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Abstract

The University of Manchester

Yongjian Zhang

Doctor of Philosophy

Investigation of electrical and optical characterisation of HBTs for optical detection

2016

In this thesis, a detailed study of the electrical and optical characterisations of
Heterojuction Bipolar Transistors (HBTs) for optical detection is presented. By
comparing both DC and optical characterisations between Ing 49Gag51P/GaAs Single
Heterojuction Bipolar Transistors (SHBTs) and Double Heterojuction Bipolar
Transistors (DHBTSs), the advantages of using the DHBT as a short wavelength
detector are shown. Phenomena related to the base region energy band bending in
the DHBT caused by a self-induced effective electric field is discussed and its effects
on the performance of the device are elaborated.

The use of an eye diagram has been employed to provide requisite information for
performance qualification of SHBT/DHBT devices. These give a more detailed
understanding compared to conventional S-parameters method. A detailed
comparison of Ing49Gags1P/GaAs SHBT and DHBT performance using an eye
diagram as a functional tool by adopting a modified T-shaped small signal equivalent
circuit are given. By adopting this modified T-shaped small signal equivalent circuit,
the use of Ing49Gags1P/GaAs Double Heterojuction Phototransistors (DHPT) as a
short wavelength photodetector is analysed. It is therefore shown that an eye diagram
can act as a powerful tool in HBTs/HPTs design optimisations, for the first time in
this work.

In order to predict the spectral response (SR) and optical characterisations of
GaAs-based HPTs, a detailed theoretical absorption model is also presented. The
layer dependence of an optical flux absorption profile, along with doping dependent
absorption coefficients are taken into account for the optical characterisation
prediction. With the aim of eliminating the limitation of current gain as a prerequisite,
analytical modelling of SR has been developed by resolving the continuity equation
and applying realistic boundary conditions. Then, related physical parameters and a
layer structure profile are used to implement simulations. A good agreement with the
measured results of the Alg3Gag7As/GaAs HPT is shown validating the proposed
theoretical model.
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Chapter 1. Introduction

1.1 Introduction

Heterojunction Bipolar Transistors (HBTs) were proposed and patented by W.
Shockley in 1948 and 1951, respectively [1]. A detailed theory and analysis was
developed by H. Kromer [2]. HBTs are formed by two back to back connected p-n
junctions, which consist of the emitter, base and collector layers. By appropriately
selecting two semiconductors with different band gaps to form a heterojunction,
electrons and holes can be controlled separately and independently [3] and therefore
some of the issues with conventional bipolar Si transistors can be addressed. These
advantages over standard Si-based homostructure bipolar transistors allow 111-V
HBTs to be used in broad variety of applications over the last decade [4].
Specifically, GaAs-based HBTs demonstrate the capability of handling high-power

output densities at microwave frequencies.

The role of heterojunction transistors in optoelectronics industry has also been
increasing in realising various broad-band communication systems, such as
fibre-radio wireless communication systems and high-bit-rate fibre-optic
communications systems [5]. The internal transistor reduces post-amplification
requirements resulting in optimum receiver configuration [6]. In particular efficient
conversion between optical signals and electrical signals becomes challenging. Thus,
an efficient interface between optical and microwave is key for achieving higher
performance and improved integration in optoelectronic systems [6]. Accurate
spectral models for GaAs and InP based material systems have been studied for both
short and long wavelength communication [7-10]. Previously pin photodiodes have
been extensively employed for photodetection. However, subsequent amplification
and a trade-off between the intrinsic layer width and the transit time is still an issue,
in spite of their simple biasing and operation [11-12]. Avalanche photodiodes (APDs)

on the other hand, due to multiplication process, an additional noise component,
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known as "excess noise" is produced and added to the signal. This increases the
noise-equivalent power accordingly. Similarly, Schottky photodetectors cannot
provide any internal amplification for the signal and have a very high leakage current

for higher temperatures.

