of doping the base to a much higher level than the emitter (in contrast to 

BJTs) which is, of course, preferred for lower contact and sheet resistances and hence 

allows for very high-frequency performance. Unlike homojunction transistors, in a well-

designed high gain HBT, the interface recombination current in the forward space charge 

region, 𝐼𝑠 can be as small as 𝐼𝑛/103 and 𝐼𝑛 should be much larger than the bulk 

recombination current in the base layer, 𝐼𝑟[233]. As stated in[234], 𝐼𝑟 density is given by: 

𝐽𝑟 = 𝛾𝑛𝑒(0)
𝑊𝑏

𝜏𝑛
                                                                                                                        (5.11) 
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𝑛𝑒(0) and 𝜏𝑛 being the injected electron concentration at the emitter-end of the base and 

the average electron life-time in the base. 𝛾 is a factor between 0.5 and 1 indicating how 

much electron concentration in the base differs from the electron concentration at the 

emitter-end of the base hence the current gain of an HBT is written as:  

 

𝛽 =
1

𝛾

𝜐𝑛𝑏𝜏𝑛

𝑊𝑏
                                                                                                                               (5.12) 

 

In 1970, Ladd et al investigated the impact of the doping concentration on the minority 

carriers’ lifetime, deducting that the electrons’ life time in the base decreases with 

increase in the doping profile[235]. As long as the carriers’ lifetime is still equal or lower 

than 10
-10

 sec, no significant gain reduction is noticeable and this can be maintained by 

keeping the base thickness to 1000Å or less, avoiding electron-hole recombination 

events[234]. Carrier transport in an HBT does have two types of diffusion-based 

processes across the junctions due to the existence of the heterointerfaces. This largely 

depends on the energy band diagram of the emitter-base heterojunction and these are 

presented in the following sections. 

 

5.3.1 Abrupt Emitter-Base Interface      

In the abrupt interface HBTs, discontinuities are basically introduced at the emitter-base 

interface as depicted in figure (5.2). The major disadvantage in such a structure is that a 

prominent notch, Δ𝐸𝑐 is created in the conduction band between the emitter and base, 

resulting in accumulating the injected electrons, thus, increasing the recombination losses 

(i.e. degrading the gain of the device). Additionally, the potential spike, Δ𝐸𝐵 causes an 

increase in the required voltage bias, 𝑉𝐵𝐸  by the order of Δ𝐸𝐵/𝑞 for a given current 

density. This leads to an increase in the offset voltage of the transistor as will be 

discussed further in this chapter.  On the basis of this consideration, equation (5.9) can be 

rewritten to become: 

            

𝛽𝐻𝐵𝑇 =
𝑁𝐷𝐷𝑛𝑊𝑒

𝑁𝐴𝐷𝑝𝑊𝑏
𝑒𝑥𝑝 (

Δ𝐸𝑔 − Δ𝐸𝐵

𝑘𝑇
)                                                                                    (5.13) 

 

Where 𝑞(𝑉𝑝 − 𝑉𝑛) = Δ𝐸𝑔 − Δ𝐸𝐵, since the notch depth is small compared with 𝑘𝑇, 

𝛥𝐸𝐵 = 𝛥𝐸𝐶 and 𝛥𝐸𝑔 − 𝛥𝐸𝐶 = 𝛥𝐸𝑉 and this yields: 
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𝛽𝐻𝐵𝑇 = 𝛽𝐵𝐽𝑇 𝑒𝑥𝑝 (
Δ𝐸𝑉

𝑘𝑇
)                                                                                                         (5.14) 

𝛽𝐵𝐽𝑇 being the current gain of a common emitter bipolar junction transistor as well as 

𝛥𝐸𝐶  and 𝛥𝐸𝑉 representing the conduction and valance band discontinuities respectively.  

 

 

Figure 5.2: Band Diagram of a wide bandgap emitter Npn-HBT, showing the barrier potential spike. 

 

Despite the disadvantage of the potential spike, it acts as a ballistic “launching ramp” for 

the electrons in the conduction band.  As a result, the carriers that overcome the barrier 

go into the base region with significantly higher kinetic energy that could be for the 

homojunction structures. This helps to improve the ballistic transport of the carriers 

across the base, from which the electron velocity would reach 10
8
cm/s favored for high-

frequency response[234]. 

 

 

5.3.2 Graded Base-Emitter Interface 

The increase in the offset voltage due to the potential spike can be remedied by 

exploiting a graded emitter-base interface structure. This is simply composed of a 

compositionally graded wide gap emitter layer, yielding a smooth monotonically varying 

bandgap edge. Figure (5.3) shows the band diagram of a smooth emitter-base 

heterointerface and thus, equation (5.9) can be modified to be[234]:   

        

𝛽𝐻𝐵𝑇 =
𝑁𝐷𝐷𝑛𝑊𝑒

𝑁𝐴𝐷𝑝𝑊𝑏
𝑒𝑥𝑝 (

Δ𝐸𝑔

𝑘𝑇
)                                                                                                 (5.15) 
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Note that: 𝑞(𝑉𝑝 − 𝑉𝑛) = 𝛥𝐸𝑔, where 𝛥𝐸𝑔 is the difference of energy band gaps of emitter 

and base. 

 

𝛽𝐻𝐵𝑇 = 𝛽𝐵𝐽𝑇 𝑒𝑥𝑝 (
Δ𝐸𝑔

𝑘𝑇
)                                                                                                         (5.16) 

 

However, a graded emitter HBT has relatively slower electron transport properties than 

the heterostructures based abrupt interfaces. The reason is due to the fact that there is a 

lack of electron ballistic characteristics. To compromise this trade-off, an alternative 

approach was demonstrated by Kurishima et al, in which the effect of a compositionally-

graded InGaAs base layer was experimentally studied[236]. This approach is to introduce 

a built-in field in the base region, providing an enhancement in current gain and high-

frequency performance in comparison with the conventional uniform band gap base 

HBTs.   

 

                                        

Figure 5.3: Band Diagram of a graded heterojunction bipolar transistor. 

 

5.3.3 Advantages of HBTs over Other transistor Technologies  

HBT technology has some prominent advantageous over silicon BJTs, which can be 

stated as: 

1. The emitter injection efficiency is vastly improved as a consequence of introducing 

the large hole barrier in the valence band. 
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2. The lower base resistance leads to much better high-frequency performance due to the 

ability of heavily doping the base without sacrificing the current gain. 

3. The large emitter energy band-gap assists to transistor to operate at higher 

temperatures compared with bipolar devices. 

4. Since the voltage drop in the emitter-base region is low in HBTs, less amount of 

current crowding might be exhibited in the emitter. 

In comparison with a GaAs or InP-based field effect transistors (FETs), heterojunction 

bipolar devices have high transconductance thereby higher early voltage, higher current 

density, less 1/𝑓 noise and are  unrestrained from sub-micrometre scale 

requirements[230]. For HEMT transistors, the output current is quadratically 

proportional, in the best case, to the input voltage. In contrast, these input and output 

parameters have an exponential relationship in HBT devices. As reported in[237], for a 

2µm emitter width HBT transistor with a current density of 0.5mA/µm
2
, the 

transconductance reaches 40S/mm while  it is ~1S/mm for an InAlAs-InGaAs HEMT 

whose total supply and spacer thickness is 200Å. This highlights the high gain feature of 

heterojunction devices.   

 

The turn on voltage of the HBTs relies on several factors, such as the doping profile and 

band gap of the material used, making their characteristics unaffected by variations in 

the fabrication process. This significantly increases the yields and reliability of large-

scale ICs, in which integration of hundred thousands of transistors per chip is required. 

By contrast, the dependency of the HEMTs threshold voltage on processing parameters 

such as supply layer thickness would produce severely varying threshold voltage values 

across a wafer, giving a rise to difficulties in achieving matched devices[98]. In addition 

to this, the effective area of HEMT devices is calculated by the product of the gate width 

and channel thickness and because of the limitation in the increase of the channel 

thickness, this result in requirements for wide gates to accomplish high current handling 

capacity. This implies that a single HBT transistor occupies an area of approximately 

three times less than a HEMT for the same operating current values[98].  

 

5.3.4 HBT Material Systems  

For Npn HBT transistors, a large ∆𝐸𝐶 does not merely provide a high electron barrier, 

leading to an increase in 𝑉𝐵𝐸 (i.e. large offset voltage), but it also limits the current gain 
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of the device. On the other hand, a large ∆𝐸𝑉 is actually desirable due to the reduction in 

reverse injection holes from the base into the emitter region[230]. For these reasons, the 

HBTs semiconductor materials must be carefully chosen; the band discontinuities of the 

common III-V systems are listed in table (5.1)[238, 239]. 

 

TABLE 5.1: EXPERIMENTAL BAND DISCONTINUITIES FOR COMMON III-V MATERIAL 

SYSTEMS. 

Heterojunction material 𝐸𝑔1 (𝑒𝑉)  𝐸𝑔2 (𝑒𝑉)  ∆𝐸𝐶 ∆𝐸𝑉 
∆𝐸𝐶

∆𝐸𝑉
 

Si1-xGex/Si (x→10-16%) 1.12-

0.41x+0.008x
2
 

1.12 
0.025 

(x~16%) 

0.12 

(x~16%)  

4.8 

InP/In0.53 Ga0.47 As 1.35 0.76 0.25 0.34 1.36 

Al0.3 Ga0.7 As/GaAs 1.86 1.42 0.28 0.15 0.54 

In0.49 Ga0.51P/GaAs 1.92 1.42 0.12 0.38 3.17 

In0.52 Al0.48 As/In0.53 Ga0.47 As 1.45 0.76 0.53 ~0.17 0.32 

 

Among all the GaAs-based material combinations used  for HBT epitaxial layer designs, 

AlGaAs/GaAs systems were intensively studies  owing to their high current gain and 

good  high-frequency performance[238]. However, InP-based HBTs particularly 

InP/InGaAs technology have received a great deal of interest due to their use in 

photodetector ICs operating in the telecom optical wavelength ranging from 1.3 to 

1.55µm. These standard wavelength bands are low loss windows utilized in long haul 

fibre optic telecommunications. The superior carrier transport and high current capability 

are the most prevailing advantages of InP/InGaAs devices along with the possibility of 

monolithically integrating InP-based HBT amplifiers with other optoelectronic devices. 

From the silicon industrial point of view, SiGe/Si HBTs come into contention with the 

III-V transistors basically due to the beneficial economy of scale of Si-based mainstream 

CMOS technology in the realms of RF integrated circuits. Furthermore, the downscaling 

of SiGe HBTs is easily performed because of the mature nanometre scale Si-processes 

achieved over years of work by commercial vendor including IBM, Hitachi and 

others[240, 241].  
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Despite the advantages of SiGe technology, the electron drift velocity in the InGaAs 

collector region in the InP-based HBTs is still three times higher than that in SiGe 

devices. Very high carrier diffusivity in the case of InP transistors offers much faster 

base transit time compared with SiGe, resulting in improving the frequency bandwidth 

by at least double for a comparable emitter sizes[241]. The other downside in SiGe is the 

low breakdown voltage of Si material, which is usually less than 2V for an HBT with a 

unity gain cut-off frequency, 𝑓𝑇 of 100GHz[242, 243]. For a comparable base doping 

profile, InP based HBTs have a base sheet resistance of 650Ω/□[244] in comparison with 

4KΩ/□ for SiGe devices[245]. This invariably translates into an improvement in the 

maximum frequency oscillation of the transistor, 𝑓𝑚𝑎𝑥 and hence high switching speed 

capabilities with relaxed lateral geometry HBTs.         

                        

For HBTs designer, high breakdown voltages (𝐵𝑉𝐶𝐸𝑂) characteristic is preferred for 

several reasons. Firstly, it is desirable for high power microwave applications, in which 

the biasing voltages usually exceed 6V. Secondly, in IC designs, there are many 

additional passive components incorporated with the transistors, implying that a low 

breakdown voltage is a challenge because of the requirement to protect the circuits from 

voltage spikes. A double heterojunction bipolar transistor (DBHT) as an alternative 

approach has been proposed to mitigate low 𝐵𝑉𝐶𝐸𝑂 issue and for ultra-high speed 

operation. Unlike the base layer, both emitter and collector are made of a similar 

semiconductor material in DHBTs, allowing a double hetero-interfaces to be 

formed[246]. Taking the advantage of high mobility properties of the ternary materials, a 

typical DHBT epitaxial structure can be grown with an InGaAs base layer sandwiched 

between two lattice-matched InAlAs emitter and collector regions. The band diagram of 

the InAlAs-InGaAs DHBT is depicted in figure (5.4). As was earlier discussed in this 

chapter, a large difference in the band gap between the emitter and base material is 

desirable for high current gain capability as long as the band discontinuity in the valence 

band, ∆𝐸𝑉 is larger than that in conduction band, ∆𝐸𝐶.  

However, for InAlAs-InGaAs devices, ∆𝐸𝑉 is just 0.17eV compared with 0.53 ∆𝐸𝐶 that 

in turn will result in a large energy barrier for electrons at both emitter-base and base-

collector heterojunctions[246]. This leads to a reduction in the number of electrons which 

are able to overcome the potential barrier at the B-C interface; consequently, the 

electrons will bounce back and recombined in the base region. Thereby deterioration in 
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the current gain of the transistor and enlarging the knee voltage (i.e. wide saturation 

region) are the outcome. Such an inherent phenomenon is known as the current blocking 

problem[247]. Both InP and InAlAs have been intensively studied as a collector layer to 

investigate the severe effect of the current blocking issue in DHBTs[247-249] and the 

findings emphasized that devices with InAlAs collectors suffer from pronounced carrier 

blocking. Contrarily, InP/InGaAs-based DHBTs are much less influenced by this 

phenomenon due to their favourable conduction band and valence band 

discontinuities[250]. 

 

                    

Figure 5.4: Equilibrium band diagram of InAlAs-InGaAs DHBT with no setback layer. The band energy 

shows a large potential barrier for electrons at B-C heterojunction causing a current blocking effect. 

 

Mckinnon et al demonstrated an InAlAs-InGaAs DHBT with composite collector, which 

involves a low band gap setback layer grown on the collector, hence helping to alleviate 

the deleterious current blocking impact[247]. Another approach was devoted by 

McAlister et al and ended-up with exploiting a dipole doping in InP-InGaAs DHBT; 

hence improving the DC and RF performance of the transistor[250].  In 2010,  further 

results were reported by Professor Missous et al using all-ternary InAlAs-InGaAs DHBT 

where current blocking was fully eliminated[251]. In the aforementioned study, a 

combination of doping interface dipoles and composite setback collector layers were 

used and culminated in an optimum epitaxial heterostructure able to support a high 
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current density without introducing current blocking. It is noteworthy to mentioning that 

a well-designed single heterojunction, SHBT has a 𝐵𝑉𝐶𝐸𝑂 exceeding 4V, which is 

considered adequate for optoelectronic integrated circuits as the photoreceiver based 

HBTs is often biased with a standard external voltage of 3.3V. Therefore, this project 

will be only concerned with SHBT devices through an in-depth analysis related to their 

characteristics and performances at high frequency operation.     

 

5.4 HBT DC Characteristics 

The DC characteristics are the underpinning parameter of most solid-state electronic 

devices in terms of primarily assessing the quality or/and evaluation of the exploitation 

of the devices in circuit implementations. In this section, a brief description of the 

fundamental DC characteristics of the HBT is presented. This includes highlighting the 

most regularly used characteristics of the common emitter HBT, such as turn-on voltage, 

early and breakdown voltages as well as output conductance and Kirk effect.    

 

5.4.1 Output I-V characteristics of the Common Emitter HBT 

Figure (5.5) shows a typical I-V characteristic for a common emitter SHBT. The most 

important part in the curve is the active mode or also known as the operating region, in 

which the emitter-base diode and base-collector diode are forward biased, 𝑉𝐵𝐸 > 0 and 

reverse biased 𝑉𝐵𝐶 < 0  respectively.  

                    

Figure 5.5: Typical I-V characteristic for a fabricated common emitter SHBT transistor, showing the three 

common modes of operations.  
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In the active mode, the transistor operates as an amplifier and this region is ideally linear 

and has a high breakdown voltage. The saturation mode is when both emitter-base and 

base-collector diodes are in forward bias, giving rise to a high current passing through 

the device with very small voltage drop between the emitter and collector terminals (i.e. 

low 𝑉𝐶𝐸). In general, observation of a wide saturation region can reveal that there is an 

existence of current blocking effect or/and high emitter and collector resistances. Finally, 

the cut-off mode refers to both diodes being in reverse bias condition, creating wide 

depletion at the heterointerfaces (no noticeable current flow in the transistor). 

 

5.4.2 HBT Turn-on Threshold and Offset Voltage 

The required emitter-base voltage, 𝑉𝐵𝐸 for a desired collector current density 

characteristic is called the turn-on voltage. The importance of 𝑉𝐵𝐸 is prominent in ICs, in 

which matching the turn-on voltage of the HBTs across the wafer is necessary for a high 

yield process and to maximize the circuit performance. The inability to provide similar 

𝑉𝐵𝐸 for multi-element integration will lead to degradation in the circuit’s gain and signal 

to noise ratio[252]. The turn-on voltage is theoretically calculated using: 

  

𝑉𝐵𝐸 =
𝐸𝑔2

𝑞
−

𝑘𝑇

𝑞
𝑙𝑛 (

𝑞2𝜇𝑛𝑁𝐶𝑁𝑉𝐷𝑛

𝐽𝐶
) −

𝑘𝑇

𝑞
𝑙𝑛(𝑅𝑠ℎ𝑒𝑒𝑡)                                                     (5.17) 

 

𝐸𝑔2, 𝜇𝑛, 𝐷𝑛,  𝑁𝐶 and 𝑁𝑉  are the energy gap of the base, the mobility of the electrons in 

the base, the minority carrier diffusion coefficient, the conduction and valence effective 

density of states respectively and 𝑅𝑠ℎ𝑒𝑒𝑡 is the base sheet resistance. The collector-emitter 

offset voltage, 𝑉𝐶𝐸−𝑜𝑓𝑓𝑠𝑒𝑡 is the parameter used to characterize both device 

heterojunctions. It is determined by the difference between emitter-base and base-

collector turn-on voltages. 𝑉𝐶𝐸−𝑜𝑓𝑓𝑠𝑒𝑡  is due to the presence of several contributions, 

such as potential barrier for electrons at the emitter-base interface, collector space-charge 

region recombination currents and external voltage drops between contacts and the 

intrinsic device[253]. For InP-InGaAs HBTs, the offset voltage is less than 0.25V with a 

narrow saturation region, but with a well-designed epilayer structure and precisely 

controlled growth process can offer a solid foundation in developing a low DC power 

consumption and high-speed operation heterojunction device.    
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5.4.3 Transconductance and Output Conductance 

Since the integrated circuits based on HBTs are often connected to a load, low output 

impedance is required for fast charging of the load capacitance and for high voltage gain. 

This implies that the transconductance of the transistor, 𝑔𝑚 must be large, or in other 

words, a small change in 𝑉𝐵𝐸 must give a large variation in the collector current. The 

importance of the transconductance feature basically comes from achieving a small input 

voltage swing circuit operation[254]. This parameter can be evaluated from: 

 

1

𝑔𝑚
=

𝑑𝑉𝐵𝐸

𝑑𝐼𝐶
=

1

𝑔𝑚0
+ 𝑅𝐸 +

𝑅𝐵

𝛽
                                                                                             (5.18) 

     

Where 𝑔𝑚𝑜 = 𝑞𝐼𝐶 𝑘𝑇⁄  and is the intrinsic transconductance. 𝑅𝐸 and 𝑅𝐵 are the emitter 

and base resistances respectively and the impact of  𝑅𝐸 is dominant at higher currents. In 

the active mode operation, irrespective of the 𝑉𝐶𝐸 value, the deviation in the collector 

current should be small in order to provide a good linearity and high voltage gain. The 

low output conductance (𝑔𝑜) of the HBTs is the key-parameter in attaining these 

important characteristics, with 𝑔𝑜  given by: 

  

𝑔𝑜 =
𝑑𝐼𝐶
𝑑𝑉𝐶𝐸

=
𝐼𝐶
𝑉𝑎

                                                                                                                        (5.19) 

  

𝑉𝑎 is the early voltage of the transistor and is expressed as: 

 

𝑉𝑎 =
𝐼𝐶

(
𝑑𝐼𝐶
𝑑𝑉𝐶𝐸

)
= −𝑊𝐵(

𝑑𝑉𝐶𝐸

𝑑𝑊𝐵
)                                                                                                   (5.20) 

The dependency of 𝑔𝑜 on the base width, 𝑊𝐵 is described by 𝑉𝑎 where the early voltage 

is defined as the point at which the extrapolated plot lines of 𝐼𝐶 − 𝑉𝐶𝐸 intercepts the 

negative 𝑉𝐶𝐸 axis. For an HBT, 𝑉𝑎 can be as high as 8V, which is  10 to 20 times higher 

than that in its Si-BJT counterpart as a result of the heavily doped base layer, 

contributing to further minimizing  the impact of the base width modulation[254].  

 

5.4.4 Breakdown Voltage and Kirk Effect  

In HBTs, there are three main breakdown sources which are commonly introduced by the 

emitter-base junction breakdown, 𝑉𝑒𝑏0, base-collector junction breakdown, 𝑉𝑐𝑏0 and 
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collector-emitter junction breakdown, 𝑉𝑐𝑒0. All three make  a contribution in determining 

the device’s breakdown; however, the most prominent one is the base-collector 

breakdown,  which is due largely to an avalanche multiplication mechanism and an 

increase in the reverse injected current from the collector region[26]. As high breakdown 

voltage is needed for high linearity and high-power operation, lightly doped and thick 

collector layer can effectively enable high 𝑉𝑐𝑏0. However, this is at the expense of a 

compromise in the RF performance because of an increase in the collector transit time. 

To alleviate this impact, the collector width can be increased to a certain thickness in 

which the high-frequency response of the transistor is not limited by its transit time. 

Another crucial phenomenon in bipolar transistors is the Kirk effect. When the current 

density of a device increases, the electric field across the base-collector junction gets 

lower until it reaches zero. The reason behind this behaviour is because of high-

frequency response screening effect of the mobile carriers crossing the B-C junction. The 

absence of the electric field results in allowing the majority carriers from the base side to 

diffuse into the collector side, which in turn contribute to a reduction in the current gain 

of the device. The current density at which the impact of the Kirk effect takes place is 

given by[255]: 

 

𝐽𝑘𝑖𝑟𝑘 = 𝑞𝑁𝐷𝜈𝑠𝑎𝑡(1 +
2휀(|𝑉𝐵𝐶| + 𝑉𝑏𝑖(𝑏𝑐)

𝑞𝑁𝐷𝑊𝐶
2 )                                                                           (5.21) 

 

𝑉𝑏𝑖(𝑏𝑐), 𝑁𝐷,  𝑊𝐶 and 𝜈𝑠𝑎𝑡 are the built-in potential at the base-collector junction at 

thermal equilibrium, the collector doping concentration, the collector thickness and the 

saturation velocity of electrons in the collector region respectively. Note that, a typical I-

V curve of an HBT which has a soft knee is distinctly suffering from the Kirk effect and 

this can be easily determined due to the concomitant precipitous rise in the output 

conductance. To alleviate this undesirable effect, the doping profile in the collector layer 

must be increased. However, this will reduce the breakdown voltage and increase the 

base-collector capacitance, affecting the high frequency performance; thus this trade-off 

should be carefully balanced. 

 

5.4.5 Gummel Plots 

A simultaneous method to display the collector current, 𝐼𝐶 and base current, 𝐼𝐵 versus the 

base-emitter voltage, 𝑉𝐵𝐸 on a semi-logarithmic scale is known as a Gummel plot and an 
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example is depicted in figure (5.6). This experimental plot is indispensable in device 

characterizations as it reflects on assessing the quality of the device junctions, while 

maintaining the base-collector voltage, 𝑉𝐵𝐶 at a constant value. There are many device 

parameters that can be basically obtained from the Gummel plot, such as the ideality 

factors, series resistances, leakage current, collector saturation current and the linearity of 

the DC current gain of the device at different biasing conditions. The ideality factors for 

both base and collector currents are given by[233]: 

𝑛𝐵 =
𝑞

𝑘𝑇

∆𝑉

∆(𝐼𝑛𝐼𝐵)
                                                                                                                      (5.22) 

𝑛𝐶 =
𝑞

𝑘𝑇

∆𝑉

∆(𝐼𝑛𝐼𝐶)
                                                                                                                      (5.23) 

Where ∆𝑉 and ∆(𝐼𝑛𝐼𝐵) are extracted from the linear region of the forward Gummel plot. 

The graphs shown in figure (5.6) indicate three main regions: 

 

A.  Low Current Non-Ideal Region: It is due to the impact of the recombination 

process which occurs at low 𝑉𝐵𝐸 value in the emitter-base space charge region 

presumably due to the presence of defects. This event increases the ideality factor 

toward 2 and correspondingly decreases the current gain.    

B. Ideal Region: At a moderate bias voltage, the base current increases which gives a 

linear rise in the collector current. Based on the material system of the device and 

transport mechanism, the ideal factor ranges from 1 to 2.  

C. High Injection Region: Further increase in the DC biasing voltage enables high 

carrier injection hence resistive effects become dominant.  
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Figure 5.6: Measured forward Gummel plot of InP/InGaAs HBT sample F17D2102A with a 10×10µm
2
 

mesa size, showing three main regions in accordance to the applied base-emitter external voltage. 
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From the Gummel plot, the calculated ideality factors are 1.72 and 1.18 for base and 

collector junctions respectively. The degradation in 𝑛𝐵 is primarily attributed to several 

recombination sources, such as in the emitter-base space charge region and surface 

recombination component on the extrinsic base surface. In spite of the fact that 

InP/InGaAs has much lower surface recombination velocity compared with 

AlGaAs/GaAs based devices[238], large spreading distance between the HBT active 

layers and base contact exceeding 1µm would exaggerate this inherent phenomenon.  

Furthermore, the surface parasitic process is extremely material dependent and governs 

the base current[256]. In the linear region, the current gain can be obtained by drawing a 

straight vertical line at any portion of 𝑉𝐵𝐸; however, other regions are not suitable for 

current gain evaluation due to high recombination and series resistance effects.  

 

Base and collector Reverse Saturation Currents: These experimental currents are 

commonly extracted from the linear region of the forward Gummel plots. When straight 

extended lines from 𝐼𝐵 and 𝐼𝐶 are extrapolated to zero bias, the points at which these lines 

intercept the y-axis are known as the base reverse saturation current, 𝐼𝑏𝑜 and collector 

saturation current, 𝐼𝑐𝑜 respectively. As a result, the base and collector currents can be 

theoretically estimated by:  

 

𝐼𝐵 = 𝐼𝑏𝑜 (𝑒𝑥𝑝 (
𝑞𝑉𝐵𝐸

𝑘𝑇𝑛𝐵
) − 1)                                                                                                  (5.24) 

𝐼𝐶 = 𝐼𝑐𝑜 (𝑒𝑥𝑝 (
𝑞𝑉𝐵𝐸

𝑘𝑇𝑛𝐶
) − 1)                                                                                                   (5.25) 

 

 

5.5 HBT RF Figure of Merits 

The requirement for HBT devices with a good performance at microwave frequencies is 

the underpinning parameter in designing the integrated circuits and electronic systems. 

Generally, the transistors have a number of elements causing various frequency 

responses; therefore, the performance of the devices is frequency-dependent particularly 

in high-speed operation. To this end, the radio frequency input signals encounter four 

main consecutive regions before arriving at the collector terminal. The carriers firstly 

enter the emitter-base space charge region (i.e. depletion layer capacitance) and they will 

then pass through the base region with a combination of diffusion or/and drift mechanism 
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and the delay in the base predominantly relies on the layer’s thickness and mobility of 

the carriers. In this region, some minority carriers recombine and the signal is attenuated 

accordingly.  

 

           

Figure 5.7: Simplified cross-sectional view of an N-p-n HBT device showing various components 

responsible for carriers’ delay time.  

 

The carriers will then transport across the base-collector depletion region under the 

applied electric field within a period of time. After that, they will ultimately pass across 

the collector region, giving rise to a collector transit time. There is an appreciable 

resistance between the emitter and external terminal of the collector, so an 𝑅𝐶 delay time 

is actually encountered[230]. All the aforementioned transitions are described in figure 

(5.7).  On the basis of these considerations, the unity-gain cut-off frequency, 𝑓𝑇 (the 

frequency at which the common-emitter current gain is unity) is one of the most 

important figures of merit for HBTs, which is interpreted into the capability of the device 

to efficiently operate at high frequency.  

    

𝑓𝑇 =
1

2𝜋𝜏𝐸𝐶
=

1

2𝜋(𝜏𝐸𝐵 + 𝜏𝐵 + 𝜏𝐵𝐶 + 𝜏𝐶)
                                                                          (5.26) 

 

𝜏𝐸𝐶 , 𝜏𝐸𝐵, 𝜏𝐵, 𝜏𝐵𝐶 and 𝜏𝐶 are the total transit time from emitter to collector, emitter-base 

junction capacitor charging time, base transit time, base-collector depletion region transit 

time and collector resistance-capacitance charging time (collector delay time) 

respectively[257]. These crucial quantities do not solely rely on the design of the epilayer 

structure in terms of the material system and layers thicknesses but they are also affected 
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by the predefined dimensions of the phase-shift mask and fabrication process as given by 

the following expression:        

𝜏𝐸𝐵 =
𝑘𝑇

𝑞𝐼𝐸
(𝐶𝐵𝐸)                                                                                                                       (5.27) 

 

This delay time refers to the time required to a change in the base voltage by charging the 

emitter-base capacitance, 𝐶𝐵𝐸 through the total emitter resistance. Due to the inverse 

proportionality of emitter current to 𝜏𝐸𝐵, HBTs devices are driven with high current 

densities, facilitating high power operations. The base transit time, 𝜏𝐵 is expressed as:  

   

𝜏𝐵 =
𝑊𝐵

2

𝜂𝐷𝑛
                                                                                                                                   (5.28) 

 

𝑊𝐵 and 𝐷𝑛 are the base width and minority carrier diffusion constant in the base region 

and 𝜂 = 2 for a uniformly doped base layer. Finally, the base-collector depletion region 

delay time, 𝜏𝐵𝐶  and collector transit time, 𝜏𝐶 are given by: 

 

𝜏𝐵𝐶 =
𝑋𝐶

2𝑉𝑠𝑎𝑡
                                                                                                                               (5.29) 

𝜏𝐶 = 𝐶𝐵𝐶(
𝑘𝑇

𝑞𝐼𝐸
+ 𝑅𝐸 + 𝑅𝐶)                                                                                                      (5.30) 

 

Where 𝑉𝑠𝑎𝑡 is the saturation velocity of the carriers in the collector layer, whereas the 

base-collector depletion width and capacitor are denoted as 𝑋𝐶 and 𝐶𝐵𝐶. To maximize 𝑓𝑇, 

it is compulsory that each time constant illustrated in equation (5.26) must be minimized; 

nevertheless, HBTs offer enormous improvements compared with Si-based BJTs. For 

instance, the base transit time can be reduced by thinning the base layer without incurring 

the expense of high base resistance, due to the ability of heavily doping the  base[228]. 

Additionally, with further support from the high mobility properties of III-V 

semiconductor compounds, there is a consequent increase of the diffusion constant and 

hence a decrease in 𝜏𝐵. In reality, such properties are restricted by the maximum electric 

field applied, which should be lower than the negative differential mobility of the 

material.  
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The ballistic transport across the base region in abrupt emitter-base heterointerfaces can 

increase the carrier’s saturation velocity, corresponding to a reduction in 𝜏𝐵𝐶. However, 

this can be most likely beneficial when precluding the electrons from entering the high-

energy and low-mobility section in the conduction band structure[230]. Unlike BJT 

devices, the low emitter doping profile in HBTs reflects into a reduction in 𝐶𝐵𝐸 for small 

𝜏𝐸𝐵 delay time value. To assess the HBT performance, the unity-gain cut-off frequency, 

𝑓𝑇 is derived using h-parameters; however, the later cannot be directly used at microwave 

frequencies due to the requirements for open and short terminals, which is rather difficult 

to achieve in practical devices[258]. Therefore, h-parameters are often converted into 

scattering parameters as given by: 

 

ℎ21 =
−2𝑆21

(1 − 𝑆11)(1 + 𝑆22) + 𝑆12𝑆21
                                                                                   (5.31)  

 

From the graph of |ℎ21(𝑓)| versus frequency in logarithmic scale, the cut-off frequency 

is obtained from the intercept point between an extended straight line with a                     

-20dB/decade roll-off and the x-axis. Another important figure of merit is the maximum 

frequency of oscillation, 𝑓𝑚𝑎𝑥, defined as the frequency at which the power gain of the 

transistor drops to one[255]. 

 

𝑓𝑚𝑎𝑥 = √
𝑓𝑇

8𝜋𝑅𝐵𝐶𝐵𝐶
                                                                                                                  (5.32) 

 

𝑅𝐵 is the lateral base resistance from the contact to the active layers of the device. The 

base resistance can be mitigated by shrinking the emitter width and minimizing the 

spreading distance between the contact and base active region. A decrease in 𝑅𝐵 benefits 

from a highly doped base layer; however, this might degrade the device gain and give 

rise to an increased 𝐶𝐵𝐸. An effective way to improve 𝑓𝑚𝑎𝑥 without sacrificing 𝑓𝑇 and 

breakdown voltage is to reduce the base-collector depletion capacitance, 𝐶𝐵𝐶 by scaling 

down the base-collector area. Of particular interest are the two simultaneous methods to 

describe the power gain of amplifiers from the measured S-parameters data, which are 

the maximum available gain (𝑀𝐴𝐺) and unilateral power gain (𝑈) as stated in the 

following equations: 
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𝑀𝐴𝐺 = |
𝑆21

𝑆12
| (𝑘 − √𝑘2 − 1 )                                                                                                (5.33) 

  

|𝑆21 𝑆12⁄ | is the maximum stable gain (𝑀𝑆𝐺), whereas 𝑘 is the stability factor and is 

given by: 

 

𝑘 =
1 − |𝑆11|

2 − |𝑆22|
2 + |𝐷|2

2|𝑆12||𝑆21|
                                                                                            (5.34) 

 

Where 𝐷 is the determinant of the scattering matrix formulated as 𝐷 = 𝑆11𝑆22 − 𝑆12𝑆21. 

The amplifier is unconditionally stable when 𝑘 > 1; however, a problem arise if 𝑘 < 1, 

where 𝑀𝐴𝐺 cannot be evaluated due to the existence of an imaginary part. In such case, 

the maximum stable gain, |𝑆21 𝑆12⁄ | is commonly utilized as a figure of merit for the 

transistor. The absence of 𝑀𝐴𝐺 implies that the device is unstable and must be stabilized 

by connecting a supplementary shunt resistor at the input or output port[258]. It is worth 

pointing out that 𝑀𝐴𝐺 and 𝑀𝑆𝐺 are identical when either concurrent conjugate matching 

exists (i.e. zero reflected power at the transistor input/output port) or 𝑘 = 1. For amplifier 

design, a zero reverse transmission gain is preferred (i.e. 𝑆12 = 0), which can be 

achieved by adding a lossless external feedback network, resulting in unilateralized 

transistor circuit. The 𝑀𝐴𝐺 of the unilateralized amplifier known as Mason’s unilateral 

gain (𝑈), which is the highest power gain the two port would ever provide and is related 

to the S-parameters of the original transistor[258].  

 

𝑈 =
|(𝑆21 𝑆12⁄ ) − 1|2

2𝑘|(𝑆21 𝑆12⁄ )| − 𝑅𝑒(𝑆21 𝑆12⁄ )
                                                                                     (5.35) 

 

A practical question emerges regarding the two definitions for the power gain, which one 

of them (𝑀𝐴𝐺/𝑈) makes better sense in device characterizations. For a transistor 

operating at a few gigahertz frequencies, 𝑀𝐴𝐺 may not exist because of instability 

issue(𝑘 < 1). Conversely, 𝑈 can be attainable at relatively low frequencies with resulting 

unconditionally stable operation of the transistor circuit even though the device itself is 

potentially unstable[258]. As a standpoint, both of the power gain expressions are of 

importance and might be required for full characterizations and can aid in understanding 

the performance of the device. 
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Owing to the 𝑓𝑇 and 𝑓𝑚𝑎𝑥 relationships, these key parameters are predominantly 

maximized by a well-designed vertical device epilayer structure and optimized lateral 

HBTs process respectively. In recent years, InP-based HBTs have received a great deal 

of attention as a result of their impressive high frequency response. This is due also to the 

extensive improvements in growth techniques and fabrication process, allowing precise 

control in the material composition with monolayer thickness precisions and dramatic 

reduction in lateral device dimensions. Many researchers have demonstrated outstanding 

work in terms of achieving a cut-off frequency exceeding 200GHz. In 2004, sub-micron 

scale emitter size for InP/InGaAs SHBT was reported by Yu et al with an 𝑓𝑇/𝑓𝑚𝑎𝑥 of 

215/687GHz[259].  

 

As an alternative approach, the complex transferred-substrate processing technique was 

used by Lee et al which in turns provides an 𝑓𝑇 and 𝑓𝑚𝑎𝑥 of 162 and 820GHz 

respectively[260]. Whilst optimizing the device structure, an advanced geometry 

processing has been also pursued for a long time, resulting in  Hafez et al demonstrating 

the highest 𝑓𝑇 of 604GHz[261] and Rodwell et al accomplished an outstanding 𝑓𝑚𝑎𝑥 of 

1.08THz (considered the highest to date)[262]. A SiGe-based HBT with 100nm emitter 

junctions was reported with a 𝑓𝑇/𝑓𝑚𝑎𝑥 of 300/350GHz[242], however, this is still lower 

than 𝑓𝑇/𝑓𝑚𝑎𝑥 of over 450GHz achieved for an InP-based devices with a much relaxed 

geometry of 0.5µm emitter width. 

 

 

5.6 Overview of PIN-Photodiodes 

Photodetectors are key elements in lightwave receiver systems, serving as converters of 

the incident light from optical power into electrical current. There are a number of 

electronic devices that have been demonstrated over the last three decades for high-speed 

optical transmission; however, the most widely used devices are the avalanche 

photodiodes (APDs) and PIN photodiodes[26]. These photodetectors are normally 

categorized by their own structures and principle of operation. APDs can provide up to 5-

10 optical power sensitivity higher than that given by PINs due to their multiplication 

gain characteristic[82]. They are invariably suitable for weak light signals in trunk-lines 

and local area networks without an integrated preamplifier. Nevertheless, for long-haul 

fibre optics, this comes at the cost of the epitaxial layer complexity, high bias voltages 
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(>25V) and difficulties in monolithic integration with HBTs. Conversely, the simple 

design structure and low-cost manufacturing capability offered by PIN-PDs are 

considered as very promising for use in the field of optical receiver applications[14].  

 

                       

 

Figure 5.8: A simplified schematic drawing and energy band diagram of a PIN-Photodiode, showing the 

mechanism of the photo-current generation.  

 

The structure of the P-I-N diode basically consists of an intrinsic (undoped) layer 

sandwiched between two heavily doped P-type and N-type layers as shown in figure 

(5.8). The working configuration is principally based on biasing the PIN-PD in the 

reverse bias direction. This makes the highly resistive intrinsic layer free of mobile 

carriers particularly when a high electric field is applied. When the diode is illuminated 

by light photons whose energy is equal or greater than the bandgap of the intrinsic layer, 

an absorption event occurs. This is when the photons enter the intrinsic area, contributing 

to releasing electrons from the valence band into the conduction band and leaving holes 

behind in the valence states. The generated electron-hole pairs will be then moved by the 

electric field in different directions where the electrons and holes are collected at the (n+) 
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and (p+) sides respectively, resulting in  photocurrent flows in the device[263] as shown 

in figure (5.8).           

 

 

5.7 PIN Diode: Material System and Characteristics 

For optoelectronic integrated receivers, silicon material represents the prominent 

platform for use in photodetector implementations. The increasing interest in Si-based 

circuits is to utilize optics for short transmission in data centers rather than use metallic 

interconnections and to further reduce the cost and footprint of  ICs[264]. Traditionally, 

the realized photodetectors are based on various band gap and absorption semiconductor 

materials employed for corresponding spectral ranges. For example, Si-based devices are 

the favourable choice for the visible wavelength region, while GaAs materials are 

preferred in the wavelength range between 0.6 to 0.9µm[78]. Unfortunately, silicon has a 

very low optical response at long wavelengths (𝜆 > 1µ𝑚) due to its relatively large 

indirect band gap properties. Small bandgap materials such as germanium provide a 

higher absorption coefficient at 1.2µm wavelength or higher as shown in figure (5.9).  

 

 

Figure 5.9: Responsivity as a function of light wavelength for several material systems based PIN-

Photodiodes[263]. 

 

However, pure germanium has a 4% lattice mismatch with silicon, contributing to 

producing misfits in the lattice structure. This inherent issue directly degrades the device 

performance in terms of a decrease in the photodetector sensitivity by increasing the dark 

current (i.e. leakage current)[265, 266]. By contrast, III-V material systems, for example 

InGaAs, are the preferred choice for the standard telecommunication wavelength of 1.30 
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to 1.55μm since their energy bandgaps can be simply engineered in accordance to the 

required wavelengths. In this work, In0.53Ga0.47As is used as an intrinsic layer, which 

exhibits a remarkable performance in high power and high-frequency photodetector 

applications due to its high saturation velocity and low effective mass for carriers 

compared with silicon technology[267].   

To assess a detector response, consideration of two fundamental characteristics is 

required, which are responsivity and quantum efficiency. The first parameter represents 

how efficiently a photodiode deals with converting light into an electrical signal. It is 

theoretically calculated by the ratio of average photo-current, 𝐼𝑝ℎ in Ampere to the 

incident power of light, 𝑃𝑝ℎ in Watt at a given wavelength.  

𝑅𝑒𝑠 =
𝐼𝑝ℎ

𝑃𝑝ℎ
                                                                                                                                   (5.36) 

The percentage of the absorbed photons in the intrinsic layer is the key-factor in 

determining the amount of the generated photo-current. The ability of high absorption 

properties for light is translated into a large number of the generated carriers. However, 

under this condition ℎ𝑣 ≥ 𝐸𝑔where ℎ and 𝑣 are the Planck constant and incident photon 

frequency respectively, with some of the photons unable to create electron-hole pairs. 

From  this definition, the ratio of the number of the absorbed photons with the capability 

of generating carriers to the incident optical power is known as the quantum efficiency, 𝜂 

and is  given by[263]:  

 

𝜂 =
1.24𝑅𝑒𝑠

𝜆 (𝑖𝑛 𝜇𝑚)
                                                                                                                          (5.37) 

 

Unlike APDs, PIN-PDs have a unity internal gain; thus, the variation in 𝜂  ranges from 

zero to one. The responsivity and quantum efficiency of the photodetectors are extremely 

important parameters and are material and epitaxial structure dependent characteristics. 

As shown in figure (5.9), InGaAs-based devices can provide responsivities as high as 0.9 

to 0.95A/W in the wavelength range 1.3-1.55μm. However, this figure of merit drops at 

long wavelengths since the energy of photons is low, creating fewer carriers. Likewise, 

short wavelengths are often absorbed in large bandgap layers formed on the top of the 

intrinsic region, resulting in a decrease in the device’s responsivity. In this research, a 

semiconductor laser operating at 1.55µm was used as a light source. Note that the 
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transmitted optical signal via an optical fibre is often modulated with a stream of optical 

pulses acting as a carrier for the information signal. A high-performance photodiode is 

defined by the capability of detecting billions of optical pluses per second, giving rise to 

a concept called telecommunication data rate. In recent literature, the number of Giga bit 

per second (Gb/s) and the optical bandwidth of the photodiode are  key to meet the 

rapidly increasing demands for high data rate capacity[268, 269]. 

 

As an optical architecture standard, 2.5Gb/s GPON is in full  deployment and the next 

generation 10Gb/s EPON (IEEE 802.2av, ratified September 2009) started deployment in  

late  2013[80, 83]. This means that the need for ultra-high speed photodiodes is now 

imperative to satisfy the previous requirements of the fibre optic communication systems. 

In the early 1990s, InGaAs PIN-PDs were reported with  0.6 and 0.55 responsivity and 

quantum efficiency respectively and the device was successfully tested in a 4Gb/s 

InP/InGaAs optical receiver at 1.5µm wavelength[270]. Meanwhile, Gutierrez et al 

demonstrated an InAlAs/InGaAs PIN-HBT optical receiver with a 9GHz bandwidth 

using an integrated PIN diode with a mesa size of 100µm
2
[271]. The same authors 

achieved a 20GHz bandwidth for a similar PIN by further reduction in the device mesa 

size. This enhancement in performance offered a data rate capacity of 20Gb/s[272]. For 

the developments in high Gb/s are mainly classified into two parts; either epilayer 

structure design in terms of layer thickness and material system or fabrication process 

improvement for small feature sizes. The superior material combination of InP/InGaAs 

based ICs is one of the best candidates for use in monolithically integrated PIN-HBT 

optical receivers. Utilizing the former mentioned semiconductor compound, a 37GHz 

optical bandwidth was demonstrated in 2006, which is adequate for over 50Gb/s data rate 

communication[273]. Design procedure of high-speed optoelectronic integrated circuit 

(OEIC) and relevant discussion and analysis is presented in the next chapter in details. 

    

 

5.8 Summary 

This chapter presented a detailed study of an integrated InP/InGaAs HBT and PIN 

devices. This started from their principle of operation and looking into more details in 

their DC and RF figure of merits and possible ways of maximizing them. For the HBT 

device, the characteristics of the common emitter configuration was discussed including 

I-V curve, Gummel plots, turn-on threshold voltage and transconductance. More 
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importantly, assessing the high-frequency performance of HBTs was presented 

concentrating on how to extract and qualify 𝑓𝑇 and 𝑓𝑚𝑎𝑥. Later in this chapter, state of 

the art performances of InP based PIN-PD were covered and compared with the 

conventional Si based devices. This highlighted the ability of photodiodes to effectively 

operate at 1.55µm wavelength for 2.5Gb/s GPON and 10Gb/s EPON optical 

communication systems.  
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CHAPTER 6: CHARACTERIZATION AND 

DEVELOPMENT OF OEICs FOR FTTH SYSTEMS 

OPERATING AT 10Gb/s AND BEYOND  

 

6.1 Introduction 

An overview of the background theory and the widely used figure of merits for PIN-PD 

and HBT transistors were covered in the previous chapter. For this research, the initial 

step in developing an InP/InGaAs based photoreceiver was to characterize active discrete 

devices needed here namely, PINs and HBTs and passive devices. The full process flow 

involved mask design procedures and a reproducible fabrication process of all devices. 

Next the DC and RF characteristics of PIN-PD are obtained, followed by the 

development of full electrical and optical equivalent circuit models. This is basically 

started from extraction parameters of the models for a top illuminated photodiode. 

Validation of the electrical equivalent model is verified by comparison with experimental 

data and this was carried out for various device mesa sizes and biases. 

 

As HBTs and other active electronic devices are dependent on their epilayer structure 

design, the impact of several physical parameters such as base thickness and its doping 

profile have been investigated utilizing the commercially available Silvaco-Atlas 

software. To implement the final photoreceiver, detailed characterizations of the HBT 

including extraction of small/large signal model parameters and realization of an HBT-

UCSD model in Keysight were undertaken. As a standpoint, chapter six takes HBT and 

PIN-PD model results further focusing on the design and development of an 

optoelectronic integrated photoreceiver (OEIC) for > 10Gb/s data rate systems. This will 

aggregate the earlier concepts of the IC design presenting the whole receiver system 

stage by stage and together with front-end amplifier as a model in Keysight-ADS. The 

photoreceiver figure of merit is discussed here including the amplifier gain, bandwidth 

and other features. This is followed by analysing the simulation results and briefly 

describing the mask design procedure of the circuits. Finally, the optimization of the IC 

performance, particularly for high-frequency operation via bandwidth enhancement 

techniques and other relevant discussions are presented.   
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6.2 Epilayer Structure of the PIN-PD 

Designing a good InP/InGaAs PIN photodiode is extremely important for high-speed 

optical systems since the aim is to achieve as high as possible responsivity and quantum 

efficiency while maintaining high performance for frequency-dependent characteristics. 