Phototransistors are therefore beneficial as they provide high internal gain without
the avalanche noise [13-15]. In addition, their inherent compatibility with HBTs
allows Monolithic-Microwave Integrated-Circuit (MMIC) integration [16-17]. This
allows standard manufacture of monolithically integrated photoreceivers
(HBTs/HPTs) for microwave- and millimetre- wave photoreceivers in optical
communication systems [18]. Further, compared with field-effect devices, for
instance, Metal-Semiconductor Field-Effect transistors (MESFETS) or High Electron
Mobility Transistors (HEMTSs), Heterojuction Phototransistors (HPTs) are also
capable of handling high power density with higher linearity, superior

power-added-efficiency, and smaller frequency noise advantages [19].

HBTs can be of two types: single-HBT and double-HBT. DHBTs contain
wide-bandgap emitter and collector to form two heterojunctions, and offer several
advantages such as smaller turn-on voltage, lower Base-Collector leakage current,
larger breakdown voltage and temperature-insensitive current gain compared to
SHBTs. From the application’s point of view, these characteristics make DHBTSs
attractive enough to fit the requirements and technical challenges of power
applications, such as high voltage operation and high breakdown voltage [20].
Therefore for newer optical communication systems, DHBTSs are employed to build
compact, high-performance equipment [21-22]. The role of DHBTSs is critical in
these MMIC photoreceivers. And analysis of both DC and optical characterisations

is the key focus for this work.

The devices used in this work include various geometry SHBTs and DHBTs
fabricated at the Microwave Engineering Research group, The University of
Manchester. The prior work of this group includes analysis and modelling of SHBTs
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and this current work focusses on DHBTs with analysis and measurements on

various DC and optical parameters.

S-parameters are known as a common tool to characterise the RF performance of
semiconductor components. However, information about digital data can not be
obtained through this method. Therefore, eye diagrams, which are produced by
overlapping various segments of output signal, are capable of characterising circuits
or devices for digital application as a complementarity [23]. It is reported [24] that
eye diagrams can be used to visually depict the output response of any circuit to an
input signal and to validate circuits. Eye parameters extracted from eye diagrams can
offer a great deal of information about deterioration of the transmitted signal. By
carefully analysing them, this information can be directly attributed to the physics of
the devices. Hence in this thesis, for the first time, eye diagrams are adopted as a tool
to characterise microwave and optical devices (SHBTs/DHBTSs) using a modified

small signal circuit and help device optimisation [25].

Spectral response (SR) is also a key parameter of HPTs. Therefore, extensions to
SHBTSs [26-28], various workable models for DHBTS are discussed. This provides a
detailed insight into the behaviours of HPTs used for phototransistors through SR
theoretical modelling. This study will clearly show the relationship between the
modelled parameters on the one side, and the physical parameters on the other. Only
such an understanding will allow for the optimisation of devices, while with the
possibility of investigating various physical processes inside a device, may lead to

the intuitive understanding of device function.
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1.2 Outline of the thesis
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Chapter 1: Introduction

A general discussion of the aims and objectives for this project is presented. And the

structure of the thesis and the content are outlined.

Chapter 2: Literature review

Firstly, physical based electrons and holes operation theory for BJT and HBT are
described using current equations. Then emitter-base abrupt and material systems for
HBTs are discussed. Secondly, optical detection principles, including comparisons
between different types of photodetectors are given. HBTs operations under
2-terminal and 3-terminal configurations are shown. Lastly, eye diagram definition

and different eye diagram parameters are explained in detail.

Chapter 3: Device structures and experimental setup

The doping profiles, layer structures and micrographs of the devices under test
include Ing49Gags1P/GaAs SHBT (on MR873), DHBT (on MR1095) with emitter
contact diameter = 100um and Alg3Gap7As/GaAs SHBT (on K15) with emitter
contact diameter = 130um, are presented. After that, the simulation setup for the
generation eye diagram is discussed. In the next section, block diagrams of the setup
to characterise laser diodes and measured output characteristics of LD-635-51 laser
diode are given. Lastly, an experimental setup to obtain the DC electrical

characteristics and the SR of HPTs is shown using a block diagram.

Chapter 4: Ing 49Gags5:P/GaAs SHBT and DHBT DC and optical characterisations

In this chapter, firstly, the Ing49Gags:P/GaAs SHBT DC and 2-terminal optical
characterisations are shown. These are followed by the optical characterisations of
the device under base current bias, and the voltage bias condition. Accordingly, the
same measurement procedures are carried out, using Ing49Gags:P/GaAs DHBT. The

comparison between the two devices is presented. When the DHBT is used as a short
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wavelength photodetector, the B-C junction works as a uni-travelling-carrier;
meanwhile, the base self-induced field caused base band bending is discussed and

the measurement elaborated.

Chapter 5: Small signal analysis and eye diagram simulations

The eye diagram shown in this chapter can be used, not only as a mere visual
measurement tool, but also as a tool to characterise devices. The T-shaped small
signal equivalent circuit and parameters are presented. By adopting the small signal
model, the eye diagram simulation results of the Ing49Gags;P/GaAs DHBT are
shown. Eye parameters and their dependencies on bitrate, bias and optical input
power are discussed. Later, a comparison between Ing49Gags:P/GaAs SHBT and

DHBT using an eye diagram is shown.

Chapter 6: Spectral response and analysis of HPTs

Alg3Gag 7As/GaAs SHBT is the focus of attention in this chapter and the device’s
spectral response is successfully achieved by detailed modelling. A detailed layer
absorption model is shown, and the physical parameters as well as the layer
structures are taken account of, in order to carry out the simulation. A good

agreement between simulated and measured results is achieved.

Chapter 7: Conclusion and future work

The success of each sub-chapter of chapter 4 in achieving the initial objectives is

concluded and some aspects for further analysis are identified.
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Chapter 2. Literature Review

2.1 Operation theory of Bipolar Junction Transistor

The bipolar junction transistor, one of the most important semiconductor devices,
was invented by a research team at Bell Laboratories [1]. It has been used

extensively in high-speed circuits, analog circuits and power applications [1].

Emitter-Base Collector-Base
Junction Junction

Collector

Figure 2.1.1: Perspective view of a silicon n-p-n bipolar transistor

Figure 2.1.1 shows a typical silicon p-n-p bipolar transistor. It is formed as two p-n
junctions combined together. All three parts of the bipolar transistor are made from
the same material. According to figure 2.1.1, the transistor has a heavily doped p*
region called the “emitter”. The narrow central n region between the two p regions is
the “base”. The last lightly doped p region is described as the “collector”. There is
also another kind of structure available, which is the n-p-n transistor, which has a
complemental configuration to the p-n-p transistor. Generally in a high frequency
area the n-p-n structure of a silicon transistor is chosen. This is because the electron
diffusion constant in silicon is larger than that of the hole. This means the transit
time of electrons across the base area is shorter than that of the hole. The frequency

response could be improved.
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Normally, bipolar transistors work in the active mode, which means the emitter-base
junction is forward biased and the collector-base junction is reverse biased. The

biased condition is shown in figure 2.1.2:

(a) E B C

i Hie
! RS

Figure 2.1.2: (a) One dimensional view of p-n-p bipolar transistor biased in active
mode (b) p-n-p bipolar transistor schematic symbols biased configuration

The bipolar transistor does not work simply as two diodes connected back to back.
The corresponding situation when the transistor works in the active mode is shown

in figure 2.1.3.

Figure 2.1.3(a) illustrates the schematic connection of a p-n-p bipolar transistor
working with a common base configuration. The charge densities and the electric
fields are shown in figure 2.1.3(b) and (c). Due to different biasing conditions, the
depletion region width of the emitter-base junction and collector-base junction is
different. The energy band diagram of the device operating under the active mode is

shown in figure 2.1.3(d):
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Figure 2.1.3: (a) One dimensional view of p-n-p bipolar transistor biased in active
mode. (b) Doping profiles and depletion regions under biasing condition.
(c) Electric field profile. (d) Energy band diagram. [1]

In figure 2.1.3 we notice that due to the biasing circuit, we are hopeful that the holes
injected from the emitter to the base can finally reach the collector. This requires the
base of the bipolar transistor to be thin. Assuming there is no generation
recombination in the depletion region, the base width should be narrow so that holes
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can diffuse through it without recombination. If most of the injected holes in the base
can arrive at the collector successfully, the collector hole current will nearly equal

that of the emitter hole current.