Many parameters were thus considered in this work, starting from epitaxial layer design 

to well-established photo-mask and fabrication process. Firstly, the absorption layer 

thickness of the photodiode was carefully chosen to reduce carrier’s transit time across 

the layer in conjunction with minimizing the depletion region capacitance. For 

monolithic integration, DC and RF performance of the HBTs device should be also 

maximized, implying that a trade-off must be struck in the whole photoreceiver 

application including the PIN-PDs and HBTs. Note that a thin intrinsic layer of ≤40nm 

can, of course, lead to a reduction in the collector transit time of the HBTs but this comes 

at the cost of high B-C junction capacitance which degrades the high-speed capability of 

the device (low 𝑓𝑇 and 𝑓𝑚𝑎𝑥). An additional downside is that the 𝑅𝐶 time constant of the 

PIN-PD will be dominant over carrier transit time leading to a reduction in the -3dB 

bandwidth. The photodiode would also suffer from high leakage current (i.e. high dark 

current with low responsivity) resulting in degradation of the device’s sensitivity.  

 

TABLE 6.1: EPI-LAYERS FOR THE SAMPLE F17D2102A GROWN BY MBE. 

LAYER MATERIAL THICKNESS (nm) DOPING (cm
-3

) 

CAP-LAYER  In0.53Ga0.47As 150 (Si) 1.5×10
19

 

EMITTER1 In0.53Ga0.47As 150 (Si) 5×10
17

 

EMITTER2 InP 40 (Si) 5×10
17

 

SPACER In0.53Ga0.47As 5 Undoped 

BASE In0.53Ga0.47As 65 (Be) 2.5×10
19

 

COLLECTOR In0.53Ga0.47As 800 Undoped 

SUB-COLLECTOR In0.53Ga0.47As 500 (Si) 1×10
19

 

 

The epitaxial stack structure studied throughout this project was grown on lattice-

matched semi-insulating InP substrates using Solid Source Molecular Beam Epitaxy 
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(SSMBE) and is shown in Table (6.1). The PIN-PDs were formed utilizing the base, 

collector and sub-collector regions of the structure. An In0.53Ga0.47As intrinsic layer with 

a width of 800nm can provide good quantum efficiency for the photodiode without 

incurring a detrimental impact on 𝑓𝑇 or/and 𝑓𝑚𝑎𝑥 of the transistor. Furthermore, a 

moderate absorber thickness offers a relatively high breakdown voltage required for high 

power integrated circuit operation. This also ensures that both devices can switch well 

into the high frequency operation necessary to demonstrate an OEIC for > 10Gb/s data 

rate optical systems.               

 

6.2.1 PIN-Photodiode’s Layout Design and Fabrication 

Due to the additional grown layers on the top of the PIN-PD epilayer required to finalize 

HBT’s structure, the fabrication process commenced with etching away the surrounding 

area up to the p
+
-InGaAs base layer. With this in mind, an entirely compatible process 

was used for both HBT and PIN devices as briefly discussed here and will be further 

highlighted later in this chapter. A photo-mask for discrete PIN-PDs was designed in 

Keysight-ADS with various window sizes, starting from 40 down to 20µm. Beside the 

actual photodiodes’ devices, the mask is composited of a few dummy and test structures, 

such as open and shorts modes as well as various via dimensions and TLM test 

structures. The photo-mask was built with five steps in total and an example of a device 

with 20µm window size is shown in figure (6.1). The first two steps are basically devoted 

to defining the top P-type and the bottom N-type mesa areas (step#1 and #2), which 

contribute to electrically isolating each discrete PIN from other neighbouring devices. 

The ring top contact and bottom contact can be then defined (step#3) and all the pattern 

dimensions are indicated in figure (6.1).  

 

By lifting-off the non-alloyed ohmic contact scheme of Pd/Ti/Pd/Au with a ~1µm total 

thickness, a dielectric combination of SiO and Al2O3 is sputtered everywhere, allowing 

the active layers to be passivated and to facilitate the interconnecting routing. The 

dielectric layer acts as an antireflection (AR) coating for the photodiodes, providing 

better responsivity performance. This step is followed by opening the vias with a 

predefined size of 1.5×2.5µm
2
 (step#4). A metallization can be eventually deposited, 

representing the interconnections and bond-pads for on-wafer probing measurements 

(step#5) and by lifting-off the latter scheme, the devices are ready to be experimentally 
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tested. Figure (6.2) and (6.3) show a 3D schematic and an ultimate fabricated PIN-PD 

respectively, including the active device layers, both contacts and the GSG bond-pads.  

            

  

Figure 6.1: Top view of the PIN photo-mask designed by Agilent-ADS software showing the process step 

by step for 20µm
 
window size as defined by mask pattern. 

 

 

Figure 6.2: 3D schematic of the fabricated PIN-Photodiode with a window size of 20µm, showing the 

contacts and CPW transmission line for measurements.  
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Figure 6.3: Photomicrograph of the fabricated PIN-PD discrete devices with a window size of 20 and 

30µm. 

 

6.2.2 Evaluation of DC Characteristics 

Once the fabrication process was successfully accomplished, the PIN-PDs with different 

window sizes were tested. In order to fully characterize the devices, the measurements 

were performed with and without illumination hitting the diodes. A single mode fibre 

was used for the measurement set-up with a Keysight 8703A lightwave component 

analyser (LCA).  
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Figure 6.4: Measured I-V characteristics for a 20µm window size PIN diode with and without illumination. 

The device was tested without antireflection coating at a laser wavelength of 1.55µm and with -11dBm 

power of light.  
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Figure (6.4) shows the measured room-temperature I-V characteristic for a PIN with a 

window size of 20µm. The dark current of ~1.5nA was achieved at an external applied 

voltage of -5V. The low leakage current is attributed to the well-designed epitaxial 

structure and high-quality material. The measured photo-current was 41.5µA at -11dBm 

optical power and 𝜆=1.55µm, corresponding to a 0.5 A/W and 0.45 DC responsivity and 

quantum efficiency respectively without antireflection coatings. Similar measured 

parameters were found for devices whose window sizes are 30 and 40µm. The 

responsivity and quantum efficiency of the PIN-PDs can be improved by roughly 20% 

once the AR coating is deposited.  

 

6.2.3 Equivalent Circuit Extraction and RF Performance  

This section mainly focuses on extraction procedures of the equivalent circuit parameters 

for PIN-photodiodes. It is well-known that the model elements are dependent on device 

mesa size, epilayer design and even biasing conditions. The electrical equivalent circuit 

model of two terminal devices have been widely demonstrated for solid state electronic 

and optoelectronic devices[274-276].  

LP

CP

Rs

Rj

Cj

 

 

Figure 6.5: Electrical equivalent circuit of the PIN-PDs involving both the embedded parasitic and the 

intrinsic device components (dash lines) alongside the measured (red) and simulated (blue) results of 𝑆11 

plotted on Smith chart as well as real and imaginary parts for a PIN-PDs with a window size of 20µm. The 

diode was biased at -5V where the intrinsic layer is fully depleted. 
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The S-parameter measurements was carried out using on-wafer probing technique up to 

40GHz for unilluminated PINs, allowing the parameter values to be accurately extracted 

without involving the impact of carrier delay time across the absorption layer. The 

electrical equivalent circuit model and the experimental and modeled 𝑆11 for a 

photodiode with a window size of 20µm is shown in figure (6.5). By sweeping the DC 

voltage bias, the C-V characteristic can be simply obtained, emphasizing that the fully-

depleted capacitance (𝐶𝑗) is noticeable at -5V as depicted in figure (6.6). As this voltage 

is strongly dominated by the depletion region thickness, a similar value was observed for 

various devices regardless of their mesa sizes. Unsurprisingly, the C-V results show a 

variation in the junction capacitance depending on the diode mesa sizes. Fitting approach 

with the measured S-parameter data was employed, accordingly the intrinsic series 

resistance, 𝑅𝑠 and junction resistance, 𝑅𝑗 of the device were extracted to be 5Ω and 

>10kΩ respectively.  

 

Pad parasitic, 𝐶𝑃 and 𝐿𝑃 of 10fF and 50pH were obtained from open and short CPW 

structures respectively. For monolithic OEICs, the undoped collector layer does not 

solely play a pivotal role in minimizing the base-collector capacitance of the HBT, but 

also serves as the absorption layer for the photodiode. The depletion region capacitance 

can be reduced through growing a relatively thick intrinsic InGaAs layer; however, this 

leads to an increase in the carrier’s transit time of the PIN-PDs and collector delay time 

for HBTs.  

-20 -16 -12 -8 -4 0
100

200

300

400

500
 20m Window Size

 30m Window Size

 40m Window Size

C
a
p

a
ci

ta
n

ce
 (

fF
)

Voltage (V)
 

Figure 6.6: Measured C-V characteristics of the fabricated PIN diodes with different window sizes without 

illumination.  
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Since the trade-off between the high-frequency performance of the transistors and 

responsivity of PIN-PDs needs to be carefully balanced, an intrinsic layer with 800nm 

thickness was grown. For illuminated photodiodes, the generated electron-hole pair 

transport across the depletion region with a certain velocity relying on the applied electric 

field. This physical-based transit time causes an additional capacitance limiting the high-

speed response of the devices. It is of vital importance to point out that fully electrical 

equivalent circuit models reported in the literature do not actually provide a proper 

clarification for the transit time capacitance in illuminated PIN-PDs[277, 278]. This 

inherent phenomenon becomes much inferior with high input optical power level in 

which the impact of the induced-stored charge in the photodiodes is significant[279]. In 

this research, an opto-electrical equivalent circuit was modeled in which both 𝑅𝐶 time 

constant and carrier transit time are taken into account as shown in figure (6.7).  
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Figure 6.7: Small signal opto-electrical equivalent circuit model for the PIN-photodiodes including both 

carrier transit time and RC models. 

 

From now on, the high-frequency analysis and discussion will be predominantly 

concentrated on a 20µm PIN-PD. For the opto-electrical model, the transit delay time 

denoted as  𝑅𝑡𝐶𝑡 is caused by transport of the created carriers due to drifting in a high 

electric field. In such a case, deterioration in the speed of carriers in accordance with the 

depletion region width and the electric field applied would be dramatically pronounced. 

Owing to 𝑅𝐶 time constant and delay time effects, the -3dB electrical bandwidth can be 

formulated as[280]:  

𝑓3𝑑𝐵 = √
1

𝑓𝑡
−2 + 𝑓𝑅𝐶

−2                                                                                                                    (6.1) 
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𝑓𝑅𝐶 is given by 1/2𝜋(𝑅𝐿 + 𝑅𝑠)𝐶𝑗, from the extracted equivalent circuit values, the 𝑅𝐶 

limited -3dB bandwidth is ~17.7GHz. The transit time model, 𝑅𝑡𝐶𝑡 was combined with a 

nonlinear voltage controlled current source (VCCS), whose main function is to convert 

the input optical signal into an ac photocurrent, 𝑖𝑝ℎ(𝜔) expressed as 𝑔𝑚𝑒𝑜(𝜔), where 𝑔𝑚 

is the dc transconductance[279]. The generated photocurrent flows through the circuit 

elements. To theoretically estimate the term 𝑔𝑚𝑒𝑜(𝜔), it was evident from the measured 

optical response with  different PIN mesa sizes that 𝑖𝑝ℎ(𝜔) can be formulated as 

𝑔𝑚𝑒𝑜(𝜔) ⋍ 𝑃𝑝ℎ𝑅𝑒𝑠(𝜔). 𝑃𝑝ℎ and 𝑅𝑒𝑠(𝜔) being the incident power of light in Watt and 

the frequency-dependent responsivity of the photodiode. At 𝜔/2𝜋 ≪ 𝑓3𝑑𝐵, 𝑔𝑚𝑒𝑜(𝜔) is 

approximately equal to the dc photocurrent of the device for a given optical power. The 

use of an approximated symbol with 𝑖𝑝ℎ(𝜔) is due largely to the reflected/absorbed 𝑃𝑝ℎ at 

the surface/in the p
+
-base region of the devices. By defining the optical power with the 

voltage generator 𝑒𝑖(𝜔) whose impedance 𝑅𝑖𝑛 is 50Ω, the optical response of the circuit 

was derived and expressed as: 

 

20𝑙𝑜𝑔 |
𝑒𝑜(𝜔)

𝑒𝑖(𝜔)
| = 20𝑙𝑜𝑔 (√

1 + 𝜔2𝐶𝑡
2𝑅𝑡

2

[1 + 𝜔2𝐶𝑡
2(𝑅𝑡

2 + 𝑅𝑖𝑛
2 )]

)                                                       (6.2) 

For the sake of simplicity, 𝑔𝑚𝑒𝑜(𝜔) is considered as a source for the following 𝑅𝐶 

model circuit, the relative frequency response can be calculated as:     

 

20𝑙𝑜𝑔 |
𝑒𝐿(𝜔)

𝑒𝑜(𝜔)
| = 20𝑙𝑜𝑔 (𝑔𝑚√

1

𝜔2(𝐶𝑃
2 + 𝐶𝑗

2) + 𝜔4𝐶𝑃
2𝐶𝑗

2(𝑅𝑠
2 + 𝐿𝑃

2 𝜔5)
)                     (6.3) 

 

The evaluation of the term 𝑅𝑡𝐶𝑡 has been assessed in three steps as follows: the actual 

absorption layer thickness, 𝐷 of ~850nm was first calculated from the device respective 

capacitance 𝐶𝑗 at -5V. This gives an electric field of ~58kV/cm, producing an average 

electron-hole drift velocity (𝜐𝑠) of ~0.55×10
7
 cm/s, which is reasonable for an undoped 

InGaAs layer and comparable with previous published papers[281]. The -3dB carrier 

transit time bandwidth is represented by the physical parameter of the PIN-PD 

structure[280]. 

𝑓𝑡 ⋍
3.5𝜐𝑠

2𝜋𝐷
⋍

1

2𝜋𝑅𝑡𝐶𝑡
                                                                                                                (6.4)  
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A calculated 𝑓𝑡 of 36GHz gives 𝑅𝑡 and 𝐶𝑡 of 50Ω and 88fF respectively. This resulting 𝑓𝑡 

demonstrates that the photodiode is evidently limited by its 𝑅𝐶 time constant. All the 

extracted or/and evaluated values of opto-electrical circuit parameters were used in the 

model, providing a well-matched fitting between the simulated and measured data as 

shown in figure (6.8). A measured -3dB bandwidth of 18GHz for the 20µm PIN-PD was 

obtained which is a good performance for this relatively large mesa size. This is 

theoretically adequate for up to 25Gb/s operation (i.e. 7GHz bandwidth is sufficient for 

10Gb/s) and appealing for low cost monolithically integrated photoreceiver circuit 

modules. Measured optical bandwidths of 11.8 and 7.8GHz were achieved for 30 and 

40µm photodiodes respectively, offering an outstanding feasibility for the forthcoming 

generation 10Gb/s EPON optical communication systems. 
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Figure 6.8: Simulated and measured small signal response of the PIN-PD with a window size of 20µm and 

at a several incident optical power. 

 

The optical bandwidth is expected to be further increased with reduction in the 

photodiode mesa size and optimum absorption layer thickness. By doing this, the 𝑅𝐶 

limit constant and physical based  𝑅𝑡𝐶𝑡 carriers’ delay time are significantly minimized 

for ultra-high speed operations.  

 

6.3 Vertically Illuminated Photodiodes Compared with Other Technologies 

The main endeavour in optical receiver systems is how to maximize the bandwidth of the 

photodetectors without significantly sacrificing the whole OEIC performance. Based on 
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this, for the discrete and integrated photodiodes, there are two main ways used to 

illuminate the photodiodes with a fibre optic namely vertical (both top and bottom) and 

side illumination methods. The top illuminated devices are the most common and 

practical way in photoreceivers; however, the down side of this approach is attributed to 

the trade-off between the carrier transit time and 𝑅𝐶 limiting factor as well as between 

the responsivity and high-frequency response of the photodiode. An efficient PIN/APD 

discrete device does not only require an optimum intrinsic layer thickness but it also 

necessitates utilizing a semiconductor material with high absorption coefficient. Since 

the carriers’ transport is restricted by the saturation velocity, a bandwidth exceeding 

~30GHz is rather difficult to achieve. An alternative approach known as double pass 

scheme was proposed[281], in which a highly reflective material/metal grown deposited 

on the top of the substrate or at the back of the device. Such an additional layer reuses the 

unabsorbed photons which are reflected back towards the intrinsic layer, allowing 

another absorption opportunity which improves the device’s quantum efficiency without 

increasing the undoped layer width. 

 

The second way is the edge illuminated device or called waveguide photodiode (WGPD), 

where the light beam is sent through the device’s edge. The photons then move into the 

intrinsic layer in a horizontal path which, in such circumstance, acts as a double core 

multimode waveguide because it is located between two transparent P and N-type layers. 

In practise, the intrinsic layer is normally thin (≤1µm); however, its length is in order of 

several tens of micrometres. The light laterally moves towards the end of the waveguide, 

providing a very long absorption distance thereby improve the quantum efficiency to 

about 0.8-0.9. The absorption events will, of course, create an electrical signal (i.e. 

electron-hole pair generation) which vertically transports across a moderate active layer 

width with a very small transit time[281]. The use of this promising technique is 

attractive by firstly maximizing the bandwidth and secondly allowing independence 

between the quantum efficiency and bandwidth but this is a rather complicated method 

and adds cost to receiver systems as a mechanism launch light at an angle must be 

provided. Despite addressing most of the major drawbacks of the vertical illumination 

method, WGPD optical bandwidth is still limited by the 𝑅𝐶 time constant, evidently still 

requiring small device feature sizes. This reduces the overall capacitance of the 

photodiodes but comes at the cost of an increase in the series resistance.  
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To get rid of such a trade-off, a new device scheme was proposed in fabricating the 

photodiodes known as mushroom-like mesa structure[282]. Here, the width of the 

absorption layer is made thinner compared with the above and underneath highly doped 

layers, leading to a reduction in the respective capacitance without undesirable influence 

on the contact resistance of the device. However, the fabrication process of the 

mushroom mesa photodiodes necessitates particular care to control the excessive 

undercut profile and does not actually provide scalable device characteristics due to the 

difficulties in precisely controlling the inner diameter of the intrinsic layer. It is well-

known that photodiodes with small window sizes/side-illuminated become indispensable 

for the sake of smaller depletion capacitance/shorter delay time across the absorption 

layer. The use of such technologies is at the expense of an increase in manufacturing cost 

and difficulty of associated fibre optic alignment. Therefore, a surface illuminated, low 

cost HBT-PIN based OEICs receiver is undeniably the best approach for high 

performance10Gb/s EPON optical transmission systems.  

 

 

6.4 Transistor Mask Design and Layout             

Layout design for desirable electronic device performance necessitates avoiding any 

needless lengths or lines on the circuits that would affect the high-frequency response. 

However, this is constrained by the resolution of the photolithography technology used 

and clean room facilities. Throughout the work of this PhD research, photo-mask designs 

for HBT devices was built using Keysight-ADS software with different number of 

transistors’ emitter sizes, 10×10 down to 4×9µm
2
. Since no finger devices or small 

features were involved, a simple process was utilized instead of the standard self-aligned 

ones as will be discussed in this section. The mask also included dummy and test 

structures, such as open and shorts modes as well as various via dimensions and TLM 

test structures. The full fabrication process is constructed from six steps in total and an 

example of a 10×10µm
2
 emitter size HBT fabrication is shown in figure (6.9). The first 

three steps are dedicated to defining the emitter, base and collector mesa sizes (step#1, #2 

and #3), allowing the transistors to be electrical isolated from other neighbouring 

devices. The isolation is performed down to the semi-insulating substrate surface where 

the resistivity of the InP substrate is much higher than those exhibited by the doped 

active layers. As the highly doped InGaAs base and sub-collector layers do not act as 

etch-stop layers, the mesa etching time must be carefully adjusted to ensure that the 
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etching process stops where the base and collector electrodes are to be defined. The 

contact to all terminals can be then defined with a 1µm emitter-base and 1.5µm base-

collector contacts spacing. This is to improve the yield process by avoiding short circuits 

among the contacts (step#4) as depicted in figure (6.9). 

                      

                         

      

Figure 6.9: Top view of the HBT photo-mask designed in Agilent-ADS software presenting the process 

flow step by step for a 10×10 µm
2 

emitter size HBT as defined by mask patterns along with 

photomicrograph of the fabricated HBT discrete devices with the same emitter size. 
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Due to the horizontal undercut profile, the separation between the base contact and 

emitter mesa is approximately 1.5µm. This latter spreading distance plays a pivotal role 

in determining the high-speed performance of the HBTs. A detailed investigation 

regarding the pronounced effect of the contact spacing on 𝑓𝑚𝑎𝑥 will be discussed later in 

this chapter. After lifting-off the metallization, a dielectric is sputtered everywhere in 

order to passivate the active layers and facilitate the interconnect routing, followed by 

opening the predefined vias with different sizes (step#5). The final step is to deposit the 

metallization scheme of the interconnections and bond-pads for on-wafer probing 

measurements and by lifting-off this metal, the devices are ready to be tested (step#6). 

All these steps are depicted in figure (6.9) showing the pattern dimensions designed in 

the mask and alongside photomicrograph of the fabricated 10×10µm
2 

HBT discrete 

devices. The dimensions of the coplanar waveguide were established to provide the 

standard 50Ω characteristic impedance necessary to match with the VNA microwave 

measurements.  

 

 

6.5 Device Structure and Fabrication 

The HBT epitaxial layers shown in Table (6.1) utilised a small band-gap heavily doped 

InGaAs top cap layer to alleviate the series resistance of the emitter contact. A 5nm 

spacer layer was employed to reduce the potential spike and dopant out-diffusion at the 

emitter-base interface, resulting in lower offset voltage in the I-V characteristics of the 

devices. This is also beneficial in maintaining a low sheet resistance value at the base 

layer to maximize the high-frequency response. Generally, the challenge in growing a 

high-quality epitaxial structure for HBTs is to grow a very highly doped base layer with a 

doping concentration reaching 4×10
19

 cm
-3

 using Beryllium (Be) and making the base as 

thin as 40nm. The main reason for utilizing a thin spacer layer and 4×10
19 

cm
-3

 dopant 

level in base of the HBT devices is to satisfy the requirements for a very low out-

diffusion in the emitter. The high diffusivity of Be-dopants leads to a high out-diffusion 

into the emitter region during the growth process[283], which in turns contributes to the 

formation of a homojunction between the original emitter layer and the new diffused p-

doped layer in the emitter. This has a severe impact on the current gain of the device and 

gives rise to a high collector ideality factor. To address this issue, Carbon (C) has been  

used as a dopant in the literature because its out-diffusion is less than that of Be[284, 

285]. However, C-doping leads to multiple difficulties in InGaAs layers, for example the 
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SSMBE technique uses graphite as a typical source for carbon, but this comes at the 

expense of high melting points compared with other commonly employed solid sources 

in MBE hence special design of effusion cell is required. Furthermore, a Be doped layer 

with a doping density of 2×10
19

 cm
-3

 exhibited a resistivity  similar to  that of 4-5×10
19

 

cm
-3

 C doping [230], as result of the smaller hole mobility in heavily carbon doped 

InGaAs and thus carbon as a dopant in InGaAs does not actually outperform Be.  

 

The use of an undoped collector layer not only helps to increase the breakdown voltage 

and minimize the base-collector capacitance, but also serves as the absorption layer for 

the photodiode. Due to the trade-off between high-frequency performance of HBTs and 

responsivity of PIN-Photodiodes, the intrinsic layer was designed to be 800nm. The 

process commenced with fabricating and testing both the HBTs and PINs to be integrated 

in the front-end receiver. The individual devices were fabricated using standard i-line 

photolithography and wet etching process to first create the emitter mesa with a size of 

10×10µm
2
. This size was chosen so that a low cost, high yielding process is developed 

for 10Gb/s and greater integrated photoreceivers. This was followed by etching away the 

surrounding area to the p+-InGaAs base layer. In the same manner, base and collector 

mesas were defined, allowing both devices (HBT and PIN-PD) to be completely isolated 

from other neighbouring devices. Next, a combination of SiO and Al2O3 was sputtered 

for passivation and interconnect routing. The final step was the interconnect metal, 

including ground plane, input/output RF and DC biasing pads. The metallization of PINs 

and HBTs contacts used the non-alloyed ohmic contact scheme of Pd/Ti/Pd/Au with a 

total thickness of ~1µm. To reduce the extrinsic series resistance of the base while 

maintaining high a yield process, the spreading distance between the base contact and the 

device structure was optimized to be 1.5µm.  