Emitter (p*)

}IEP

Collector (p)

?%///'//// e _

-2 Electron current
Hole current and hole flow  —eeee- » FElectron flow

Figure 2.1.4: Various current components in a p-n-p transistor in active mode of
operation [1]

The various current components in a p-n-p bipolar transistor biased in active mode
are shown in figure 2.1.4. Here lg, is known as the holes that are injected from
emitter to base. It is the main current in the transistor. In the base there are many
current components. g, is the current created by the electrons that are injected from
base to emitter. By heavy doping in emitter or heterojunction, lg, can be reduced. Igg
is equal to lgp - Icp, Which is the electron current from the exoteric circuit, which
aims to replace the recombined electrons. I, is the current generated by electrons

drifting from collector to base.

Using Kirochoff’s current law, the following equations can be expressed [1]:

e =g, + g, (2.1.1)
le =lgy +len (2.1.2)
lg=le—le =l + (g, —lep) — e, (2.1.3)
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The common base current gain oy is defined as:

Then we get:

I le o
ay=—"—=(— )(I—p)

En IEp + IEn Ep

One part of equation 2.1.5 is defined as the emitter efficiency y:

I
— _FEp
an
E

The other part is called base transport factor ar:

_Cr

aTEI

Ep

So ap = y ar, and the equation 2.1.2 can be rewritten as:

lc =le + g,

(2.1.4)

(2.1.5)

(2.1.6)

2.1.7)

(2.1.8)

Icn is the base and collector current while emitter is the open circuit. It can also be

defined as Icgo Which is the C-B leakage current. Then the equation 2.1.8 becomes:

le = e + o

(2.1.9)

Because the current in all three terminals of a transistor is related to the minority

carriers’ distribution in the base region [1], we use the field-free steady-state

continuity equation and boundary conditions for active mode. Equations 2.1.6 and

2.1.7 can be developed as:

1

;/:
1 De Ng W

+7
Dp E I‘E

(2.1.10)

(2.1.11)

34



where: D, diffusion is constant, De diffusion is constant in emitter, Ng is impurity
doping in base, Ng is impurity doping in emitter, W is Base region thickness, Lg is

Emitter diffusion lengths and L, is diffusion length of holes.

From equation 2.1.10 we know that in order to improve emitter efficiency y, the ratio
of Ng / Ng should be decreased. That is the reason why the emitter needs to be
heavily doped and the base lower doped also; that is, since the diffusion length of
holes is almost constant. Equation 2.1.11 shows that the only way to improve base
transport factor ar is to reduce base width. That is the reason why the bipolar
transistor has a narrow base. However, high emitter doping and low base doping also
bring many drawbacks. High doping emitter causes high E-B capacitance and low
base doping causes high base resistance. Both of these drawbacks may reduce
transistor high frequency performance. Heterojunction can solve this problem, and

this will be discussed later.

Next, the common emitter current gain fy is defined as [1]:

By = (2.1.12)
1-¢,
The collector-emitter leakage current Icgo for Ig = 0 is defined as [1]:
lego = leao (2.1.13)
1-¢,
Finally equation 2.1.8 becomes:
% | a0
l. = I;+ =Lols + o (2.1.14)
1-¢, 1-a,
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2.2 Operation theory of Heterojunction Bipolar Transistor

2.2.1 Heterojunction bipolar transistor

The concept of Heterojunction Bipolar Transistors (HBTs) was proposed by W.
Shockley in 1948 and granted a patent in 1951 [2]. Later, H. Kromer developed the
detailed theory and analysis of HBTs [3]. If the appropriate band gap and electric
fields are selected carefully, electrons and holes can be controlled separately and

independently [4]. That is the advantage which homostructures cannot achieve.

The idea of HBTs is that two semiconductors with different band gaps are used to
form a heterojunction. A wide band gap material (e.g. InGaP, AlGaAs) is used to
fabricate the emitter, while a narrow band gap material (e.g. InGaAs, GaAs) is used
for the base. This can thus form an emitter-base junction called a “Heterojunction”.

The energy diagram for a heterojunction is shown in figure 2.2.1:

Vacuum Level / s

Xe AEC I ECB
ECE
E
B, "~~~ " T -T7C E”*
AEV 1 VB
E,;

Figure 2.2.1: Energy band diagram of a wide band gap N-type emitter and a narrow
band gap P-type base Heterojunction [4]

As figure 2.21 shows Fermi level is aligned between two sides of the heterojunction.

The electron affinities of both emitter and base are different, while the band gap
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energies are different also. Therefore, discontinuities appear both in the conduction

band and the valence band. The conduction band discontinuity is:

AEc =25 — Xe (2.21)

The valence band discontinuity is AE,, making the total band gap discontinuity:

AEg =AE_+AE, (2.2.2)
N - Emitter p - Base n - Collector
s S
1 ' '
n : qad, =
| \

qle‘l é;é scr ?’ Ihulk

\

I ol

Figure 2.2.2: Band diagram of a n-p-n HBT biased in emitter ground configuration

[4]

The operating principle of a HBT is similar to a BJT. The band diagram of a n-p-n
HBT biased in an emitter ground configuration is shown in figure 2.2.2. Here it is
assumed that there is no band edge discontinuity for the conduction band due to the

emitter junction grading.
The following current components can be summarised as:

Emitter current:

l=1,+1,+]g (2.2.3)

37



Base current:

=1, + o + 1 — | (2.2.4)

cbo

Collector current:

=1, =+ (2.2.5)

where 1, is the current of electrons injected from emitter to base, I, is the current of
holes injected from the base into the emitter, I is the current from recombination in
the emitter-base space charge layer, lpyik is the bulk recombination in the base layer
and lepo is the current from holes flowing from collector to base due to the B-C

junction’s reversed biasing.

So the DC current gain can be expressed as:

IB=I—C= In_lbull<—+_|cbo (226)
Ib Ip+|bulk+|scr_I

cho

The operation of the device mainly depends on current contribution 1,. Other
components are insignificant components [4]. This is since the base width is much
smaller than the diffusion length in base. So lyuk is small. Compared with I, and I,
the thermal regeneration current Iy, and space charge recombination current I are,

respectively, quite small. So the DC current gain can be expressed as:

f=-1 2.2.7)

In terms of electron and hole injection current densities, the equations can be given

as [5]:

N, gD, —-qVv
Jgy = —20m exp(—=1) (2.2.8)
ow, kT

N,.aD . —qVv
Jep = AL = exp(— =*) (2.2.9)

pe

where: V,, is the conduction valence band potential barrier for holes, V, is the valence
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band potential barrier for electrons, Dy is the diffusion constant of holes in the base,
Dy is the diffusion constant of holes in the emitter, Np is the donor concentration in
the emitter, Na is the acceptor concentration in the base, W, is the base thickness, Ly

is the diffusion length of holes in the emitter.

Thus, the equation of DC current gain can be rewritten as [5]:

NpD,, L

A=Y D, V\;’e eXIO[—(V -V, (2.2.10)

Since there is no discontinuity in the conduction band, the band gap discontinuity is

given as:

AE, =q(V, -V,) (2.2.11)

The above equation can be expressed as [5]:

N, D, L AE

= = ex : 2.2.12
P~ o) (2212

It can be noticed from this equation that energy gap discontinuity is exponential, so
evidently it can affect the DC gain. However, the doping ratio effect becomes even,
regardless. The drawback mentioned in BJT can be solved by using a heterojunction.
Increasing the base doping and reducing the emitter doping will reduce both the base
resistance and emitter-base capacitance. And current gain here can still keep to a

very high level, while the hole injection current becomes negligible. Thus the base

current becomes !, =1, +1,, . And since 1,:>>lp, lcis approximated as I,, the

scr

current becomes:

f=—t (2.2.13)
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2.2.2 Abrupt emitter-base HBTs

In abrupt heterojunction transistors there is an abruption in the E-B junction as
shown in figure 2.2.1. In this kind of structure a discontinuity of conduction band
AE. acts as an extra barrier which will collect the injected electrons and increase the
recombination losses at the junction, thereby reducing the current gain [6]. It
increases the emitter-base forward bias voltage requirement and is undesirable in

terms of HBT structure. In this case, the band gap discontinuity becomes:

AE, = AE, +AE, (2.2.14)
AE, = AE, — AE, =q(V, -V,) (2.2.15)

where AE, shows valance band discontinuity, the current gain is given as:

N,D, L
f=—2_ ke exp(AE") (2.2.16)
N, D, W, KT

The undesirable AE. can be reduced or even removed by grading the junction or
choosing the proper materials. So in the next part, the material systems used for

HBTs will be discussed.
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2.2.3 Material systems for HBTs

As discussed before, a large AE, is undesirable. This is because it adds an extra

barrier for electrons injecting from emitter to base. This will increase the
emitter-base forward bias voltage, thus reducing the current gain. On the other hand,
AE, can limit reverse injection holes from base to emitter, which bring a lot of
benefit to a HBT. So the AE, /AE. value becomes a significant value in both design

and analysis. Table 2.2.1 shows band discontinuities for various HBT material

heterostructures.

Table 2.2.1: Band discontinuities for various HBT material heterostructures [5, 7]

HBT Material structure AE,(eV) | AE,(eV) | AE,(eV) | AE,/AE,
Al Ga, As/GaAs 0.28 0.15 0.43 0.54
In,.Ga,.P / GaAs 0.12 0.38 0.5 3.17
INP/ I, ,Ga, ., AS 0.25 0.34 0.59 1.36
In ., Al ,As/ In, ,Ga, ,, AS 0.32 0.12 0.44 0.38
In, Al P/ GaAs 0.31 0.62 0.93 2
Si/Si, .Ge, o 0.02 0.13 0.15 6.5

From the values in table, Si/Sig75Geg2s seems to be excellent material for HBTS,
offering a very high AE, /AE. rate. That correspondingly means that very high gain
can be achieved. However, the mobility of Si and silicon based devices is lower than
for other materials [8]. This characteristic limits the frequency response of the device,
so although high gain can be achieved, it is only suitable for low frequency

applications.

AlGaAs/GaAs HBT has been widely studied. It has an excellent circuit performance
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including good high frequency performance, high current gain high f; and high fax.
But the conduction discontinuity AE. is large. Although using grading can remove
the AE., some drawbacks still cannot be avoided. Grading can increase the number
of scattering centres, thus resulting in a larger recombination current and the
reduction of current gain [9]. InGaP/GaAs HBT has a relatively small AE; and large
valence band offset. This is desirable according to the previous analysis, which
increases electrons from the emitter to the base and reduces holes from the base to
the emitter. Another factor is that InGaP/GaAs HBT is easier to manufacture using
wet etching than AlGaAs/GaAs HBT [9]. Compared with AlGaAs, InGaP exhibits a
low surface recombination velocity and better thermal conductivity. At the same time,

breakdown voltage is larger in the AIGaAs/GaAs heterojunction.

AlGaAs and InGaP have a band gap of 1.92 eV and 1.86 eV respectively. According
to the wavelength sensitive to these materials, if an emitter is made from them,
optical communication energy of 900nm (1.38eV), 1300nm (0.95eV), and 1550nm
(0.8eV) can go through them without absorption. So the emitter acts as if its
transparent when these materials are used, if the base is made from GaAs, which has
a band gap of 1.42eV, is sensitive to wavelength around 800nm and suitable for short
wavelength communication. For long haul optical communication, 1550nm is
chosen due to its high capacity and low attenuation. So InGaAs with band gap
0.75eV is good for the base material. It is also sensitive to 1300nm, which has been
reported by Dr. Bashar and Prof. Rezazadeh [4]. The InP/InGaAs heterojunction has
a larger AE, than AE.. In addition, InGaAs shows lower surface recombination
velocity than GaAs. These relate to high injection efficiency, lower turn on voltage
and high breakdown voltage. Also, electron mobility of InGaAs is high, meaning

therefore that high frequency performance can be achieved.