 

Figure (6.10) shows a 3D schematic of a fabricated HBT transistor, highlighting the 

active device layers and emitter, base and collector contacts. Once the fabrication process 

was successfully accomplished, the HBT devices were measured and an example of a IC-

VCE characteristics for a common emitter device with a 10×10µm
2
 emitter size is 

depicted in figure (6.11). The HBT used has a breakdown voltage of approximately 4.5V 

and a dc current gain, 𝛽 of ~65 at a bias condition 𝑉𝐶𝐸=2V and 𝐼𝐶=10mA. The measured 

base sheet resistance was found to be 592Ω/□ extracted from the TLM measurements. 
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Figure 6.10: 3D schematic of the fabricated HBT transistor with an emitter size of 10×10µm

2
, indicating 

the active device layers and emitter, base and collector contacts.  
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Figure 6.11: Measured I-V characteristics of the common emitter InP/InGaAs HBT sample F17D2102A 

with a 10×10µm
2
 mesa size.  
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Figure 6.12: Current gain versus collector current density measured at room-temperature for HBT sample 

F17D2102A with a 10×10µm
2
 mesa size.   
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Figure (6.12) shows the room temperature measurements of the current gain as a function 

of collector current density. The transistor reveals good linearity over at least two to three 

orders of magnitude of collector current; nevertheless, low current gain is observed at 

low collector current density. This might be due to surface recombination component on 

the surface of the spreading distance between the emitter and base contacts. Reducing 

these contacts spacing can effectively alleviate this effect, thereby leading to high-speed 

operation improvement. This requires exploitation of a self-aligned technique, in which 

several metallization and lift-off schemes are used. As a standpoint, for unity gain cut-off 

frequency greater than 100GHz, small transistor feature sizes (≤4×4µm
2
) with about 

0.5µm or less contacts spacing are indispensable.  

 

 

6.6 HBT Physical Modelling 

As stated in chapter five, the doping profile of spacer layer and its thickness play a 

pivotal role in establishing the DC characteristics for the HBTs. To further highlight this 

effect, the commercially available software Silvaco-ATLAS was used in this work[286]. 

This physical based software is not only able to provide insight into DC and small signal 

AC analysis but it can also predict transient performance of electronic devices. This is 

performed with physically analysing the internal device parameter characteristics 

including conduction and valence band energies, electric fields, electron and hole 

concentrations. Furthermore, Silvaco-ATLAS offers a wide range of terminal 

characteristics in particular I-V curves, frequency response and high-frequency scattering 

parameters. A number of statements must be defined to correctly model a structure in the 

ATLAS simulator: 

 Definition of physical dimensions: The fabricated or designed device structure in 

relation to individual layer thickness, doping profile and electrodes are required using 

the statements: MESH, REGION, ELECTRODE and DOPING. 

 Material specification: The physical properties of the semiconductor materials used to 

build the epilayer structure of the device are defined by the following statements: 

MATERIAL, MODELS, CONTACT and INTERFACE statements. 

 Models: The numerical methods in ATLAS are used to solve the structure based on a 

specific model using METHOD and Output statements. It is recommended that an initial 

guess for some variables is necessary with particular models such as Newton, GUMMEL 
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and BLOCK methods which can assist to circumvent convergence problems during the 

simulation run. 

 Solution condition: To obtain the device DC and AC characteristics, the device is 

solved under specific biasing conditions. The outcome is initially solved and recalled 

afterwards using LOG, SOLVE, LOAD and SAVE statements.       

 Result extraction: The simulation results can be ultimately plotted using TONYPLOT 

command. 

 

As the existing database of ATLAS has been primarily designed for Silicon based 

devices, it is imperative to define the physical properties of III-V materials, for example 

energy bandgap, mobility, affinity and carrier’s effective mass. Other than basic 

parameters, physical models might be important to specify (i.e. concentration and electric 

field dependent mobility models and recombination mechanisms) since they have a 

substantial impact on the device performance. In this work, the epitaxial stack layer of 

HBT sample F17D2102A tabulated in Table (6.1) was modeled in the two-dimensional 

ATLAS simulation tool with adaptive meshing steps, which gets denser in thin layers. 

This is to avoid uncertainty or/and convergence errors in the simulation results. The 

energy band diagram was simulated as shown in figure (6.13).  
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Figure 6.13: Energy band diagram of HBT sample F17D2102A with a 5nm undoped spacer layer.   
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The structure was modeled under the assumption that the 5nm spacer is intentionally 

undoped, allowing further to minimize the potential spike at the E-B heterojunction. 

However, in practice, Be out-diffusion can contribute to undesirable effect on the DC 

characteristics of the device.  Figure (6.14) shows the impact of various doping levels in 

the spacer layer on the energy band structure at the emitter-base interface. It can be 

observed that the potential spike increases as the doping concentration gets higher, 

leading to a higher offset voltage in the I-V characteristics. However, a highly doped 

spacer may increase the current gain of the transistor due to a reduction in recombination 

event in such a layer. This can also contribute to improving high frequency performance 

benefiting from carrier ballistic transport.  
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Figure 6.14: Energy band diagram of HBT sample F17D2102A showing the effect of various doped spacer 

on the height of the potential spike.  

 

6.7 HBT Characterizations 

For solid state electronic devices, the analysis of the experimental results is of vital 

importance to ascertain the quality of the devices and to allow understanding of 

measured data. Moreover, it is highly useful in accurately modeling the electronic 

devices, which eventually provide  good agreements with the acutal measured results. 

This section thus, presents the fundamental and widely used characterisation techniques 

for HBT transitors, namely DC and RF features.   
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6.7.1 High-Frequency Measurements and De-embedding Techniques 

In this work, the high frequency measurements were performed using on-wafer probing 

techniques. Two ports S-parameter measurements were carried out employing Anritsu 

37369A VNA up to 40GHz and the instrument was controlled by ICCAP software from 

Keysight. To minimize errors in high frequency and achieve as accurate results as 

possible, a number of calibration steps prior to commencement with DUT (Device under 

Test) measurements need to be carried out. Systematic errors due to cable losses and 

non-ideal probe impedance (i.e. 𝑍𝑜 = 50 ± 𝑗𝑋 instead of 50Ω) must be eliminated by 

establishing a reference plane for the scattering data up to probe tips with neither error 

nor losses introduced. There are a few calibration methods that can be utilized to remove 

the systematic errors for reliable and repeatable measurements, these methods are 

SHORT-OPEN-LOAD-THRU (SOLT), THRU-REFLECT-LINE (TRL) and LINEREFLECT-

MATCH (LRM) or LINE-REFLECT-REFLECT-MATCH (LRRM). The advantages and 

disadvantages of these various  methods are broadly discussed in[287, 288].   

 

                 

Figure 6.15: The fabricated layout for two step de-embedding method, including open and short dummies 

and actual device.   

 

Since a coplanar waveguide structure is required for direct probe measurements, which 

causes an additional pad capacitance and interconnect inductance, de-embedding 

techniques are inevitably required. This is to assess the intrinsic device performance by a 

procedure including two or three steps[167, 215]. Despite the high accuracy of the three-

step de-embedding technique, the two-step one was used in this research as it is less 

complicated and can yield acceptable error margins. To perform the de-embedding steps, 

open and short structures were fabricated alongside the actual device as depicted in figure 

(6.15). 
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Step1: The measured two ports S-parameter data are firstly converted into Y-parameters 

using Keysight-ADS software to simplify the mathematical de-embedding procedure as 

described in the following set of equations: 

𝑌𝐷𝑂 = 𝑌𝐴𝑐𝑡𝑢𝑎𝑙 − 𝑌𝑂𝑝𝑒𝑛                                                                                                                (6.5) 

𝑌𝑆𝑂 = 𝑌𝑆ℎ𝑜𝑟𝑡 − 𝑌𝑂𝑝𝑒𝑛                                                                                                                  (6.6) 

𝑌𝐴𝑐𝑡𝑢𝑎𝑙 being the Y-parameters of the actual device involving the impact of the bond-

pads, while 𝑌𝑂𝑝𝑒𝑛 and 𝑌𝑆ℎ𝑜𝑟𝑡 are the Y-parameters of the open and short dummies 

respectively.  

Step2: Z-parameters of 𝑌𝐷𝑂 and 𝑌𝑆𝑂 are obtained by 𝑍𝐷𝑂 = [𝑌𝐷𝑂]−1 and 𝑍𝑆𝑂 = [𝑌𝑆𝑂]−1 

followed by calculating the Z-parameters of the DUT as given by: 

𝑍𝐷𝑈𝑇 = 𝑍𝐷𝑂 − 𝑍𝑆𝑂                                                                                                                       (6.7) 

The 𝑍𝐷𝑈𝑇 of the two-port are ultimately converted into S-parameters, which represents 

the de-embedded measured results of the DUT. The equivalent circuit diagram of all the 

above steps is shown in figure (6.16).  

                                    

Figure 6.16: Equivalent circuit diagrams for two steps de-embedding technique, representing the device 

under test and the additional parasitic elements of the open and short dummies. 

 

Before applying the de-embedding routine, the scattering data performance of the actual 

HBT is noticeably resistive and inductive with the capacitive bond-pads. However, this 

behaviour becomes approximately resistive (and slightly capacitive), asserting that a 

parasitic inductance can be used to compensate the uncertainty error in the de-embedding 

process.     

   

6.7.2 HBT Empirical Modeling  

The empirical models for transistors are of significance in characterization and circuit 
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based parameters. The parametrical modeling methods falls into two main types; small-

signal (or known as linear model) and large-single (or non-linear model). In the first 

category, the variations in the input signal are small, allowing the characteristics of the 

devices to be approximately independent on the input signal size.  

 

Figure 6.17: 3D schematic of an HBT device structure onto which is superimposed the small signal model 

elements. 

 

The performance of the HBT can be, therefore, represented by linear electrical 

components and equations. In such a scenario, the extraction of the small signal model 

parameters is simply carried out from the measured S-parameters data or applying a 

numerical optimization approach until an agreement between the experimental and 

simulated results is successfully accomplished[289, 290]. The linear model can offer 

great accuracy; however, it suffers from validation difficulties over certain large signal 

operating conditions. This implies that the large-signal model is actually necessary, in 

which the non-linear electrical elements exhibited in the device performance are taken 

into account. A 3D schematic diagram of an HBT structure on which are superimposed 

the electrical elements of the small-signal equivalent circuit model is depicted in figure 

(6.17). 

 

6.7.3 Limitations of Gummel-Poon Model 

The first commonly utilized large-signal model adequate for silicon bipolar transistors is 

the Gummel-Poon model, which was introduced in the late 1960s[291]. The SPICE 

Gummel-Poon (SGP) is still the standard model in most of the SPICE simulation 

software due to its enhancement in modeling early effect, Webster effect and partitioning 
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of the base-collector capacitance into intrinsic and extrinsic components[292]. Despite 

the good success of the SGP model in silicon-based BJTs parametrical modeling, it does 

not take into account several remarkable characteristics prevalent in HBTs. These are the 

excess stored charge at the heterojunctions caused by the band discontinuities and the 

velocity modulation effect of the III-V materials, in which a decrease in the carrier drift 

velocity occurs due to  high applied electric fields[293]. Furthermore, the collector delay 

time is paramount in determining the RF characteristics of the HBTs, distinctly affected 

by the velocity overshoot of the III-V material properties. However, Gummel-Poon 

model presumes that the unity gain cut-off frequency, 𝑓𝑇 enhances as the biasing 

conditions and collector current density get higher[255]. The dependency of the device’s 

gain on the collector current is not included in the model[294], emphasizing that 

Gummel-Poon model is solely valid for Si-based BJTs. Due to these marked limitations, 

this model was not employed in this work.    

 

 

6.7.4 Large Signal UCSD HBT Model  

To overcome the limitations of the Gummel-Poon model, extensive efforts have been 

devoted that have culminated into  different proposed models, including a modified 

Gummel-Poon model[295] as well as an advanced model which take the self-heating and 

impact ionization effects into account[296]. A milestone HBT model reported by 

Camnitz et al and then developed at the University of California, San Diego (UCSD) 

with cooperation from industry and known as the UCSD HBT model, is the most 

appropriate physically based model for use in heterojunction device characterizations. 

This large-signal model is widely used by several commercial simulators, such as  

Silvaco, SPICE and recently  Keysight-ADS software from Agilent and called 

AGILENTHBT model as shown in figure (6.18)[297]. Intrinsic and extrinsic portions of 

the device overlap the layer structure to relate these elements to the physically-based 

source. The implemented UCSD model was used to supplement developments by Agilent 

technologies to improve the capabilities of the model in terms of mathematical 

consistency and numerical simplicity. In this model, the potential spike at the 

heterointerfaces is taken into account to deal with the effect of the current gain variation 

on the current density of the HBT. Additionally, degradation in high-frequency 

parameters response due to Kirk effect and self-heating issue can be modeled as well. 
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The UCSD large signal model utilises π-topology to represents the intrinsic device 

elements and likewise in Gummel-Poon model as shown in figure (6.18).         

  

 

Figure 6.18: HBT transistor overlapped large signal UCSD Model, showing the intrinsic and extrinsic 

portions of the device[297]. 

 

 

6.8 UCSD-HBT Model Parameter Extraction 

The complete large-signal UCSD-AGILENTHBT model, depicted in figure (6.19), 

consists of a large number of geometry-dependent and physically-based parameters as 

tabulated in Table (6.2). In this work, there is no need to define some of the variables 

particularly those that were already excluded from the HBT performance, for example 

the parameters associated with the parasitic capacitance and inductance of the pads.  

 

Figure 6.19: Large-signal topology of the AGILENTHBT model[297]. 



207 

 

This helps to further reduce both the complexity and the time-consuming execution of 

the simulation routine, while still maintaining the accuracy of the modeling results. The 

UCSD modeling parameters are classified into eight different groups as illustrated in 

Table (6.2) and in-depth description of these variables is given in Appendix-B. In this 

work, the biasing conditions of the HBT transistor is relatively low in the simulation set-

up so that the impact of the thermal effects is negligibly small; therefore, the associated 

parameters were ignored. From the integrated circuits modeling perspective, the first step 

is to extract the DC and RF parameters for the discrete devices. To do so,  several 

approaches have been demonstrated in the literature[289, 298]. However, this research 

was primarily concerned with performing the DC and RF measurements at various 

biasing conditions. The extraction method was commenced with the de-embedding of the 

parasitic components surrounding the HBT transistor, followed by accurately modeling 

the common emitter I-V characteristic and forward and reverse Gummel plots. These 

curves were employed to extract the “DC-Current” parameters as well as to roughly 

evaluate the device’s resistances. 

TABLE 6.2: UCSD-AGILENTHBT MODELING PARAMETERS. 

Tnom=25.0 
Nrh=2.0 Gkdc=0.0 Abcx=0.75 Fextc=0.8 Lpc=0.0 H Egc=1.5 V Rth1=1000.0 

Re=2.0 

Ohm 

Isc=1.0e-13 

A 
Ik=1.0 A Tfb=1.0e-12 sec 

Tkrk=1.0e-12 

sec 
Lpe=0.0 H Xtir=3.0 

Cth1=5.0e-

10 

Rci=1.0 

Ohm 
Nc=2.0 

Cje=4.0e-14 

F 
Fextb=0.2 Ikrk=0.025 A Xrb=0.0 Xtic=3.0 Xth1=0.0 

Rcx=5.0 

Ohm 
Abel=0.0 Vje=1.3 V 

Tfc0=2.0e-12 

sec 

Ikrktr=1.0e-6 

A 
Xrc=0.0 Xtirh=4.0 Rth2=0.0 

Rbi=15.0 

Ohm 
Vaf=500.0 V Mje=0.3 

Tcmin=5.0e-13 

sec 
Vkrk=3.0 V Xre=0.0 Xtik3=0.0 Cth2=0.0 

Rbx=5.0 

Ohm 

Var=1000.0 

V 

Cemax=1.0e-

13 F 
Itc=0.006 A Vkrk2Inv=0.2 Tvje=0.0 Eaa=0.0 V Xth2=0.0 

Is=1.0e-25 

A 

Isa=1.0e+10 

A 
Vpte=1.0 V Itc2=0.008 A Gkrk=4.0 Tvpe=0.0 Eab=0.0 V Kf=0.0 

Nf=1.0 Na=1.0 Mjer=0.05 Vtc0Inv=0.3 Vktr=1.0 V Tvjc=0.0 Xtfb=0.0 Af=1.0 

Isr=1.0e-15 

A 

Isb=1.0e+10 

A 
Abex=0.0 Vtr0=2.0 V Vkmx=1.0 V Tvpc=0.0 Xtcmin=0.0 Ffe=1.0 

Nr=2.0 Nb=1.0 
Cjc=5.0e-14 

F 
Vmx0=2.0 V Fexke=0.2 Tnf=0.0 Xtfc0=0.0 Kb=0.0 

Ish=1.0e-

27 A 
Ikdc1=1.0 A Vjc=1.1 V VtcminInv=0.5 

Tr=1.0e-09 

sec 
Tnr=0.0 Xitc=0.0 Ab=1.0 

Nh=1.0 Ikdc2Inv=0.0 Mjc=0.3 Vtrmin=1.0 V 
Cpce=1.0e-15 

F 

Ege=1.55 

V 
Xitc2=0.0 Fb=1.0 Hz 

Ise=1.0e-18 

A 
Ikdc3=1.0 A 

Ccmax=9.0e-

14 F 
Vmxmin=1.0 V 

Cpbe=1.0e-15 

F 
Xtis=3.0 Xtkrk=0.0 

Imax=10.0 

A 

Ne=2.0 VkdcInv=0.1 Vptc=3.0 V VtcInv=0.1 
Cpbc=1.0e-15 

F 
Xtih=4.0 Xikrk=0.0 

AIIParams 
Isrh=1.0e-

15 A 
Nkdc=3.0 Mjcr=0.03 Vtc2Inv=0.1 Lpb=0.0 H Xtie=3.0 Xvkrk=0.0 

Resistances: 5  DC Currents: 26  Depletion Charge: 14  Delay Charge: 25  

Parasitics: 6 Temp, DC & R’s: 22 Temp., Charges: 12 Noise: 6 
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Figure 6.20: Flow chart representing the parameters extraction and modeling procedure used in this work. 

 

The accurate values of the emitter, base and collector resistances were then found from 

the fabricated TLM test structures and S-parameter measurements. Afterwards, the 

parameters and their accompanying “capacitances” were obtained from the measured B-

E and B-C junction capacitances under the appropriate bias voltage. The “depletion 

charge” and “delay charge” variable parameters can be calculated as well. The RF 

figures of merit, 𝑓𝑇 and 𝑓𝑚𝑎𝑥 curves were eventually simulated using numerical 

optimizations to eliminate any unintentional error which might be introduced during the 

parameter extraction procedure. This was reflected into achieving a good agreement 

between the simulation and experimental results as presented in the following sections. 

The extraction procedure and HBT modeling steps carried out in this research are shown 

in the flow chart in figure (6.20). Note that the way forward/reverse Gummel plots, 

emitter/base/collector resistance and base-emitter/base-collector capacitance curves were 

tested and how their respective parameters were obtained are discussed in the following 

sections. 

 

 

6.8.1 DC Current Parameters Extraction 

The measured forward and reverse Gummel plots are typically used to extract “DC -

Current” parameters as illustrated in figure (6.21) in which the extractable DC 

parameters with a given recommended region are highlighted. The detailed description of 

the all parameters is listed in Appendix B. Once all variables were obtained, an 

optimization routine was performed with a tolerance error of 10-15% to consistently 

DC Gummel Plots 

Measurements 

I
C
-V

CE
 Curve  

Measurements 

DC-Current and Resistance 

parameters Extraction 

Junction Capacitance 

Measurements and  

Parameters Extraction 

S-parameter Measurements 

and De-embedding 

𝒇𝑻 and 𝒇𝒎𝒂𝒙 Extraction and 

Optimization 
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achieve good matching with the measured results. As a rule of thumb, multiple variables 

could be affected by the curve’s behavior due to unavoidable fluctuations or difficulties 

in recognizing the suitable region, in such a scenario, it is advisable to activate only one 

parameter and disable the others in the tuning process. This offers the opportunity to look 

into the maximum sensitivity of one variable without being disturbed with the effect of 

the others. For instance, this can be performed by setting 𝐼𝑠ℎ to 1×10
-26

 and 𝑁ℎ to 5 

while extracting 𝐼𝑠𝑒 and 𝑁𝑒 from the forward Gummel plot, so further minimizing the 

influence of 𝐼𝑠ℎ and 𝑁ℎ on IB [299].        
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Figure 6.21: Forward (top) and reverse (bottom) Gummel plots showing the list of extractable parameters 

from the traces of IC, IB and IE graphs with a recommended region for each parameter.              
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6.8.2 Extraction of Emitter, Base and Collector Resistances   

As stated in the previous section, the resistances of the emitter and collector can be 

roughly estimated from the forward Gummel plot. However, the incorporated self-

heating effects could contribute to creating an uncertainty in evaluating the actual 

resistances values. The S-parameter measurements were therefore employed to extract 

the devices resistances, which was carried out by overdriving the transistor with a high 

base current of ~5mA, known as “Over Driven IB” demonstrated by Lee et al[300].  

LPB

LPE

Base

Emitter

Collector

Emitter

RE

LPCRCRB

 

Figure 6.22: Equivalent circuit model for HBT device for high base current or over driven IB. 

 

The idea is to forwardly bias the emitter-base and base-collector junctions (i.e. operating 

in saturation region, 𝑉𝐶𝐸 ≃ 0), leading to linearly but asymmetrically distributing the 

base current between the collector and emitter. In practise, this forces the dynamic 

junction resistance of the HBT to be approximately zero for high external base 

currents[301], in other words, the resistive behaviour of the resulting data is due solely to 

series resistances of the device. However, there is still an additional small capacitive 

contribution in the Over Driven equivalent circuit model, requiring an inductance 

(𝐿𝑃𝐵, 𝐿𝑃𝐸 and 𝐿𝑃𝐶) to be connected in series with the model to get rid of the remaining 

capacitive effect as depicted in figure (6.22). Hence, this model can be exerted to 

evaluate the emitter, base and collector resistances as follows:  

 

[
𝑍11

𝑍21

𝑍12

𝑍22
] = [

𝑅𝐵 + 𝑅𝐸 + 𝑗𝜔(𝐿𝑃𝐵 + 𝐿𝑃𝐸)

𝑅𝐸 + 𝑗𝜔𝐿𝑃𝐸

𝑅𝐸 + 𝑗𝜔𝐿𝑃𝐸

𝑅𝐶 + 𝑅𝐸 + 𝑗𝜔(𝐿𝑃𝐶 + 𝐿𝑃𝐸)
]                           (6.8) 

 

Emitter Resistance: The emitter resistance is of importance in determining both the 

emitter-base junction capacitor charging time, 𝜏𝐸𝐵 and the transconductance of the 

device, 𝑔𝑚. It is highly useful for DC and RF characteristics to keep the emitter 
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resistance in the order of several Ohms which is made up of a combination of the contact 

and epitaxial layer structure resistances as shown in figure (6.17).  
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Figure 6.23: Extraction of the emitter resistance, showing RE value at the intercept of 𝑟𝑒𝑎𝑙(𝑍12) with y-

axis.  

 

The total emitter resistance can be approximately given by the real part of the small 

signal two-port Z-parameters network.  

 

𝑟𝑒𝑎𝑙(𝑍12) ≃ 𝑅𝐸 +
1

𝛿𝐼𝐸
                                                                                                              (6.9) 

 

𝛿 being a constant of proportionality. To extract 𝑅𝐸, the Over Driven HBT was tested 

with various IE values, 𝑟𝑒𝑎𝑙(𝑍12) can be then plotted as a function of 1 𝐼𝐸⁄  and the 

extrapolated line at which the term (1 𝐼𝐸⁄ ) is equal to zero gives the emitter resistance as 

depicted in figure (6.23). This extraction method was reported by Maas et al, which is 

often performed at low frequencies ranging from 3 to 10GHz[298]. For a similar 

objective, various alternative approaches have been demonstrated[290, 301]. Even 

though the mesa size of the HBT device is 10×10µm
2
 with a heavily doped InGaAs cap 

and emitter layers, the contact resistance is inevitably dominant over the negligibly small 

epi-layer resistance component, indicating an overall low emitter resistance of 2.4Ω. 
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Base Resistance: The design of the HBT base layer for low resistance and small transit 

time value in terms of thickness and doping profile as well as emitter-base contact 

spacing is not only fundamental in maximizing 𝑓𝑚𝑎𝑥 but also in overall device 

performance. Irrespective of the resistance of the metal interconnections, the total base 

resistance can be expressed as 𝑅𝐵 = 𝑅𝐵𝐶 + 𝑅𝐵𝑋 + 𝑅𝐵𝐼, where 𝑅𝐵𝐶, 𝑅𝐵𝑋 and 𝑅𝐵𝐼 are the 

contact resistance, extrinsic and intrinsic resistances of the base respectively. 𝑅𝐵𝐶 is often 

extracted from the TLM measurements as earlier discussed in chapter two. The specific 

contact resistance of the base contact was found to be ~38Ω/µm
2
 and 𝑅𝐵𝐶 = 38/𝐵𝑎𝑟𝑒𝑎  

where 𝐵𝑎𝑟𝑒𝑎   is the area of the base contact. The extrinsic base resistance is due to the 

lateral path of the current through the base-emitter contact separation. However, the 

intrinsic resistance component is caused by the base current which horizontally enters the 

base and does not arrive at the other side of the active device mesa because of the 

occurrence of recombination events at various locations in the base region. Thus, 𝑅𝐵𝐼 is 

not literally a physical resistance, but it is doping profile dependent instead[299]. The 

participation of the extrinsic and intrinsic components in the overall base resistance is 

based on the well-known partitioning of 20 and 80% respectively[233]. In this work, the 

measurement set-up of the Over Driven HBT was performed and the resulting two-port 

Z-parameters given in equation (6.8) was used to extract the base resistance as shown in 

figure (6.24). 

 

𝑅𝐵 ≃ 𝑟𝑒𝑎𝑙(𝑍11 − 𝑍12)                                                                                                             (6.10)  
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Figure 6.24: Base resistances extraction procedure used in this work. 
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Collector Resistance: The collector resistance, 𝑅𝐶 is made up of two main parts: the 

contact resistance, 𝑅𝐶𝐶 and spreading resistance, 𝑅𝐶𝑋 (this results from the epitaxial layer 

resistance being negligible and so was disregarded). The extracted collector resistance 

based on the Over Driven HBT over a range of frequencies is depicted in figure (6.25). 

 

𝑅𝐶 ≃ 𝑟𝑒𝑎𝑙(𝑍22 − 𝑍12)                                                                                                             (6.11)     
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Figure 6.25: Collector resistances extraction procedure used in this work. 

 

 

6.8.3 Extraction of Junction Capacitances  

The HBT BE and BC depletion capacitances and their related parameters were extracted 

from the measured S-parameter data at constant mid-range frequency between 2-10GHz. 

To accurately evaluate the device capacitances, both diodes are reverse biased in the 

“cold” operation as reported by K. Lee et al [300], in which very small amount of current 

flows through the junctions and impact of the series resistance, dynamic resistance and 

transconductance is at minimum level. As a consequence, the small signal equivalent 

circuit model of the HBT can be approximately represented by only capacitive elements 

as shown in figure (6.26). According to the physical origin of depletion and diffusion 

capacitances, the first one is evidently appreciable under reverse bias due to the existence 

of a wide depletion region; however, in the positive applied voltage, the diffusion 

capacitance gets higher. This is reflected into the requirement for forward biasing both 

diode junctions to fully characterize the transistor at high voltage bias where the 

capacitances are at their maximum values. 
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Figure 6.26: Small-signal equivalent circuit model for HBT biased in the “cold” mode operation. 

 

Base-Emitter Junction Capacitance, 𝑪𝑩𝑬: The measured data provides a set of UCSD-

AGILENTHBT model parameters, for example 𝐶𝑗𝑒 is the depletion capacitance at zero bias 

voltage as shown in figure (6.27). This figure also shows the additional extractable 

variables with a given recommended regions. Note that an inclusive description of the 

other parameters is presented in Appendix B. The typical extracted 𝐶𝐵𝐸 was obtained 

using the equation 𝑖𝑚𝑎𝑔(𝑌11 + 𝑌12) = 𝜔(𝐶𝐵𝐸 + 𝐶𝑃𝐵𝐸) and the approximated formula is 

given by:  

𝐶𝐵𝐸 ≃
𝑖𝑚𝑎𝑔(𝑌11 + 𝑌12)

𝜔
                                                                                                         (6.12) 
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Figure 6.27: Base-emitter junction capacitance, showing the extractable parameters for UCSD model used 

in this work. 
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Base-Collector Junction Capacitance, 𝑪𝑩𝑪: In a similar trend (see figure (6.28)), the 

set of extractable parameters that can be obtained from the measured 𝐶𝐵𝐶 are 𝐶𝑗𝑐, 𝐴𝑏𝑐𝑥, 

𝐶𝑐𝑚𝑎𝑥, 𝑉𝑝𝑡𝑐 and 𝑀𝑗𝑐𝑟. The following equations describe 𝐶𝐵𝐶 relation: 𝑖𝑚𝑎𝑔(−𝑌12) =

𝜔(𝐶𝐵𝐶 + 𝐶𝑃𝐵𝐶 + 𝐶𝑃𝐵𝐶𝑜). 

 

𝐶𝐵𝐶 ≃
𝑖𝑚𝑎𝑔(−𝑌12)

𝜔
                                                                                                                 (6.13) 
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Figure 6.28: The measured base-collector junction capacitance under a range of biasing voltages. 

 

 

6.8.4 Evaluation of HBT Transit Times 

For UCSD-AGILENTHBT, there are a number of transit time parameters that are often 

used in the model. However, the most commonly involved ones are the p-type base 

transit time, 𝜏𝐵 and the delay time across the collector layer, 𝜏𝐶. As given in equation 

(5.28), 𝜏𝐵 = 𝑊𝐵
2 2𝐷𝑛⁄ . HBT sample F17D2102A has a 65nm base thickness as tabulated 

in Table (6.1), corresponding to ~2250 cm
2
/Vsec minority carriers mobility (i.e. 

electrons) experimentally evaluated for a heavily doped p-type base region with a 

concentration of 2.5×10
19

 cm
-3

[302]. As a result, the base transit time was computed to 

be 370fsec and used as an initial estimation in the model, which represents the variable 

𝑇𝐹𝐵. The collector delay time can be roughly calculated by 𝜏𝐶 = 𝐶𝐵𝐶((𝑘𝑇 𝑞𝐼𝐸⁄ ) + 𝑅𝐸 +

𝑅𝐶). The estimated collector delay time was used as a starting point for 𝑇𝐶𝑚𝑖𝑛 parameter 

to get the measured S-parameters to fit with the simulated ones.  
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6.8.5 Extraction and Analysis of fT and fmax 

Whilst maximizing 𝑓𝑇 is predominantly controlled by optimizing the vertical device 

structure, 𝑓𝑚𝑎𝑥 is critically dependent on both lateral HBTs process and base-collector 

layer design. For a high 𝑓𝑚𝑎𝑥 transistor, the key-driver in the fabrication process is to 

minimise the base resistance and base-collector capacitance. Several interesting ways  

were proposed to boost 𝑓𝑚𝑎𝑥, such as hexagonal emitter formation for less under-cut 

profiles[303] and an emitter overhang technique to separate the base-emitter 

contacts[15]. However, these approaches are methods to improve the poor yield of the 

self-aligned process for small feature HBT sizes.  
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Figure 6.29: Measured and simulated characteristics of the common emitter InP/InGaAs HBT with a 

10×10µm
2
 mesa size, (a) output I-V characteristic with various IB values, (b) Base and collector forward 

Gummel plots. 
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In this work, a standard non-self-aligned technique was used for large emitter devices. 

This methodology does simplify the process in terms of depositing the contacts and 

interconnecting metals in a single step, offering a low cost and less time-consuming 

process. After the parameter extraction procedure for the UCSD-AGILENTHBT model 

was accomplished, an optimization/tuning step was carried out to obtain good agreement 

between the simulated and measured results. This was successfully achieved for DC 

characteristics, like common emitter 𝐼𝐶 − 𝑉𝐶𝐸 curve and Gummel plots as shown in 

figure (6.29). The HBT used had a DC current gain, 𝛽 of about 65 at a bias condition 

𝑉𝐶𝐸=2V and 𝐼𝐶=10mA and a breakdown voltage of 4.5V. The unified UCSD model for 

the fabricated InP/InGaAs transistor was then verified for both DC and microwave 

characteristics with various voltage biases. Furthermore, the measured S-parameter data 

matched well with the simulated ones as shown in figure (6.30).    

 

 

 

Figure 6.30: S-parameter responses in log-scale magnitude of the InP/InGaAs HBT with a 10×10µm
2
 mesa 

size, red and blue lines refer to the measured and simulated results respectively. 

 

Due to the specific design of the InP-InGaAs epilayer structures and considering the 

trade-off between high performance PIN and the heterostructure transistor, a 10×10µm
2
 

emitter mesa size HBT demonstrated an 𝑓𝑇 and 𝑓𝑚𝑎𝑥 of 54 and 57GHz respectively as 
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can be seen in figure (6.31). Moreover, Mason’s unilateral gain (𝑈) of ~60GHz was 

obtained with moderate 𝐶𝑏𝑒 and 𝐶𝑏𝑐 values of 50 and 27fF respectively. These 

parameters are ample for low cost integrated optical receivers up to 20Gb/s. Further 

minimizing the HBT mesa area to 4×4µm
2
 can effectively lead to over 100 GHz cut-off 

frequencies. To avoid short-circuiting the base-emitter electrodes, the spacing contact 

between these was optimized to be 1.5µm. This is to achieve a high yield process whist 

not significantly degrading the unilateral power gain of the HBTs.  
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Figure 6.31: Measured and simulated characteristics of the common emitter InP/InGaAs HBT with a 

10×10µm
2
 mesa size at VCE=2V and IC=10mA where 𝑓𝑇 and 𝑓𝑚𝑎𝑥 (top) and Mason’s unilateral gain, U 

(bottom). 
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The common emitter characteristic and figures of merit 𝑓𝑇 and 𝑓𝑚𝑎𝑥 for the modeled and 

measured results show good agreement as depicted in figure (6.31). This validates the 

accuracy of the parametrical extraction procedure used and can thus be extended further 

towards aiding in the prediction of integrated circuit performance. Table (6.3) shows a 

performance comparison between the designed and measured parameters of the presented 

HBT and previously reported devices. The implied unity gain cut-off frequency and the 

maximum frequency of oscillation of the fabricated 10×10µm
2
 InP/InGaAs HBT device 

are higher than that demonstrated in[304] and comparable with published work[273, 305] 

despite its large emitter size. It is believed that this comes from the well-designed HBT 

structure which, for example, prudently balances 𝐶𝑏𝑐 and carrier transit time through the 

base-collector depletion region. The data tabulated also gives an overview on comparable 

𝑓𝑇 and 𝑓𝑚𝑎𝑥 achieved for smaller HBT sizes. Of course, micrometre-scale feature size 

devices exhibit higher cut-off frequencies because of their much-reduced capacitances 

which provide ultra-fast switching speed well into frequencies exceeding 100GHz.   

 

TABLE 6.3: PERFORMANCE COMPARISON OF THIS WORK’S HBT AND RECENTLY PUBLISHED 

WORKS. 

REF. TECHNOLOGY 
EMITTER SIZE 

(µm
2
) 

PROCESS 
𝑓𝑇/𝑓𝑚𝑎𝑥 

(GHz) 

[15] InP/InGaAs 1×5 
emitter-overhang self-

aligned 
130/220 

[273] InP/InGaAs 4×12 self-aligned 80/40 

[305] InP/InGaAs 3×8 self-aligned 70/40 

[272] InAlAs/InGaAs 5×5 self-aligned 67/123 

[306] InP/InGaAs 1.6×10 
T-shape emitter self-

aligned 
150/220 

[304] InP/InGaAs 3×8 self-aligned 46/42 

THIS 

WORK 
InP/InGaAs 10×10 Standard process 54/57 



220 

 

6.9 Optical Transceiver System   

A fibre optic communication system is generally constructed from three basic 

components: an optical transmitter for the light source, an optical fibre acting as a 

transmission line and an optical receiver. To send a message signal to a certain distance, 

it is required that the coherent light source to be modulated/encoded using a pseudo-

random bit stream (PRBS) in place of data stream, which will be then coupled into the 

fibre optic. As such the system is, of course, digital, the encoded optical signal travels 

along the transmission line in a digital pulse form, offering reliable and efficient delivery 

for high data rate communication. This is due mainly to the very low dispersion and 

attenuation of the fibre optic[307]. At the receiving end, a PIN or an APD photodiode 

converts the variation in the optical signal into corresponding electrical current flowing 

through the subsequent low noise preamplifier circuit. The resulting digital voltage form 

is eventually passed on to a decision circuit implemented using a clock data recovery 

circuit, providing a synchronized signal within a standard digital format. 

 

Since 1.55µm wavelength exhibits a minimum attenuation for light, it is considered a 

favoured choice particularly with erbium-doped fibre amplifier (EDFA) technology, of 

which the gain spectrum is within 1.525-1.57µm[79]. A deleterious factor that might 

affect the optical system performance in high-speed operation is the dispersion limit 

defined as the broadening of the digital pulses in the time domain, contributing to a 

distortion in the transmitted signal because of the receipt overlapped pulses at the 

receiver. This undesirable outcomes is called inter-symbol-interference (ISI) issue[308]. 

For single mode fibre (SMF) operating at 1.55µm, the overall chromatic dispersion is 

approximately 17 ps/nm/km. To minimize the impact of the inherent dispersion issue, 

optical compensation techniques are often implemented  in the optical link[308].        

 

 

6.10 Overview of Recent Photoreceiver Integration Techniques 

As an optical architecture standard, 2.5Gb/s GPON and the next generation 10Gb/s 

EPON, OEICs are undisputedly the key-components in fibre optic communication 

systems including the front-end transimpedance amplifiers (TIAs) and PIN/avalanche 

photodiodes. Since their electrical/optical bandwidth and conversion gain dominate  the 

entire characteristics of the receivers[15], improving these crucial parameters are 

paramount in enhancing the high data rate capability of the optical systems. For 
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photoreceiver circuit implementations, HEMTs and HBTs transistors have been 

extensively investigated by integrating PIN/avalanche photodiodes with TIAs[12, 14-16]. 

The requirement for extremely small HEMT gate length (typically < 0.1µm) to achieve 

over 100GHz cut-off frequencies[309, 310] in comparison with the fairly relaxed emitter 

area of HBTs makes the heterojunction transistors arguable more attractive for low cost 

and high volume manufacturing as they require much less stringent lithography. There 

are mainly two approaches in integrations of OEICs: monolithic and hybrid forms. The 

first scheme offers the ability to exploit the base-collector heterojunction layers for the 

formation of the photodiodes, contributing to a simple epitaxial growth process and so 

circumventing both regrowth and complex fabrication sequence along with packaging 

simplification[273, 311].  

The downside of a shared layer between two different devices is that a trade-off between 

the collector depletion region of HBTs and carrier transit time of photodiodes needs to be 

effectively balanced. The benefit from the hybrid integration scheme is to independently 

optimize the epitaxial layers of the photodiodes and HBTs thereby accomplishing an 

optimum performance for each device individually[312]. However, this approach has 

disadvantages including  increase in epitaxial growth complexity, large IC sizes and 

inevitable extra parasitic elements due to bond wire connections[14, 305]. For these 

reasons, monolithically integrated circuits are preferred over hybrid ones for ultrahigh 

speed photoreceivers.  

 

          

Figure 6.32: Schematic cross section of the monolithic IC used in this work showing a PIN-PD and HBT 

on left and right sides respectively, both of which are sitting on a semi-insulating InP substrate. Note: the 

drawing is not to scale. 
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Among three terminal heterojunction devices, InP/InGaAs based OEICs have been 

widely studied for beyond 10Gb/s data rates at 1.55µm wavelength operation[272, 273, 

310]. In general, GaAs-based photoreceivers are used for short wavelength (0.8-0.9µm), 

while InP-based devices are for wavelengths ranging from 1.3 to 1.6µm[78]. This work is 

concerned with design, characterization and modelling of high speed InP/InGaAs PIN-

SHBT based OEIC photoreceivers. Figure (6.32) shows a simplified schematic of the 

PIN with a window size monolithically integrated with the HBT transistor used in this 

work. More importantly, full-scale characterizations of the receivers using CAD tools 

prior to fabricating the circuits are invaluable in the prediction of prospective 

performances and to aid in further optimisation. In-depth discussion and analysis for the 

OEIC model is presented in the following sections. 

 

 

6.11 Transimpedance Amplifier Topology  

For long-haul fiber optics, the use of preamplifiers is paramount in improving the 

photoreceiver sensitivity. This becomes more pronounced with the integrated unity 

internal gain PIN-PD because it is rather difficult for the decision circuits to efficiently 

reshape the received signal. Note that the sensitivity of the photodetectors is defined as 

the average of optical power required to ensure a bit-error-rate (BER) of 10
-9

 at a given 

data communication rate. Beside the requirement for high sensitivity characteristic, some 

other figures of merit are also important including large bandwidth, flat gain response 

and wide dynamic range. There are two basic topologies used to realize the front-end 

amplifiers; the high impedance (HZ) and transimpedance (TIA) configurations. The first 

design is implemented with a large biasing resistor, in other words, the input admittance 

of the amplifier is governed by its overall input capacitance, which tends to further 

minimize the circuit noise[78]. This; however, involves integrating a large biasing 

resistor value exceeding a few kilo Ohms, increasing the chip dimensions. 

 

On the other hand, the extensively reported research into TIA amplifiers feedback 

resistor, 𝑅𝑓 and integrated with a photodiode in OEICs comes from their benefits 

including wide bandwidth and dynamic range in comparison with the HZ topology. Of 

practical interest is that a well-designed TIA is able to match the noise performance of 

the HZ amplifier[78]. It is of vital importance pointing out that the feedback resistor 

value is the key factor in determining the photoreceiver performance. Large 𝑅𝑓 can 
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efficiently boost the TIA gain and sensitivity; however, this will degrade the frequency 

bandwidth and result in a reduction to the high bit rate capacity, requiring a reasonable 

feedback resistor value for proper circuit operation. The effective transimpedance gain of 

the TIA without photodiode is calculated from the S-parameter data[313]. 

𝑍𝑒𝑓𝑓 = 20 𝑙𝑜𝑔 (|𝑍𝑜|
|𝑆21|

|1 − 𝑆11|
)                                                                                            (6.14) 

 

Where 𝑍𝑜 is the 50Ω characteristic impedance of the standard measurement set-up and 

𝑆21 and 𝑆11 are the S-parameters response of the front-end amplifier.  

 

 

6.11.1 TIA Input and Output Stages 

The purpose of this section is to describe in detail the design of the front-end amplifier 

stage by stage, concentrating on theoretical analysis and circuit design aspects. 

Irrespective of the integration technique and HBT or HEMT based transimpedance 

amplifiers, there are various ways used for circuit implementation in terms of 

input/output configurations and number of amplification stages. The holistic TIA circuits 

are fundamentally split into two stages; the input stage, in which the electrical signal is 

amplified, while a unity voltage gain emitter follower is normally employed in the 

second stage. As high TIA gain is required to improve the overall sensitivity of the 

photoreceiver, more than one transistor can be integrated. However, this increases the 

circuit complexity and consequently degrades the high-frequency performance due to the 

multiple device capacitances. Since every single HBT introduces two poles in the 

transfer function excluding the impact of the parasitic components, several integrated 

HBTs will exacerbate the roll-off curve of the frequency bandwidth.  

 

The emitter follower stage is responsible for two major contributions: firstly, it acts as a 

buffer stage, enabling a 50Ω output impedance, 𝑍𝑜𝑢𝑡 at the output port. Secondly, the use 

of this configuration is also to prevent the DC biasing voltage from appearing at the 

output port, which shifts the level of the desired output signal (this the level shifting 

stage). This can be alternatively achieved with assistance from an additional integrated 

resistance to balance the circuit operation. In the literature, base-emitter diodes were 

demonstrated in emitter follower buffers instead of the use of relatively bulky 
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resistors[309]. In practice, level shifting diodes are simply implemented by shorting the 

base and collector contacts, which creates a PN junction device. The TIA module 

realized here uses the InP/InGaAs HBT large signal model with 10×10µm
2
 emitter size 

which were fully characterized in earlier chapters. Beside this, all the possible parasitics 

associated with the prime active/passive elements were carefully considered, further 

reducing simulation errors and providing a model result that agreed well with the actual 

measured data. Figure (6.33) shows the transimpedance amplifier configuration utilized 

in this work designed with three transistors and a feedback resistor.  

 

The common-emitter transistor, 𝑄1 represents a gain stage, while 𝑄2 and 𝑄3 are 

implemented as two emitter-follower buffer stages. Furthermore, 𝑅𝑓 provides a shunt-

shunt feedback to the base of 𝑄3 and it is necessary to optimize its values for the overall 

gain and bandwidth of the photoreceiver. These key parameters are also affected by the 

biasing and mesa size of 𝑄1. 
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Figure 6.33:  Circuit diagram of the transimpedance front-end amplifier used in this work, showing only 

the prime components. 

 

A PIN-PD introduces two poles to the front-end amplifier; the first pole emerges from 

the depletion capacitance while the second one is due fundamentally to the carrier transit 

time effect. The challenge in designing a wide bandwidth OEIC is the presence of a 

relatively large capacitance of the PIN diodes, in most cases exceeding 150fF, loaded on 

the TIA’s input impedance. Therefore, a common base input stage configuration with a 

very low input impedance was reported to address this issue[314]; however, in such a 

scenario, additional transistors are required to boost the circuit’s gain. For a less complex 
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design, the shunt feedback topology at the base node of 𝑄1 was used to further lower the 

input impedance of the amplifier. The direct consequence is to push the dominant pole 

caused by PIN-PD into high frequencies, offering an efficient high-speed capability. The 

first emitter follower transistor, 𝑄2 has a fundamental role in achieving a good flatness 

gain-frequency response, thanks to its high input impedance characteristic. Of note, this 

simply helps to isolate the parallel-feedback loop from the input capacitance of the 

output buffer, helping to eliminate the Miller capacitance loading to the previous stages. 

The resulting advantage further mitigates the influence of the physical based capacitance 

on the frequency bandwidth. In mid-band gain operation, the impact of the parasitic 

components is negligibly small and the inductance and capacitance of the prime elements 

are assumed to be short circuits with very low series resistance. This does not only help 

to simplify the cumbersome derivation of the transfer function but it also gives a 

prediction of the available gain of the circuit prior to the module results. Figure (6.34) 

depicts the small signal equivalent circuit of the TIA diagram used in this work, 

involving the shunt-shunt feedback topology which allows converting the detected 

photocurrent into corresponding electrical voltage signal.  
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β3IB3
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Figure 6.34: Mid-band small signal equivalent circuit of the front-end amplifier used in this work, obtained 

by the well-known 𝜋 hybrid model. 

 

𝑅𝐵1 = 𝑅𝐵2 = 𝑅𝐵3 = 𝑅𝐵 is the base resistance of a given transistor while 𝑅𝜋 = 𝛽𝑟𝑒 and 

the emitter and collector resistances were ignored throughout the analysis due to their 

low respective values. The input impedance, 𝑍𝑖𝑛 and output impedance, 𝑍𝑜𝑢𝑡 were firstly 

derived, taking advantage of the shunt-shunt feedback topology (i.e. voltage-shunt 
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feedback) in the circuit shown in figure (6.34). Note that both impedances decrease by 

the factor (1 + 𝑅𝑀𝛽𝑓) where 𝑅𝑀 and 𝛽𝑓 are the feedback-independent transimpedance 

gain and feedback factor respectively. According to the given circuit, 𝛽𝑓 = (−1 𝑅𝑓⁄ ) as 

well as 𝑍𝑖𝑛 and 𝑍𝑜𝑢𝑡 can be expressed as: 

𝑍𝑖𝑛 =
𝑅𝑓‖(𝑅𝐵1 + 𝑅𝜋1)

1 + 𝑅𝑀𝛽𝑓
                                                                                                           (6.15) 

𝑍𝑜𝑢𝑡 =

(
[(

(𝑅1 + 𝑅𝐵2 + 𝑅𝜋2)
1 + 𝛽2

‖(𝑅𝑓‖𝑅2)) + 𝑅𝐵3 + 𝑅𝜋3]

1 + 𝛽3
)‖𝑅3

(1 + 𝑅𝑀𝛽𝑓)
                                    (6.16) 

In a lossless transmission line system, the relation of the voltage gain (𝑆21) can be 

formulated by the mid-band gain, 𝐴𝑚 when satisfying two major conditions: the output 

port must be matched with circuit and the source impedance is 50Ω[315]. To this end, the 

relation of 𝑆21 and return loss, 𝑆11 are given by:  

𝑆21 = 20𝑙𝑜𝑔 (2𝐴𝑚) = 20 𝑙𝑜𝑔 (

(
2𝑅𝑀

1 + 𝑅𝑀𝛽𝑓
)

𝑍𝑜
)                                                                (6.17) 

𝑆11 = 10 𝑙𝑜𝑔 (
𝑍𝑖𝑛 − 𝑍𝑜

𝑍𝑖𝑛 + 𝑍𝑜
)                                                                                                        (6.18) 

The DC current gain, 𝛽 of the transistors was obtained from the model in accordance to 

the simulated base and collector currents, whereas other predefined parameters used in 

the simulation are tabulated in Table (6.4).  

 

TABLE 6.4:: MODEL PARAMETERS OF THE TRANSIMPEDANCE AMPLIFIER USED IN THIS 

WORK. 

PARAMETER VCC (V) 𝑅𝑓 (Ω) 𝑅1 (Ω) 𝑅2 (Ω) 𝑅3 (Ω) 

VALUE 3.3 100 500 250 350 

 

To maximize the bandwidth and gain, the transistor 𝑄1 was biased at its peak 𝑓𝑇 cut-off 

frequency and so the modeled front-end amplifier showed a transimpedance gain of 
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~36dBΩ with an electrical bandwidth of 10GHz as depicted in figure (6.35). The figure 

also exhibits the return loss with a response of less than -10dB over a wide range of 

frequencies (up to 20GHz), emphasizing that the amplifier is well-matched with a 50Ω 

source impedance. Moreover, the electrical bandwidth result is evidently suitable for an 

optical system operating with a bit rate up to 15Gb/s. The circuit performance can be 

improved by optimizing the model parameters, broadening the bandwidth without 

significantly sacrificing other figure of merits.  
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Figure 6.35: Simulation result of front-end amplifier, showing the transimpedance gain, 𝑍𝑒𝑓𝑓  and return 

loss responses as a function of operating frequency using 10×10µm
2
 InP/InGaAs HBTs.  
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Figure 6.36: The variation effect of feedback resistor on the transimpedance gain and electrical bandwidth 

of front-end amplifier, an InP/InGaAs HBTs with a 10×10µm
2
 mesa was used in the simulation. All other 

parameters were kept constant throughout the simulation run. 
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The DC power dissipation in the whole circuit including the resistors and transistors is 

approximately 22.6mW. The direct dependency of the transimpedance gain and 

bandwidth on the feedback parameters was investigated; unsurprisingly high gain and 

narrow bandwidth are observed with a large feedback resistor values as shown in figure 

(6.36). A 32dBΩ with a bandwidth of 14GHz was achieved at an 𝑅𝑓 value of 50Ω. These 

outstanding results offer an opportunity to integrate a relatively large size and low-cost 

manufactured HBT, with the aim to be used in EPON optical communication systems. 

Other than manipulating the feedback parameters, the use of a small transistor feature 

size with a high cut-off frequency can effectively enhance the high-speed capability. This 

allows incorporating many HBT devices in the amplification stage with no severe impact 

on the frequency response since their respective junction capacitances would not exceed 

a few femto-Farads. However, this is constrained by two substantial factors: the available 

photolithography technique and low-yield process of micrometer-scale devices. It is of 

importance to mention that in real-world applications, there is no requirement for 50Ω 

input impedance in hybrid/monolithic integration scheme as the input impedance of the 

incorporated photodiode is mesa size and epilayer structure dependent at fully depleted 

condition.      

 

 

6.11.2 Group Delay 

To prudently assess the quality of a distributed amplifier characteristic, an additional 

parameter called the group delay, 𝜏𝑔 is required in particular for ultra-high speed 

operations. It is basically a measure of the linearity of the phase distortion as a function 

of frequency or in other words defined as the actual transit time of an electrical signal 

through the whole IC from the input to output port. In practice, variation in group delay 

should be equal of less than a quarter of a single bit duration time, ensuring that the phase 

distortion is maintained at an acceptable level[316] (i.e. the eye of the eye diagram is at 

least half open as will be discussed later in this chapter). The group delay is calculated 

from the phase of the gain transfer function as given by:  

 

𝜏𝑔 = (
−1

360°
) (

𝑑𝜃

𝑑𝑓
)                                                                                                                   (6.19) 

Where 𝜃 is the phase of the 𝑆21 of the TIA amplifier, which is strongly affected by the 

capacitance and inductance of the transistors themselves and surrounding bond-pads. 



229 

 

This gives an insight on how important it is to minimize the parasitic sources associated 

with unnecessary wide and long wiring connections. Figure (6.37) shows the group delay 

simulation result of the TIA circuit with different feedback resistor values. The modeling 

results demonstrated that the amplifier has a group delay variation of 12psec up to 

10GHz bandwidth at 100Ω 𝑅𝑓 and expectedly the deviation in 𝜏𝑔 reduces when the 

feedback resistance gets lower. 
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Figure 6.37:   Simulated group delay of the transimpedance amplifier with various values of the feedback 

resistor while keeping other parameters constant in the model. An InP/InGaAs HBTs with a 10×10µm
2
 

mesa sizes was used in the simulation. 

 

The reason is distinctly attributed to a reduction in the nonlinear distortion by the factor 

(1/(1 + 𝑅𝑀𝛽𝑓)) where 𝛽𝑓 = 1 𝑅𝑓⁄ , resulting in a 5.4psec group delay variation at 50Ω 

𝑅𝑓. However, this is at the expense of a decrease in the overall transimpedance gain 

thereby moderate feedback parameters must be chosen. A wideband front-end amplifier 

with a more than 25% deviation in 𝜏𝑔  produces jitter in the eye, which tends to increase 

the signal reshaping difficulties at the decision circuits. This issue is more severe at high 

optical power of >5dBm, in which the photoreceivers often encounter a high voltage 

swing hence the circuit might not operate linearly. Relevant discussion and analysis are 

presented in the following sections mainly focusing on how this inherent problem can be 

alleviated.  
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6.11.3 Bandwidth Enhancement Techniques 

Traditionally, the demand for a high bit rate data communication can be satisfied by 

using either small HBT feature sizes (1×5µm
2
) or sub-micrometer scale gate length 

HEMT devices of <30nm. In fact, the costly lithography techniques required is the major 

impediment facing the fabrication process of low-cost consumer market high-speed 

optoelectronic circuits. Therefore, passive peaking techniques were demonstrated as an 

alternative approach to enhance the electrical bandwidth of the amplifiers, further 

pushing the performance limits of  solid state devices[317]. An appealing characteristic 

of this method is that the improvement in high-frequency response comes with no 

additional power being dissipated in the circuit[78]. To this end, a number of peaking 

techniques have been reported and the most common ones are the use of capacitive and 

inductive elements[317-319]. As stated in the previous section, the emitter-base diodes 

are used as a level shifting component in the photoreceivers; however, their respective 

series resistances degrade the bandwidth performance of the TIAs. A parallel connected 

peaking capacitance is thus indispensable for extending the -3dB bandwidth, which can 

be improved by factor of  two  without  considerable degradation in the transimpedance 

gain or/and its flatness as well as noise characteristics of the amplifier[78]. In fact, this is 

largely due to a dominant pole created by the inserted capacitance and which is located at 

high-frequency relying on the emitter-base diode’s characteristic and optimum value of 

the capacitor.  

 

In this work, a supplementary series inductive peaking technique was used to broaden the 

-3dB bandwidth response of the circuit as shown in figure (6.38). Since the reactive 

inductance is a frequency-dependent parameter, a peak resonance is inevitably introduced 

at a certain frequency when the effects of the prime capacitive components and inductive 

peaking cancel each other.  

From the small-signal equivalent circuit of the photoreceivers, the derived 𝐿𝑠𝑝 is 

approximately given by [320]: 

 

𝐿𝑠𝑝 =
𝐶𝑗(𝑅𝑠 + 𝑍𝑖𝑛)2

2
                                                                                                                (6.20) 

 

Here 𝐶𝑗 and 𝑅𝑠 are the depletion capacitance and series resistance of the PIN-PD. Owing 

to equation (6.20), a small inductor, 𝐿𝑠𝑝 can be obtained by reducing the intrinsic 
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capacitance of the photodiode. To do so, small PIN-PD mesa sizes or/and mushroom-like 

structures are necessary; otherwise, the amplifier’s input impedance must be decreased. 

This does not solely minimize the noise performance of the circuit but it allows further 

extension in the -3dB bandwidth and a reduction in the overall chip size. In this research, 

the resulting model involves all the associated parasitics of the passive elements, which 

were broadly investigated in chapter three and not shown in the schematic circuit, figure 

(6.38). The prime components used in the simulation were optimized for high-speed 

performance and listed in Table (6.5).   
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Figure 6.38: A schematic circuit of the modeled transimpedance amplifier with an integrated peaking 

inductor, showing only the prime elements.  

 

TABLE 6.5: MODEL PARAMETERS OF THE TIA WITH AN INTEGRATED PEAKING INDUCTOR 

USED IN THIS WORK. 

PARAMETER VCC (V) 𝐿 𝑠𝑝 (nH) 𝑅𝑓 (Ω) 𝑅1 (Ω) 𝑅2 (Ω) 𝑅3 (Ω) 

VALUE 3.3 2 180 100 450 500 

 

The amplifier showed a transimpedance gain of 40dBΩ with an electrical bandwidth of 

11GHz without 𝐿𝑠𝑝 and with an overall DC power consumption of 30mW. A moderate 

integrated peaking inductor of 2nH led to widening in the -3dB bandwidth to 18GHz, 

which is enhanced by >60% as shown in figure (6.39). The corresponding 

transimpedance gain product is 1.8THz.Ω and can be further increased with larger 

inductor values. A 2nH peaking inductor is thus preferred for the design presented here 

since larger 𝐿𝑠𝑝 values will result into an increase in the group delay and a deleterious 
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impact on the overall performance of the photoreceiver. To clarify this, the group delay 

response with different peaking inductor was simulated as depicted in figure (6.40). 

Undoubtedly, small variation in 𝜏𝑔 is attainable when 𝐿𝑠𝑝 gets smaller regardless of the 

feedback parameters and better results can be achieved by lowering 𝑅𝑓. As a conclusion, 

the modeling results obviously reveal that the use of single feedback loop with peaking 

inductor technique has a reasonably decent performance but frankly has transimpedance 

gain and group delay dependency drawback at least with the relatively large HBT devices 

employed here.  
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Figure 6.39: Simulation result of transimpedance gain response as a function of operating frequency using 

10×10µm
2
 InP/InGaAs HBTs with and without peaking inductor. 
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Figure 6.40: Simulated TIA’s group delay with different peaking inductor values. An InP/InGaAs HBTs 

with a 10×10µm
2
 mesa sizes was used in the simulation run. 
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6.11.4 Multiple Feedback Loops TIA 

The well-known challenge in designing a wide bandwidth photoreceivers is the relatively 

high capacitance of the photodiodes loaded on the TIA’s input impedance and this can be 

alleviated by either using a common base configuration in the first stage or/and a single 

feedback loop. Furthermore, a high gain TIA is a key-driver in the capability of 

converting the weak photocurrents, providing better sensitivity performance. These 

imperative requirements are impeded by the limitations of the conventional circuit 

configurations as they still suffer from a poor overload performance at a high optical 

power of >0dBm due to the use of  a large 𝑅𝑓 for high gain and low noise operation[321]. 

This predominantly occurs in short-haul intercity communication systems, in which an 

EDFA amplifier is not used. At the optical overloading point, the front-end amplifier 

starts to saturate, resulting in a narrow dynamic range feature (could be less than 16dB). 

In fact, the dynamic range figure of merit depends on many factors, for example the 

transmission distance and sensitivity and transimpedance gain of the photoreceivers. A 

low reliability and unity amplification characteristic are the direct consequences of a 

compressed dynamic range. An effective way used to broaden the dynamic range without 

sacrificing the sensitivity is based on incorporating an automatic gain control (AGC) 

circuit with a single feedback loop TIA amplifier (SFB-TIA). The basic function of the 

AGC circuit is to adjust the overall IC gain, which is reduced and boosted at high and 

low optical power conditions respectively[322]. However, AGCs circuits are DC power 

hungry and increase the complexity in designing the whole photoreceiver compared with 

conventional designs. A new circuit configuration was thus proposed involving multiple 

feedback loop network (MFB), which improves the optical overload performance and 

achieves a large bandwidth without undesirable effects on the other characteristics[321, 

323].  

TABLE 6.6: A COMPARISON AMONG DIFFERENT TIA AMPLIFIER TECHNOLOGIES. 

TIA TOPOLOGIES 
OVERLOAD 

PERFORMANCE 
POWER CONSUMPTION DESIGN COMPLEXITY 

SFB-TIA Poor Low (≤30mW) Simple 

MFB-TIA Good  (~2dBm) High (~100mW) Simple  

AGC-TIA Superior ( ≥4dBm) Very High (>300mW) Complicated 
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Table (6.6) shows a comparison study among various TIA technologies that have been 

recently used in developing optoelectronic integrated circuits capacity. In this research, a 

MFB-TIA was modeled in an attempt to widen the bandwidth and achieve as minimum a 

group delay variation as possible since no peaking techniques are required. Figure (6.41) 

shows the circuit diagram of the MFB-TIA and the corresponding mid-band small signal 

equivalent circuit. A similar design was  reported in recent years but with SiGe BiCMOS 

technology[321].  
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Figure 6.41: Circuit diagram of the multiple feedback loops TIA amplifier alongside its mid-band small 

signal equivalent circuit used in this work, obtained by the well-known 𝜋 hybrid model and showing only 

the prime elements. 

 

The schematic uses shunt-shunt and shunt-series feedbacks through 𝑅𝑓1 and 𝑅𝑓2 resistors 

respectively. The gain stage 𝑄1 is connected to 𝑄2 in order to facilitate a convenient level 

shifting and emitter degeneration characteristic (i.e. improve the circuit linearity and 
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further reduce the input impedance without a noticeable influence on the overall 

transimpedance gain). Of course, the size and biasing conditions of the first stage play a 

pivotal role in determining the noise performance and -3dB bandwidth of the 

preamplifier. Moreover, a proper 𝑅1 value can help to decrease the group delay 

response[324]. The use of the wideband buffer transistor, 𝑄3 is to mitigate the capacitive 

loading effect at the collector of 𝑄1 and enhance the optical overloading performance. An 

appropriate design for the output stage, 𝑄4 necessitates that a comparable 𝑅4 and 𝑅5 

should be chosen, allowing a reasonable voltage drop at the terminals of 𝑅4 and 

subsequently dividing the received photocurrent between the two feedback resistors. This 

results in almost identical small signal networks at the base and emitter nodes of 𝑄4 or in 

other words, the aggregate transimpedance from input to output ports can be roughly 

formulated as 𝑅𝑓1‖𝑅𝑓2[321].  

   

For the sake of simplicity, the level shifting 𝑄2 was compensated by a resistor 𝑅2 as 

shown in the small signal equivalent circuit.  Note that input impedance decreases by the 

factor (𝑅𝑀𝛽𝑓1𝐴𝑖𝛽𝑓2) where 𝑅𝑀 and 𝐴𝑖 are the feedback-independent transimpedance 

gain for the shunt-shunt and shunt-series topologies respectively while 𝛽𝑓1 and 𝛽𝑓2 are 

feedback factors of the aforementioned feedback loops. According to the mid-band 

equivalent circuit, the derived 𝛽𝑓1 = (1 𝑅𝑓1⁄ ) and 𝛽𝑓2 = (𝑅5 (𝑅5 + 𝑅𝑓2⁄ ) values and thus 

𝑍𝑖𝑛 can be expressed as: 

 

𝑍𝑖𝑛 ≃
𝑅𝑓1‖(𝑅𝑓2 + 𝑅5)‖[𝑅𝜋1 + (1 + 𝛽1)𝑅2]

𝑅𝑀𝛽𝑓1𝐴𝑖𝛽𝑓2
                                                                     (6.21) 

 

Equation (6.21) gives a general indication of a rather low 𝑍𝑖𝑛 offered by a MFB topology 

compared with the widely used SFB-TIAs, and this is reflected into less capacitive 

loading effect emerging from a large integrated PIN-PDs. The output impedance is 

mainly dominated by the shunt-series loop. 

 

𝑍𝑜𝑢𝑡 ≃ 𝑅4(1 + 𝐴𝑖𝛽𝑓2)                                                                                                             (6.22) 

More importantly, evaluating the overload optical current, 𝐼𝑜𝑣 can be estimated at the 

point when the transistor 𝑄1 enters saturation condition[321]. 
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𝐼𝑜𝑣 =
𝑉𝐵𝐸3

𝑅𝑓1‖𝑅𝑓2
+

𝑉𝐵𝐸4

𝑅𝑓2
                                                                                                             (6.23) 

The 𝐼𝑜𝑣 expression quantifies an additional degree of freedom in designing the MFB-

TIA, from which a larger overload current is achievable by choosing  𝑅𝑓1 < 𝑅𝑓2 and as 

long as the term 𝑅𝑓1‖𝑅𝑓2 is maintained constant. As a result, a low noise and a good gain 

can be attained with wide range of feedback resistor values before incurring an 

undesirable impact on the optical overload response. This study found that the model of 

the multiple feedback loop circuit has an approximately flat transimpedance gain of 

45dBΩ (~178Ω) with an electrical bandwidth exceeding 18GHz as shown in figure 

(6.42). The corresponding transimpedance gain product is 3.2THz.Ω and can be 

definitely extended with the use of smaller transistor features.  
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Figure 6.42: Simulation results of MFB-TIA amplifier, showing the transimpedance gain(𝑍𝑒𝑓𝑓), return loss 

response and group delay as a function of operating frequency. A 10×10µm
2
 InP/InGaAs HBTs was 

exploited in the model.  

 

Furthermore, the return loss response is lower than -10dB while the deviation in the 

group delay is 11.7psec up to 20GHz. The promising -3dB bandwidth and group delay 

are satisfactory for supporting an optical system with 20Gb/s and beyond. However, the 

monolithic integrated PIN-PD will reduce the bandwidth slightly. The circuit consumes 

an overall DC power of 120mW, of course much higher than that required for SFB-TIAs. 

The step by step detailed of the single and multiple feedback TIA-modules realized in 

Keysight-ADS is given in Appendix C. 
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6.12 Monolithic Optoelectronic Integrated Circuit 

In the previous sections, a detailed performance analysis of different TIA circuits was 

investigated and now it is time to present the practical photoreceiver implementation. By 

doing this, one of the main contributions of this research is the endeavor to 

comprehensively study the performance of practical OEIC circuits based an integrated 

PD-HBTs. This includes exploring both single and multiple feedback loop preamplifiers 

in terms of high Gb/s capability and other figure of merits. Henceforth, for the sake of 

convenience, a 20µm window size PIN-PD was utilized in the OEICs due to its low 

depletion capacitance compared with other large devices, translating into a wide optical 

bandwidth.  

 

6.12.1 Simulation Results and Discussion  

Figure (6.43) shows the circuit design of the OEICs used in this work, including the 

front-end amplifiers incorporated with the PIN-PD and integrated series peaking inductor 

(𝐿𝑠𝑝) with SFB-TIA.  

Lsp

R1

RF

R2 R3

VPD

Q1

Q2

Q3

VCC

PIN

 l=1.55µm

Vout

Iph

R1

Rf1

R3

R5

Q1

Q3

Q4

VCC

Iph
Vout

Rf2

R4

Q2

VPD

PIN

l=1.55µm

 

Figure 6.43: A schematic circuit of the modeled photoreceiver of SFB (top) and MFB-TIAs (bottom) 

showing only prime elements. A 10×10µm
2
 InP/InGaAs HBTs was used in the work.  
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The opto-electrical equivalent circuit model of the PIN-PD discussed in the previous 

chapter was employed here. It is well-known that the photodiodes are often used in their 

fully-depleted condition at which the width of the intrinsic layer is almost bias-

independent. To this end, the extracted equivalent circuit parameters of the PIN-PD at 

𝑉𝑃𝐷=5V and with a laser wavelength of 1.55µm have been used. Additionally, the 

passive elements of the OEICs shown in figure (6.43) were optimized to achieve as high 

an optical bandwidth as possible. The simulated optimization procedure was performed 

to be consistent with the high cut-off frequency biasing condition of the integrated 

circuits especially for the gain stage transistor. The challenge encountered throughout the 

simulation approach is how to efficiently boost high-speed operation while maintaining a 

low DC power consumption in the photoreceivers. The realized OEIC circuit was biased 

at a standard collector voltage of 3.3V; however, the opto-electrical model of the top-

illuminated PIN-PD had a 41µA photocurrent (𝐼𝑝ℎ).  

 

The first step was to simulate the SFB photoreceiver with and without supplementary 

series peaking inductor to establish what enhancement is reflected into the -3dB 

bandwidth response. The model results demonstrate that the circuit has an opto-electrical 

bandwidth of 15 and 9GHz with and without an integrated inductor respectively at a 

power dissipation of about 30mW as shown in figure (6.44). A 2nH peaking inductor led 

to widening in the -3dB bandwidth by >65%. The obtained bandwidth is theoretically 

sufficient for up to 20 Gb/s data rate operation.     
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Figure 6.44: Opto-electrical frequency response of the modeled photoreceiver for TIAs with SFB and MFB 

loops. A peaking inductor was only used with the SFB preamplifier and the whole IC was realized with a 

20µm window size PIN-PD and 10×10µm
2
 InP/InGaAs HBTs. 
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In practice, the requirement for a small 𝐿𝑠𝑝 is simultaneously correlated with achieving a 

low group delay variation and its feasibility in theory is based on decreasing the intrinsic 

capacitance of the photodiode or/and input impedance of the TIA. Moreover, the most 

interesting finding is that a similar optical bandwidth of 14GHz was accomplished 

employing the alternative MFB circuit as depicted in figure (6.44). This encouraging 

result evidently proves that 20Gb/s might be obtainable with large 10×10µm
2 InP/InGaAs 

HBTs irrespective of bandwidth peaking methods. Nevertheless, an experimental 

validation for the approach is still required to test this methodology in practical 

applications. 

 

To fully characterize the photoreceiver circuit performance, the conversion gain was 

evaluated, which is the product of transimpedance gain and responsivity of the 

photodiode. Predictably, a high conversion gain ranging from 90 to 120V/W was found 

for multiple feedback loop receiver as a result of the figure of merit (i.e. 45dBΩ  𝑍𝑒𝑓𝑓) in 

comparison with 50-100V/W for the single feedback circuit over a wide band of 

frequencies as shown in figure (6.45). Such a key-factor is expected to improve by ~20% 

with the addition of AR coating layer deposited on the PIN’s window optical aperture. 

An increase in the feedback resistor can aid to boost the conversion gain response but at 

the cost of a detrimental effect on the frequency bandwidth.     
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Figure 6.45: Conversion gain performance as a function of frequency for the modeled photoreceiver with 

SFB and MFB loops. A 2nH peaking inductor was used with the SFB preamplifier module. 

 

To convey a message signal on an optical carrier, it is imperative to modulate the 

properties of the carrier with respect to the transmitted signal in terms of frequency, 
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polarization and intensity. The most often used fibre optic systems employ a simple 

binary modulation method known as On-Off keying (OOK), in which the data is 

represented by ‘0’s and ‘1’s in accordance to their voltage level and data encoding 

system used. There are two basic modulation formats of the resulting pulse sequences; 

return-to-zero (RZ) and non-return-zero (NRZ) schemes. Unlike the NRZ format, RZ 

requires an approximately double bandwidth as that used by NRZ and this is due to the 

fact that RZ uses narrow pulse duration time[78]. In Keysight-ADS, either an embedded 

transit or channel simulator tool can be utilized to simulate the photoreceiver when 

transmitting a NRZ 2
15

-1 pseudo-random bit stream (PRBS) pattern applied from a bit 

stream generator. Because of a limitation in pattern generator capability, a NRZ 2
15

-1 

PRBS pattern was applied instead of the widely exploited 2
31

-1 ones; however, in 

practice, no significant difference would be noticeable between these patterns. Figure 

(6.46) and (6.47) illustrate the eye diagram simulation output with SFB and MFB loops 

circuits respectively.  

 

            

Figure 6.46: Simulated eye diagram of the SFB loop photoreceiver at a bit rate of 10Gb/s (left) and 20Gb/s 

(right). 

                                  

Figure 6.47: Simulated eye diagram of the MFB loop photoreceiver at a bit rate of 10Gb/s (left) and 20Gb/s 

(right). 
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Clearly an open eye diagram with no inter-symbol interference (ISI) was observed for 10 

and 20 Gb/s operation in both photoreceiver responses. To achieve comparable results to 

the actual data, the simulation was performed at 10
-9

 bit error rate. The results show 

negligibly small overshoot or/and undershoot distortion, which is often caused by 

interruption in the signal path. Additionally, the calculated root mean square jitter of the 

overlapped bit stream for the single and multiple feedback loops is 4ps at 20Gb/s while 

producing an open eye width of >29ps. This has been undeniably benefited from good 

timing synchronization and a rather small jitter effect. 

 

 

6.12.2 Layout Design 

Once the desired results of the module have been demonstrated, the next step was the 

layout design for the entire integrated circuits, such as TIAs and OEICs. Since high-

frequency and low power dissipation operation were the ultimate objective of the project, 

extra care was needed in designing the layout, which involves the following guidelines: 

1. The neighboring passive and active components should be reasonably close to each 

other. 

2. The width of the NiCr resistor is required to be ≥15µm, avoiding self-heating issue of 

the thin film resistors.  

3. It might be important to maintain the thickness of the interconnection metals within 

≥1µm, which in-turns reduce their associated inductance and series resistance. 

4. All the ground pads must be electrically unified with the width of the crossover 

interconnecting metals to be as thin as 2-4µm resulting in a decrease in the parasitic 

capacitance.  

5. Various via sizes were designed to enable good contact between the overlapped metal 

schemes. 

 

An example of the designated layouts for the TIA front-end-amplifier and OEIC with a 

total die size of 696×690 and 825×690µm
2
 respectively are shown in figure (6.48) and 

(6.49). The input and output ports of both circuits were intended for GSG probing 

measurements in a 50Ω characteristic impedance and accordingly the dimensions of 

CPW transmission lines were defined. Other than OEICs, there are a few discrete process 

control monitoring (PCM) components and structures included in the mask design, for 

example HBTs, PIN-PDs, various values of NiCr resistors and spiral inductors and many 
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TLM structures for emitter, base and collector ohmic contacts. The first fabrication run 

showed that several mask steps in the processing needed to be optimized, such as the 

isolation process of the HBTs and the integrated PIN-PD must be separately carried out.  

 

 

Figure 6.48: Photo-mask of the TIA’s layout with SFB loop showing the HBT devices, resistors, spiral 

peaking inductor and input/output ports.  

 

 

Figure 6.49: Photo-mask of the single feedback loop OEIC’s layout including the TIA preamplifier, spiral 

peaking inductor and 20µm window size PIN-PD.  
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Of note, a close visual inspection in the first run revealed a flaw in the process which led 

to deterioration in the predicted results. This was due to the extended isolation etching 

time. The fact that the isolation process was performed all the way to the InP substrate 

introduces a high leakage current degrading the characteristics of the photodiode. By the 

time the photo-mask was optimized and processed towards the end of this research 

period, unfortunately, the clean room was out of action due to a water flood issue and the 

fabrication process had to be postponed. A photomicrograph of a fabricated OEIC with 

single feedback loop topology is shown in figure (6.50).  

 

 

Figure 6.50: Photomicrograph of a fabricated SFB loop OEIC’s showing the TIA preamplifier, spiral 

peaking inductor and 20µm window size PIN-PD.  

 

Even though the objective was to demonstrate a fully integrated photoreceiver, the 

module and its relevant data discussed in this chapter were based on actual results from 

fabricated discrete devices (both passive and active). This involves several aspects in 

relation with the realized module in terms of using fully electrical equivalent circuits for 

NiCr resistors and 2.5 EM momentum modelling tool to accurately model spiral 

inductors, in which the coupling impact of the neighboring transmission lines was 

considered. These latter results provide a good demonstration of what can be expected 

from the IC design built throughout this project.  
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6.13 Comparison with State of Art  

In contrast to the MBE grown InP/InGaAs HBT studies in this research, there are  

numerous demonstrations in the literature concentrating on efficient optoelectronic 

integrated circuits as tabulated in Table (6.7).  

 

TABLE 6.7: STATE OF ART OF RECENTLY REPORTED WORKS OF OPTOELECTRONIC 

INTEGRATED CIRCUITS OPERATING AT 1.55µm WAVELENGTH. 

REPORTED 

IN 

RECEIVER 

TECHNOLOGY 
RECEIVER TOPOLOGY 

BANDWIDTH 

(GHZ) 

BIT RATE 

(Gb/S) 

Sensitivity 

(dBm) 

[325] 
InAlAs/InGaAs 1µm 

gate length HEMT 
PIN-TIA (Monolithic) ~7.3 10 -17.3 

[16] 
InAlAs/InGaAs 1µm 

gate length HEMT 
PIN-TIA (Monolithic) >5 10 -19.2 

[326] SiGe HBT APD+TIA (Hybrid) 9.9 10 -29.5 

[327] InGaP/GaAs HBT PIN+TIA (Hybrid) ~10 10 -19 

[328] 0.18µm CMOS PD+TIA (Hybrid) 7.2 10 -16.4 

[272] 
InAlAs/InGaAs 

25µm
2
 HBT 

PIN+TIA (Monolithic) 16 20 -18 

[329] 
InAlAs/InGaAs/InP 

DHBT 

PIN-TIA+ Limiting 

Amplifier (Monolithic) 
37 40 -9.4 

[330] InP HEMT EDFA+UTC-PD +TIA 

(Hybrid) 
N/A 40 -27.5 

[331] 
InAlAs/InGaAs 

HEMT 

WGPD+Diff Distributed 

Amp (Hybrid) 
40 40 -8.4 

[15] 
InP/InGaAs 5µm

2
 

HBT 
PIN+TIA (Monolithic) 50 >40 -12.7 

[309] 
0.1µm gate length 

InP HEMT 
UTC-PD+TIA (Hybrid) 43 50 -7.6 

[332] 

InAlAs/InGaAs 

≤0.3µm gate length 

HEMT 

WGPD+TWA 

(Monolithic) 
40 60 -12 

THIS 

WORK 

InP/InGaAs 

10×10µm
2
 HBT 

PIN+TIA (Monolithic) 15 20 N/A 

 

Of course, photoreceivers-based an HEMT and CMOS technologies necessitate sub-

micrometer scale gate lengths compared with the relaxed HBT dimensions used here. 
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However, the process dependent HEMT characteristics and stringent lithography 

required in CMOS make these devices not a natural choice for high-speed and low-cost 

manufacturing OEICs. For example, 0.18µm CMOS and 1µm gate length 

InAlAs/InGaAs HEMT based photoreceivers have -3dB bandwidth of about 6GHz[325, 

328]. On the other hand, a reported 5µm
2
 emitter size InP/InGaAs HBT exhibited an 𝑓𝑇 

and 𝑓𝑚𝑎𝑥 of 130 and 220GHz respectively[15]. The HBT based OEIC module presented 

in this work showed a high-frequency performance comparable to reported results 

[275,303] despite its large mesa size. Furthermore, the simplicity of the HBT processing 

used throughout this PhD research and promising figure of merits achieved (𝑓𝑇 =54GHz 

and 𝑓𝑚𝑎𝑥 =56GHz) with a reasonable power dissipation of the fully integrated 

photoreceiver of 30mW which evidently support the conclusion that these devices are 

suitable for high-performance and low-cost next generation single chip PIN-TIA 10Gb/s 

EPON fibre-optic systems.  
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Figure 6.51: Comparison of the reported optical receiver performances in terms of their bandwidth and date 

rates[13, 15, 83, 309, 317, 326, 328, 329, 331-341].  

 

The most recent optical receiver performance presented in literature show an exponential 

increase in data rate capability for HBTs, HEMTs and CMOS ICs used in optical 

communications links. This has been achieved as a result of extensive reduction in lateral 

HBT dimensions and gate lengths of HEMTs and CMOS devices as shown in figure 
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(6.51). The reason is due to a the rapidly growing demands for ultra-high data rates 

optical systems operating beyond 10Gb/s.  

 

 

6.14 Summary  

A detailed study and analysis of the performance of a low-cost PIN-PD and HBT 

transistor combination for use in optoelectronic integrated circuits was described in this 

chapter. The base and collector regions of the transistor were designed to form a PIN 

photodiode which has a DC responsivity and quantum efficiency of 0.5 A/W and 0.45 

respectively without antireflection coating and at a wavelength of 1.55µm. The 

experimental data revealed that the photodiode has a low dark current of ~1.5nA under a 

fully depleted condition (external applied voltage of -5V). A measured -3dB bandwidth 

of 18GHz for the 20µm PIN-PD were obtained and the 10×10µm
2
 emitter size HBT had 

a breakdown voltage of approximately 4.5V and a DC current gain, 𝜷 of ~65 at a bias 

condition 𝑽𝑪𝑬=2V and 𝑰𝑪=10mA. This relatively large device had a Mason’s unilateral 

gain of ~60GHz and exhibited measured 𝒇𝑻 and 𝒇𝒎𝒂𝒙 of 54 and 57GHz respectively. The 

measured base sheet resistance was found to be 592Ω/□ extracted from the TLM 

measurements and attributed to the heavily doped base layer and optimised fabrication 

process. In addition, the Silvaco physical model employed in this research showed that 

the use of a thin undoped spacer layer can help to reduce the potential spike at the 

emitter-base heterojunction, facilitating high current gain at a given bias condition.  

 

The HBT large signal device model was successfully realized in Keysight-ADS software 

using the UCSD-AGILENTHBT model, which showed excellent agreement characteristics 

with measured results. For the photodiodes, an opto-electrical equivalent circuit, that 

takes all physically based parameters into account, was used, contributing to achieving an 

excellent agreement with the measured data for various PIN mesa sizes. For the 

monolithically integrated InP/InGaAs PIN-HBTs photoreceiver model, an SFB loop TIA 

module was implemented in Keysight-ADS with a three-stage preamplifier which has a 

transimpedance gain of 40dBΩ and consumes an overall DC power of 30mW. The 

preamplifier exhibited a -3dB electrical bandwidth of 18 and 11GHz with and without a 

2nH integrated spiral inductor, which led to enhancing the bandwidth by >60%. This 

corresponds to a good transimpedance-gain product of 1.8THz.Ω. In addition, the 
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optical/electrical response of the whole OEIC utilizing 10×10µm
2
 HBTs and a 20µm 

window size PIN-PD offers a bandwidth of ~15GHz, adequate for up to 20 Gb/s data rate 

operation. For large frequency bandwidth, an MFB topology is required at least with the 

large HBT feature size used here, providing a small variation in the group delay response 

due to unnecessary for use an integrated peaking inductor.  

 

A detailed study of the performance analysis of the MFB-TIA found that such a circuit 

has a transimpedance gain of 45dBΩ with an electrical bandwidth exceeding 18GHz. 

This corresponds to a high 3.2THz.Ω transimpedance gain product. The use of MFB-TIA 

has contributed to an increase in the overall DC power consumption to 120mW, 

however, the deviation in the group delay decreased to 11.7psec up to 20GHz. The 

promising -3dB bandwidth and group delay are suitable for supporting an optical system 

with 20Gb/s data rate. Furthermore, a bit stream generator with an NRZ 2
15

-1 PRBS 

pattern was used to evaluate both SFB and MFB OEIC and the simulation results 

revealed that clear open eye diagrams with no observation of ISI for 10 and 20 Gb/s 

operation were obtained. The evaluated root mean square jitter of the overlapped bit 

stream for both photoreceiver ICs is 4ps at 20Gb/s while producing an open eye width of 

>29ps. 
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CHAPTER 7: CONCLUSION AND FUTURE WORKS 

 

7.1 Conclusion 

This final chapter fulfils a dual role: firstly, it is devoted to providing a brief summary 

regarding the conclusions of the project’s main achievements and research undertaken 

and secondly, proposed ideas and possible future directions of research are discussed to 

further extend the field.  

 

7.1.1 RTD and Related Circuits 

The resonant tunnelling diode is the fastest room temperature solid state semiconductor 

device for use as a compact THz source due to its operational principle based on 

quantum mechanical tunnelling. The highest fundamental frequency of the RTD 

oscillator reported to date is reaching 2THz using highly compressive indium rich 

quantum wells. The low voltage operation of the RTD at room temperature reduces the 

power dissipation of the integrated circuit. The negative differential resistance and low 

bias requirements make this device unique for mm and sub-mm wavelengths applications. 

Developments in the MBE techniques have led to achieving highly uniform and smooth 

monolayer films, enabling high yield DBQW-RTD reproducibility and 

manufacturability. RTDs with mesa sizes of ~1µm
2
 are easy to fabricate using the low-

cost i-line lithography technology facility at the University of Manchester. Such device 

sizes can exhibit a cut-off frequency exceeding 1THz while still maintaining an excellent 

current density, giving it superior performance abilities, far surpassing those of deep 

submicron feature CMOS and HEMT based solid state devices.  

 

This work presented an experimental study of double barriers InGaAs/AlAs RTDs 

designed to improve the diode characteristics and exploring five different device 

structures covering a parameter space allowing for both high and low current density 

devices for applications as oscillators or amplifiers. A very good high peak to valley 

current ratio of 5.2 was obtained for a low current density device, RTD sample #276. 

More interestingly, these PVCR values were obtained with low JP characteristics of 0.08 

and 0.26mA/µm
2
 for samples #276 and #277 and are extremely beneficial for radio 

frequency MMIC implementations with ultra-low DC power consumption. As expected 

from the design of the RTDs, the measured results show a significant increase in the 
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current density resulting from thinner barriers and quantum well widths, for example 

sample #327 has the highest JP of 10.8mA/µm
2
 followed by sample #302. This is, 

however, at the somewhat unavoidable cost of an increase in the peak voltages for the 

high peak current density devices. Deviation in VP with mesa size of the RTDs was 

found to be negligibly small for devices with low JP (samples: #276, #277 and #300). A 

36mV/µm
2
 voltage deviation was observed for diodes with a peak current density of 

10.8mA/µm
2 

and is attributed to the self-heating of the diodes. This inherent issue was 

clarified using pulsed dc voltage tests to verify our proposed explanation for this 

variation.  

 

To accurately evaluate the cut-off frequency of RTDs, careful extraction procedures of 

the intrinsic equivalent circuit parameters were performed employing the commercially 

available software package Keysight-ADS. This model was then validated through 

excellent matching with actual S-parameter data obtained from on-wafer probing up to 

40GHz. An estimated high frequency operational limit of 2.7THz was deduced for RTD 

sample #327. As far as the requirement for desired characteristics of the RTDs are 

concerned (including JP, PVCR and 𝐺𝑅𝑇𝐷), samples #302 and #327 would be favored for 

use in oscillator circuit design and characterizations. From such circuit’s perspective, 

current difference (∆I) and voltage span (∆V) are required to be as large as possible, to 

ensure high RF power is available to the load. The simple epitaxial design of the RTD 

samples explored avoid quaternary materials or/and graded layers making them easier to 

manufacture; The highest current density sample XMBE#327 (JP of 10.8mA/µm
2
) still 

maintained an excellent PVCR ~5, one of the highest ever reported for such a high 

current density making the diode suitable for low-cost mm-wave/THz regime 

applications. The promising PVCR achieved in this work is more than double of those 

demonstrated in the literature. Additionally, a more significant result is that a very high 

𝐺𝑅𝑇𝐷 of 95mS/µm
2
, the highest to date was reported for the same RTD sample #327 

simultaneously achieving both high PVCR and large negative differential conductance. 

These findings primarily owe much to the combination of excellent grown conditions and 

material used alongside a well-established photo-mask and developed fabrication 

process. 

 

Due to occurrence of self-oscillations at low frequencies (2-3GHz) caused by interactions 

between the DC set-up cables and the RTD’s intrinsic capacitance, a stabilizing circuit is 
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thus required. To fully eliminate this issue, a 25Ω resistor was integrated in parallel with 

the diodes, cancelling the low-frequency oscillation and allowing the circuit to resonate 

at the desired operating frequency. The experimental results suggested that the partially 

stabilizing resistor is limited by the absolute value of the negative differential resistance. 

Furthermore, an electromagnetic modelling of a 9µm
2 

InGaAs/AlAs RTD sample #230, 

whose JP is 1.2mA/µm
2
, was performed by integrating with a coplanar waveguide 

resonator. A 100 GHz oscillator was realized in the model and achieved an output power 

of 100µW. It is also apparent from the spectrum that the first harmonic occurs at 201 GHz 

with an extremely low power of 0.05 µW. Higher stabilizing resistor,  𝑅𝑠ℎ (i.e. 𝑅𝑠ℎ >

1/|𝐺𝑅𝑇𝐷|) has led to suppression of the oscillation at 100GHz because the stability 

conditions cannot be satisfied at low frequencies. All the passive components used in 

realizing the ICs were experimentally characterized, including NiCr resistors, spiral 

inductors, parallel plate capacitors and CPW transmission lines. 

 

The unique NDR feature of the RTDs can be employed to compensate for the resistive 

losses of an active transmission line circuit and provided gain at the output port of an 

amplifier depending on several factors such as 𝑅𝑅𝑇𝐷 value (i.e. a small 𝐺𝑅𝑇𝐷 is preferred 

here) and good matching between the RTDs and branch couplers. In this project, 

modeling and theoretical analysis of a novel K-band reflection-based amplifier was 

performed utilizing InGaAs/AlAs RTD sample #277 with a mesa size of 1×2.4 µm
2
. The 

model was built using a lumped element branch line coupler with two active RTD loads. 

Due to constructively combining the amplified in- phase electromagnetic waves at the 

output port, a high gain of 32 dB was simulated at 25.3 GHz while maintaining a very 

low DC power consumption of 256µW. This corresponds to a record figure of merit of 

125dB/mW to date, validating the excellent performance of the amplifier. Power gain 

dependent voltage bias were subsequently studied and ascertained that the amplifier’s 

gain vanishes at an external voltage close to the peak and valley of the NDR region. 

However, the flatness of the gain is relatively good as long as the diode provides a 

negative resistance, giving a comfortable process window for the circuit’s operation. 

 

7.1.2 HBTs and Optoelectronic Integrated Circuits 

An overview of HBT and PIN-PD material system and their figures of merit were 

covered in this thesis. Extensive characterization study was performed followed by 

building an InP/InGaAs SHBT and PIN-PD modules. Those devices were fabricated and 
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then tested at the University of Manchester facility. The implemented model includes 

extraction of the equivalent circuit parameters with the main purpose of determining the 

high-frequency capability of the HBT and PIN-PD. A large-signal built-in AGILENTHBT 

model was used to simulate the heterostructure transistor and a good agreement was 

found between the simulated and measured results. Due to the specific design of the 

InP/InGaAs epilayer structures and considering the trade-off between high performance 

PIN and HBT to fulfil yielding optimum 10 to 20Gb/s OEICs, a 10×10µm
2
 emitter mesa 

size transistor demonstrated an 𝑓𝑇 and 𝑓𝑚𝑎𝑥 of 54 and 57GHz respectively. The room 

temperature measurement for the PIN photodiode I-V characteristic with a window size 

of 20µm showed a low dark current of ~1.5nA for an external applied voltage of -5V. 

The achieved low leakage current under fully-depleted condition is primarily imparted to 

the well-designed epitaxial structure and high-quality material. The measured photo-

current was 41.5µA at -11dBm optical power with a laser wavelength of λ=1.55µm, 

corresponding to a 0.5 A/W and 0.45 DC responsivity and quantum efficiency 

respectively without antireflection coatings and these latter parameters can be improved 

by roughly 20% by depositing an AR coating on the photodiode’s aperture. 

 

The full electrical equivalent circuit models of the illuminated photodiodes do not 

actually provide a proper clarification for the transit time capacitance. Of course, this 

would become much worse when the input optical power level is high and at which point 

the impact of the induced-stored charge in the photodiodes can no longer be ignored. 

With this in mind, an opto-electrical model with a nonlinear voltage controlled current 

source was utilized here, taking into account the effects of 𝑅𝐶 time constant and carrier 

transit time, from which, the extracted 𝑅𝐶 limited -3dB bandwidth and -3dB carrier 

transit time bandwidth were ~17.7 and 36GHz respectively. This emphasizes that the 

high-speed operation of the vertically illuminated photodiode is obviously limited by its 

𝑅𝐶 time constant. The optical bandwidth is expected to further increase through either 

shrinking the mesa size or/and optimizing the absorption layer thickness. 

 The encounraging findings of the AGILENTHBT and PIN-PD opto-elelctrical models 

were put forward into simulating a monolthically integrated photoreceivers with single 

and multiple feedback loops, providing an aid to understanding of the simulation results 

prior to measured data. In both designs, an input stage with shunt feedback topology was 

used to minmize the input impedance of the reamplifier, resulting into an enhancement in 
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high-frequency operation. The SFB-TIA front-end amplifier exhibited a 32dBΩ 

transimpedance gain with a bandwidth of 14GHz; predictably high gain and narrow 

bandwidth were observed with a large feedback resistor value. To further extend the -

3dB bandwidth, a series peaking inductor technique was used and led to widening the 

bandwidth to 18GHz (i.e. an improvement of >60%), which corresponds to 

transimpedance gain product of 1.8THz.Ω.  However, further increase in the peaking 

inductor value has a deleterious impact on the group delay variation and overall 

performance of the photoreceiver thereby this trade-off should be effectively balanced. 

As the conventional SFB-TIA has low optical overload response, an MFB-TIA circuit 

was thus investigated. Such a circuit configuration does not only offer relatively high 

overload optical current but it also has a large bandwidth irrespective of peaking 

techniques. The MFB-TIA circuit provided a gain of 45dBΩ with an electrical bandwidth 

exceeding 18GHz while producing deviation in the group delay of 11.7psec up to 

20GHz. An OOK NRZ 2
15

-1 PRBS patterns were applied to the SFB and MFB 

photoreceivers and it was found that the eye diagrams were clearly open with no 

observation of inter-symbol interference for 10 and 20 Gb/s operation responses. The 

results showed negligibly small overshoot or/and undershoot distortion, asserting that 

these promising results are adequate for supporting 10Gb/s EPON optical systems. 

 

 

7.2 Future Works 

This research provided a solid foundation and presented a wide-ranging study on 

characterizing and designing RTD based circuits and monolithic integrated 

optoelectronic ICs. Whist covering many aspects in this thesis, there are still a number of 

potential explorations to further extend this work in the future and in particular:   

 

7.2.1 Low DC Power RF Circuits 

Since various RTD devices have been fully characterized in terms of their DC and RF 

parameters and IC amplifiers designed using Keysight-ADS software, the next step is to 

fabricate amplifier IC operating beyond 50GHz. In fact, the main objective is to 

demonstrate a low cost, sub-milliwatt power consumption and narrow band amplifier-

based quantum device.  For this stage, Keysight-ADS momentum and 3D simulator 

EMPro commercial software can be used to accurately model the lumped-element branch 

line coupler at different operating frequencies starting from 5 up to 100GHz. Thinning 



253 

 

the substrate thickness to 100µm or lower will be needed to minimize the platform losses 

for low noise figure properties and to further mitigate the effects of associated parasitics. 

Once the required modeling results are optimized, the amplifier can be fabricated 

utilizing RTD samples XMBE#276, #277 and #300, the circuits’ FOM measurement will 

be then performed and compared with the state of art. Moreover, an interesting IC that 

would be useful to implement is a low power consumption full duplex bidirectional 

amplifier. Such circuits are highly useful in wireless transceiver systems, retrodirective 

antenna arrays and RFID tags. They can be mostly implemented by incorporating two 

identical one port amplifiers and a single branch coupler. Additionally, physical RTD 

modeling is extremely beneficial and insightful in terms of DC and RF modeling 

utilizing Silvaco Atlas particularly prior to the costly growth and fabrication process.  

 

7.2.2 mm-wave/THz ICs 

Due to the rapidly growing trends in data rates for wireless communications, an 

implementation of an ultra-high speed RTD transmitter capable of operating beyond 

20Gb/s becomes indispensable. To this end, design an offset slot antenna with variety of 

slot antenna lengths and widths to obtain a number of fundamental oscillation 

frequencies were carried out on CST Microwave Studio software as shown in figure 

(8.1). This was to implement an RTD emitter operating at 250 and 500GHz radiating 

from the substrate with coupled hemispherical silicon lens.  

 

 

Figure 7.1: 3D structure of an offset slot antenna modeled using CST-MS with different slot width alongside 

the real and imaginary parts of 𝑌11 response showing a resonant frequency of ~275GHz. 
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Once, the model was optimized and fulfilled the circuit’s requirement regarding wide 

frequency bandwidth and low return loss, a mask design was built; however, those 

designs were not presented in this work as fabrication results have not been finished yet.  

The excellent experimental results obtained for RTD sample XMBE#327 can allow us to 

manufacture a high RF power RTD oscillator with a small stabilizing resistor of <6Ω, 

improving the circuit performance in terms of lower noise operation with an 

enhancement in the efficiency of the oscillators. The design depicted in figure (8.1) can 

be also used for room temperature operating imaging applications. Since the peak of the 

antenna’s radiation conductance (i.e. real part of 𝑌11) increases when the slot width gets 

smaller, low impedance is attainable at high frequency (high power capability due to 

well-matched with integrated RTD). Furthermore, a mW scale power transmitter will be 

pursued by integrating multi-elements array configuration RTD oscillators using power 

combining method with either MIM coupling stub or mutual injection locking technique. 

For the imaging applications, an alternative array configuration using a dipole antenna 

for several frequency peaks will be designed and tested. This technique was recently 

reported by Tokyo Institute of Tech. group and has achieved an output power of about 

135µm at 0.92THz with ten-integrated oscillators[49].  

 

 

7.2.3 HBTs and Implementation of OEICs 

Even though this thesis has covered an extensive study focusing on developing a low cost 

photoreceiver based HBTs operating at 1.55µm wavelength, there are still several 

important tasks to do in future. The first logical step will be to fabricate and examine the 

designed SFB and MFB TIA amplifiers and photoreceivers. The current HBT process 

might be unable to provide small device feature sizes with adequate HBT performances 

required to boost the cut-off frequency. Therefore, a self-aligned process will be used to 

scale the emitter size down to nearly 1×5µm
2
, which is expected to maximize the 𝑓𝑇 and 

𝑓𝑚𝑎𝑥 to roughly >200GHz. As self-aligned small devices have in general poor yield, an 

adaptation of a Si3N4 process as proposed by Ren et al[342] will be exploited to improve 

the yield process, in which a layer of Si3N4 is sputtered on the side wall of the emitter to 

cover the active layers. This process is often performed before depositing the base 

metallization scheme and so would assist in reducing the risk of shorting of emitter and 

base ohmic contacts. For the PIN-PDs, the depletion capacitance (𝑅𝐶 time constant) can 
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be lowered up to at least 30% by decreasing the mesa size of the device. This can 

undoubtedly help to extend the optical bandwidth and it is favoured over the use of 

mushroom-like structure or waveguide-illumination technique. When the small sizes 

process for the HBTs and PIN-PDs are achieved, an optimized low-cost TIA and 

photoreceiver can be then manufactured aiming to operate beyond 40Gb/s. Another 

possible option to attempt is that of designing an automatic gain control circuit with 

different amplifier’s configurations, for instance common base input stage and 

differential output configuration. The idea is to compare the photoreceiver characteristics 

namely the overload optical current, dynamic range, group delay and noise performance, 

giving an in-depth investigation and an aid to fully understanding the response of the 

actual measured data.   
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APPENDIX 

APPENDIX-A: RTD CIRCUITS’ MODULE  

 How to extract a spectrum using FFT-Function in Keysight-ADS: 

 

𝑷𝒐𝒖𝒕 = 𝒇𝒔(𝑽𝒐𝒖𝒕, 𝟏𝑴𝑯𝒛, 𝟓𝟎𝟎𝑮𝑯𝒛) 
  

 How to extract gain of an RTD amplifier in Keysight-ADS: 

 

𝑷𝒊𝒏 = 𝟎. 𝟓 ∗ 𝒓𝒆𝒂𝒍(𝑽𝒊𝒏 ∗ 𝒄𝒐𝒏𝒋(𝑰𝒊𝒏)) 

𝑷𝒐𝒖𝒕 = 𝟎. 𝟓 ∗ 𝒓𝒆𝒂𝒍(𝑽𝒐𝒖𝒕 ∗ 𝒄𝒐𝒏𝒋(𝑰𝒐𝒖𝒕)) 

𝑷𝒊𝒏−𝒅𝑩 = 𝟏𝟎 ∗ 𝒍𝒐𝒈(𝒂𝒃𝒔(𝒎𝒊𝒙(𝑷𝒊𝒏, {𝟏},𝑴𝑰𝑿))) 

𝑷𝒐𝒖𝒕−𝒅𝑩 = 𝟏𝟎 ∗ 𝒍𝒐𝒈(𝒂𝒃𝒔(𝒎𝒊𝒙(𝑷𝒐𝒖𝒕, {𝟏},𝑴𝑰𝑿))) 

𝑮𝒂𝒊𝒏𝒅𝑩 = (𝑷𝒐𝒖𝒕−𝒅𝑩) − (𝑷𝒊𝒏−𝒅𝑩) 
 

 

 

 

APPENDIX-B: HBT PARAMETRICAL MODEL AND EXPERIMENTAL DATA 

 

1. Measured results of TLM for HBT sample F17D2102A with an emitter area of 

10×10μm
2
: 

 

0 10 20 30 40
0

1

2

3

4

5

Y = 0.1183X + 0.0961

Y = 0.0298X + 0.155

 Emitter Contact

 Collector Contact

R
es

is
ta

n
ce

 (


)

TLM Spacing (m)
 



257 

 

0 5 10 15 20 25 30 35 40
0

50

100

150

200

250

Y = 5.9186X + 2.9954

 Base Contact

R
es

is
ta

n
ce

 (


)

TLM Spacing (m)

 
 

 
2. HBT Physical Model for device F17D2102A with an emitter area of 10×10μm

2
: 

 
# (c) Silvaco Inc., 2017 

# single hetrostructure bipolar transitor. 

 

go atlas  

  

## EpiLayer Thickness 

set t_ohmic1         =0.15 

set t_emitter1       =0.15  

set t_emitter2       =0.04  

set t_spacer         =0.005  

set t_base           =0.065 

set t_collector      =0.8 

set t_subcollector   =0.5 

  

## Doping Concentrations 

set d_ohmic1      =1.5e19 

set d_emitter1    =5e17 

set d_emitter2    =5e17 

set d_base        =2.5e19 

set d_subcollector  =1e19 

 

## Device Size, Mesa Area 

set d_emitter_mesa    =0.25 

set d_basemesa_min    =0.5 

set d_basemesa_max    =0.75 

set d_collectormesa_min    =1 

set d_collectormesa_max    =1.25 

 

##Device Thickness 

set A=$t_ohmic1 

set B=$A+$t_emitter1 

set C=$B+$t_emitter2 
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set D=$C+$t_spacer 

set E=$D+$t_base 

set F=$E+$t_collector 

set G=$F+$t_subcollector 

 

####--------------------Device Mesh--------------------#### 

mesh          width=1 

  

x.mesh loc=0.00                     spac=0.01 

x.mesh loc=$d_collectormesa_max     spac=0.01 

#x.mesh loc=$d_emitter_mesa          spac=0.01 

#x.mesh loc=$d_basemesa_min          spac=0.01 

#x.mesh loc=$d_basemesa_max          spac=0.01 

#x.mesh loc=$d_collectormesa_min     spac=0.01 

#x.mesh loc=$d_collectormesa_max     spac=0.01 

 

y.mesh loc=0            spac=0.005 

y.mesh loc=$A           spac=0.002 

y.mesh loc=$B           spac=0.005 

y.mesh loc=$C           spac=0.001 

y.mesh loc=$D           spac=0.001 

y.mesh loc=$E           spac=0.005 

y.mesh loc=$F           spac=0.005 

y.mesh loc=$G           spac=0.005 

  

####-------------------Device Region-------------------#### 

region num=1  name=ohmic1        material=InGaAs    x.comp=0.47                         

y.max=$A      x.min=0 x.max=$d_collectormesa_max       

region num=2  name=emitter1      material=InGaAs    x.comp=0.47    

y.min=$A             y.max=$B      x.min=0 x.max=$d_collectormesa_max 

region num=3  name=emitter2      material=InP                      

y.min=$B             y.max=$C      x.min=0 x.max=$d_collectormesa_max 

region num=4 name=spacer         material=InGaAs    x.comp=0.47    

y.min=$C             y.max=$D      x.min=0 x.max=$d_collectormesa_max 

region num=5  name=base          material=InGaAs    x.comp=0.47    

y.min=$D             y.max=$E      x.min=0 x.max=$d_collectormesa_max 

region num=6  name=collector     material=InGaAs    x.comp=0.47    

y.min=$E             y.max=$F      x.min=0 x.max=$d_collectormesa_max        

region num=7  name=subcollector  material=InGaAs    x.comp=0.47    

y.min=$F             y.max=$G      x.min=0 x.max=$d_collectormesa_max      

region num=8  name=Etch1         material=SiO2      

x.min=$d_emitter_mesa  x.max=$d_basemesa_max  y.min=0.0  y.max=$D        

region num=9 name=Etch2          material=SiO2      

x.min=$d_basemesa_max  x.max=$d_collectormesa_max  y.min=0.0  y.max=$F        

 

####---------------------Electrode---------------------#### 

electrode num=1 name=emitter x.min=0.0 x.max=$d_emitter_mesa    y.max=0 

electrode num=2 name=base x.min=$d_basemesa_min     

x.max=$d_basemesa_max    y.min=$D y.max=$D 

electrode num=3 name=collector x.min=$d_collectormesa_min     

x.max=$d_collectormesa_max    y.min=$F y.max=$F 

  

####----------------------Doping-----------------------#### 

doping        reg=1         uniform       n.type        conc=$d_ohmic1 

doping        reg=2         uniform       n.type        

conc=$d_emitter1          

doping        reg=3         uniform       n.type        

conc=$d_emitter2 

doping        reg=5         uniform       p.type        conc=$d_base 

doping        reg=7         uniform       n.type        

conc=$d_subcollector  
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####----------------------Material---------------------#### 

 

material name=ohmic1        eg300=0.74     affinity=4.5  taun0=3e-10  

taup0=1e-8   mun=3000 mup=100 

material name=emitter1      eg300=0.74     affinity=4.5  taun0=3e-10  

taup0=1e-8   mun=5000 mup=150 

material name=emitter2      eg300=1.344    affinity=4.38 taun0=1e-8   

taup0=1e-9   mun=3000 mup=150  

material name=spacer        eg300=0.74     affinity=4.5  taun0=3e-10  

taup0=1e-8   mun=11000 mup=250 

material name=base          eg300=0.74     affinity=4.5  taun0=3e-10  

taup0=1e-8   mun=3000 mup=100 

material name=collector     eg300=0.74     affinity=4.5  taun0=3e-10  

taup0=1e-8   mun=11000 mup=250 

material name=subcollector  eg300=0.74     affinity=4.5  taun0=3e-10  

taup0=1e-8   mun=3000 mup=100 

             

output band.param con.band val.band   

 

model  srh fldmob  print  

model material=InGaAs evsatmod=1  

model material=InP evsatmod=1  

 

solve init 

save outf=HBT.str 

tonyplot  HBT.str 

solve v3=0.0001  

solve v3=0.001  

solve v3=0.01  

solve v3=0.1  

solve v3=2 

solve v2=0.0001  

solve v2=0.001  

solve v2=0.01  

solve v2=0.1  

solve vstep=0.05 vfinal=0.4 electrode=2 

 

log outf=HBT_IV.log 

 

solve 

solve vstep=0.05 vfinal=1.5 electrode=2 

 

save outfile=HBT_IV.str 

tonyplot HBT_IV.str 

tonyplot HBT_IV.log -set HBT_gummel.set 

tonyplot HBT_IV.log -set HBT_IV_dccurrentgain.set 

 

extract init infile="HBT_IV.log" 

extract name="Ic" y.val from curve(v."base",i."collector") where 

x.val=1.5 

extract name="Ib" y.val from curve(v."base",i."base") where x.val=1.5 

extract name="betamax" $Ic/$Ib 

 

quit 

 

method gummel  newton trap  vsatmod.inc=0.01   

 

solve 

solve local vcollector=2.0 

 

log outf=HBT.log master 
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solve vbase=0.025 

solve vbase=0.1 

 

method  newton  trap autonr vsatmod.inc=0.01 itlim=50 

 

solve vbase=0.2 vstep=0.1 name=base vfinal=1.4 

solve vbase=1.45 vstep=0.025 name=base vfinal=1.5 

 

 

tonyplot HBT.log  

 

go atlas 

 

mesh     infile=HBT.str 

 

solve init 

solve vbase=0.01 

solve vbase=0.05 

solve vbase=0.70 

 

contact  name=base current 

 

log outfile=HBT_IV.log 

solve ibase=1.0e-6 

solve vcollector=0.01 

solve name=collector vcollector=0.05 vstep=0.05 vfinal=0.50 

solve name=collector vcollector=0.60 vstep=0.20 vfinal=2.00 

solve ibase=2.0e-6 

solve vcollector=1.99 

solve name=collector vcollector=1.90 vstep=-0.20 vfinal=0.7 

solve name=collector vcollector=0.65 vstep=-0.05 vfinal=0.0 

solve ibase=3.0e-6 

solve vcollector=0.01 

solve name=collector vcollector=0.05 vstep=0.05 vfinal=0.90 

solve name=collector vcollector=1.00 vstep=0.20 vfinal=2.0 

solve ibase=4.0e-6 

solve vcollector=1.99 

solve name=collector vcollector=1.90 vstep=-0.20 vfinal=1.1 

solve name=collector vcollector=1.05 vstep=-0.05 vfinal=0.0 

tonyplot HBT_IV.log -set hbtex07_IV.set 

 

quit 

 

 

 
3. Parameter Definition of UCSD- AGILENTHBT  

PARAMETER Name Description and Comments Units Default Units Default 

Tnom 
Nominal temperature (temperature at which the room temperature parameters are 

extracted) 
°C 25 

Re Emitter resistance Ohm 2.0 

Rci Intrinsic collector resistance Ohm 1.0 

Rcx Extrinsic collector resistance Ohm 5.0 

Rbi Intrinsic base resistance Ohm 15.0 

Rbx Extrinsic base resistance Ohm 5.0 
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Is Collector-Emitter current: Forward collector saturation current A 1.0e-25 

Nf Collector-Emitter current: Forward collector current ideality factor None 1.0 

Isr Collector-Emitter current: Reverse emitter saturation current A 1.00e-15 

Nr Collector-Emitter current: Reverse emitter current ideality factor None 2.0 

Ish Base-Emitter current: Ideal base-emitter current A 1.0e-27 

Nh Base-Emitter current: Ideal base-emitter current ideality factor None 1.0 

Ise Base-Emitter current: Non-ideal base-emitter current A 1.0e-18 

Ne Base-Emitter current: Non-ideal base-emitter current ideality factor None 2.0 

Isrh Base-Collector current: Ideal base-collector saturation current A 1.0e-15 

Nrh Base-Collector current: Ideal base-collector current ideality factor None 2.0 

Isc Base-Collector current: Non-ideal base-collector saturation current A 1.0e-13 

Nc Base-Collector current: Non-ideal base-collector current ideality factor None 2.0 

Abel Base-Emitter current: Portion of base-emitter current allocated to extrinsic region None 0.0 

Vaf Forward Early voltage V 500 

Var Reverse Early voltage V 1000 

Isa Base-emitter heterojunction saturation current (BE barrier effects) A 1.0e+10 

Na Base-emitter heterojunction ideality factor None 1.0 

Ne Base-Emitter current: Non-ideal base-emitter current ideality factor None 2.0 

Isrh Base-Collector current: Ideal base-collector saturation current A 1.0e-15 

Nrh Base-Collector current: Ideal base-collector current ideality factor None 2.0 

Isc Base-Collector current: Non-ideal base-collector saturation current A 1.0e-13 

Nc Base-Collector current: Non-ideal base-collector current ideality factor None 2.0 

Abel Base-Emitter current: Portion of base-emitter current allocated to extrinsic region None 0.0 

Vaf Forward Early voltage V 500 

Var Reverse Early voltage V 1000 

Isa Base-emitter heterojunction saturation current (BE barrier effects) A 1.0e+10 

Na Base-emitter heterojunction ideality factor None 1.0 

Isb Base-collector heterojunction saturation current (BC barrier effects) A 1.0e+10 

Nb Base-collector heterojunction ideality factor None 1.0 

Ikdc1 I-V knee effect: Slope of q3 function A 1.0 

Ikdc2Inv † I-V knee effect: Transition width of Ic A-1 infinity † 

Ikdc3 I-V knee effect: I-V knee effect critical current A 1.0 

VkdcInv I-V knee effect: Transition width of Vcb V-1 0.1 

Nkdc I-V knee effect: Maximum value of q3 None 3.0 

Gkdc I-V knee effect: Exponent of q3 factor in base current None 0.0 

Ik High injection roll-off current A 1.0 

Cje Base-emitter capacitance: zero-bias capacitance F 4.0e-14 
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Vje Base-emitter capacitance: built-in voltage V 1.3 

Mje Base-emitter capacitance: grading factor None 0.3 

Cemax Base-emitter capacitance: maximum value in forward bias F 1.0e-13 

Vpte Base-emitter capacitance: punch-through voltage V 1.0 

Mjer Base-emitter capacitance: grading factor beyond punchthrough None 0.05 

Abex Base-emitter capacitance: ratio between extrinsic and total base-emitter regions None 0.0 

Cjc Base-collector capacitance: zero-bias capacitance F 5.0e-14 

Vjc Base-collector capacitance: built-in voltage V 1.1 

Mjc Base-collector capacitance: grading factor None 0.3 

Ccmax Base-collector capacitance: maximum value in forward bias F 9.0e-14 

Vptc Base-collector capacitance: punch-through voltage V 3.0 

Mjcr Base-collector capacitance: grading factor beyond punch-through None 0.03 

Abcx Base-collector capacitance: Ratio between extrinsic and total base-collector regions None 0.75 

Tfb Base delay: Intrinsic base transit time sec 1.0e-12 

Fextb Base delay: Fraction of base delay charge allocated to B-C junction None 0.2 

Tfc0 Collector delay: Low current transit time sec 2.0e-12 

Tcmin Collector delay: High current transit time sec 5.0e-13 

Itc Collector delay: Midpoint in Ice between Tfc0 and Tcmin A 0.006 

Itc2 Collector delay: Width in Ic between Tfc0 and Tcmin A 0.008 

Vtc0Inv Collector delay: Rate of change of Tfc0 with Vcb V-1 0.3 

Vtr0 Collector delay: Transition width in Vcb to Vmx0 V 2.0 

Vmx0 Collector delay: Maximum Vcb for Tfc0 V 2.0 

VtcminInv Collector delay: Rate of change of Tcmin with Vcb V-1 0.5 

Vtrmin Collector delay: Transition width in Vcb to Vmxmin V 1.0 

Vmxmin Collector delay: Maximum Vbc for Tcmin V 1.0 

VtcInv Collector delay: Rate of change of Itc with Vcb V-1 0.1 

Vtc2Inv Collector delay: Rate of change of Itc2 with Vcb V-1 0.1 

Fextc Collector delay: Fraction of collector delay charge allocated to B-C junction None 0.8 

Tkrk Kirk effect delay: Kirk effect delay time sec 1.00e-12 

Ikrk Kirk effect delay: Critical current for Kirk effect A 0.025 

Ikrktr Kirk effect delay: Transition width to Ikirk=0 A 1.00e-06 

Vkrk Kirk effect delay: Rate of change of Ikrk with Vcb V 3.0 

Vkrk2Inv Kirk effect delay: Rate of change of Tkrk with Vcb V-1 0.2 

Gkrk Kirk effect delay: Exponent of Kirk effect delay None 4.0 

Vktr Kirk effect delay: Transition width in Vcb to Vkmx V 1.0 

Vkmx Kirk effect delay: Maximum Vcb V 1.0 

Fexke Fraction of Kirk effect charge allocated to the B-C junction None 0.2 
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Tr Reverse transit time sec 1.0e-09 

Cpce Parasitic / fringing collector-emitter capacitance F 1.0e-15 

Cpbe Parasitic / fringing base-emitter capacitance F 1.0e-15 

Cpbc Parasitic / fringing base-collector capacitance F 1.0e-15 

Lpb Parasitic base inductance H 0.0 

Lpc Parasitic collector inductance H 0.0 

Lpe Parasitic emitter inductance H 0.0 

Xrb Temperature exponent for Rbi and Rbx None 0.0 

Xrc Temperature exponent for Rci and Rcx None 0.0 

Xre Temperature exponent for Re None 0.0 

Tvje Rate of change in temperature of Vje V/K 0.0 

Tvpe Rate of change in temperature of Vpte V/K 0.0 

Tvjc Rate of change in temperature of Vjc V/K 0.0 

Tvpc Rate of change in temperature of Vptc V/K 0.0 

Tnf Rate of change in temperature of Nf K-1 0.0 

Tnr Rate of change in temperature of Nr K-1 0.0 

Ege Effective emitter band gap parameter V 1.55 

Xtis Temperature exponent for Is None 3.0 

Xtih Temperature exponent for Ish None 4.0 

Xtie Temperature exponent for Ise None 3.0 

Egc Effective collector bandgap parameter V 1.5 

Xtir Temperature exponent for Isr None 3.0 

Xtic Temperature exponent for Isc None 3.0 

Xtirh Temperature exponent for Isrh None 4.0 

Xtik3 Temperature exponent for Ikdc3 None 0.0 

Eaa Temperature dependence of Isa V 0.0 

Eab Temperature dependence of Isb V 0.0 

Xtfb Temperature exponent for Tfb None 0.0 

Xtcmin Temperature exponent for Tcmin None 0.0 

Xtfc0 Temperature exponent for Tfc0 None 0.0 

Xitc Temperature exponent for Itc None 0.0 

Xitc2 Temperature exponent for Itc2 None 0.0 

Xtkrk Temperature exponent for Tkrk None 0.0 

Xikrk Temperature exponent for Ikrk None 0.0 

Xvkrk Temperature exponent for Vkrk None 0.0 

Rth1 Thermal resistance #1 K/W 1000.0 

Cth1 Thermal capacitance #1 J/K 5e-10 
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Xth1 Temperature exponent for Rth1 None 0.0 

Rth2 Thermal resistance #2 K/W 0.0 

Cth2 Thermal capacitance #2 J/K 0.0 

Xth2 Temperature exponent for Rth2 None 0.0 

Kf Flicker (1/f) noise coefficient None 0.0 

Af Flicker (1/f) noise exponent None 1.0 

Ffe Flicker (1/f) noise frequency exponent None 1.0 

Kb Burst (popcorn) noise exponent None 0.0 

Ab Burst (popcorn) noise corner frequency None 1.0 

Fb Burst noise corner frequency Hz 1 

Imax Explosion current A 10 

wBvbe Base-emitter reverse voltage (warning) V 0.0 

wBvbc Base-collector reverse voltage (warning) V 0.0 

wBvbc Base-collector reverse voltage (warning) V 0.0 

wVbcfwd Base-collector forward bias (warning) V 0.0 

wIbmax Maximum base current (warning) A 0.0 

wIcmax Maximum collector current (warning) A 0.0 

wPmax Maximum power dissipation (warning) W 0.0 

Version Model version/revision (1.0 = ADS2003C, 2.0 = ADS2004A) None 2.0 

AllParams Data Access Component (DAC) Based Parameters None None 

 

 

4. AGILENTHBT model related Circuits in Keysight-ADS 

 

 UCSD modelling parameters for HBT sample F17D2102A with an emitter area 

of 10×10μm
2
: 
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APPENDIX-C: TIA AND OEIC IN KEYSIGHT-ADS 

 TIA integrated circuit: 

 



266 

 

 How to calculate TIA’s DC power consumption: 

 

 

 OEIC for optical bandwidth simulation: 
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 OEIC with channel simulator tool:  
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