The measurement of InGaP/GaAs HBT will be shown later. As shown by the
analysis above, it is worth achieving and understanding both the DC and the optical

performance of this kind of device. Some key fundamental advantages of HBTSs
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against BJT can be summarised as follows [10]:

e Higher doping and lower resistance in the base can be achieved; it is
unnecessary to consider the increasing holes reversing the injection to the

emitter.

e Due to high base doping, there is minimum change in base width, making the
device suitable for high power applications when the base-collector reverse bias

increases.

e Improvement of f; and fiax.

e The emitter no longer needs to be more highly doped than the base, therefore

emitter-base capacitance becomes lower. This can significantly reduce the noise.
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2.3 Optical detector

2.3.1 Fibre optical communication

Since the early 1960’s, optical communication in the telecommunications market has
showed immense growth. Additionally, although early systems were inefficient, now

very low attenuation losses can be achieved easily.
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Figure 2.3.1: Loss characteristics of a silica optical fibre [4]

Figure 2.3.1 shows the loss characteristics of a silica optical fibre. There are three
interesting wavelengths to point out here, 0.9um, 1.3um and 1.55um. All those
wavelengths provide good capacity and low attenuation. Especially from the point of
view of telecommunication applications, attenuation at 1.55um is just 0.2dB/km.
This makes it a desirable wavelength for long haul transmission, with the majority of
today’s long haul optical communication systems being designed to operate at this

particular wavelength.

Digital transmission based on an optical fibre communication system is now widely
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used in intercity systems. Fibre optical communication shows many supreme

advantages, such as [11]:

e Enormous bandwidth potential: due to high frequency, the optical fibre
communication can offer wider bandwidth than conventional copper cables and

microwave radio.

e Low transmission loss: as the figure above shows, the loss of optical fibre
communication can descend as low as 0.2dB/km. This feature can reduce
repeater numbers and also decrease the cost and complexity of the whole system.
These major advantages mean that optical fibre communication occupies an

important place in long haul telecommunication applications.

e Small size and weight: compared with copper cable, optical fibre is much

smaller and lighter.

e Immunity to cross talk and interference: optical fibre is made from dielectrics;

therefore it can be segregated from electromagnetic interference.

e Security: the light signal does not radiate significantly and is not open to

effortless interception.

e Reliability: due to the features above, the whole system is reliable and easy to

maintain compared with the conventional system.
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2.3.2 Basic principles of photodetection

Thermal detectors and photonic detectors are two main types of photodetector. The
former type relies on the change in a material’s property. Light absorption results in
temperature variation and then causes a change in polarisation, resistance or contact
potential. This kind of photodetector can operate over a wide wavelength range.
However, the drawback is the response time, meaning it is not suitable for high
frequency applications. The other type of photodetector relies on free carrier
generation, that is, electron excitation from valence band to conduction band.
Although this kind of photodetector is sensitive to wavelength, it exhibits a better
response time than the thermal detector. Therefore, it is able to work at a high

frequency, making it suitable for today’s telecommunication systems.

Conduction band

hv Energy gap

Valence band

Figure 2.3.2: Photons absorption and electron hole pairs generation [12]

When a photon with enough energy is absorbed by a semiconductor, electron
excitation occurs. The excitation electron transits from the valance to the conduction
band. The condition is the energy of the photon, which depends on the wavelength,
and is larger than the band gap energy of that kind of semiconductor. Where the

threshold wavelength is given by:

Ay = — (2.3.1)

where A, is the threshold wavelength, h is Planck's constant, ¢ is the speed of light

in the vacuum and Eg is the energy band gap of the material
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Figure 2.3.3: Electron energy and carrier concentration diagram of reversed p-n
junction photo absorption [4]

Here, the basic conception of p-n junction photo detection is discussed. In order to
avoid the bias dependent thermionic emission current component and maximise the
photon current in the detector external circuit [4], the diode is reverse biased.
Assume that the optical signal with the energy is larger than the material’s band gap.
It illuminates on the diode and the radiation reaches the depletion region. The

meaning of the symbols in figure 2.3.3 can be seen below [4]:

Xn = depleted n-region Ppo = Majority carrier concentration in p-region
Xp = depleted p-region Nno = Majority carrier concentration in n-region
L, = electron diffusion length Npo = Minority carrier concentration in p-region
L, = hole diffusion length Pno = Minority carrier concentration in n-region
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The total absorption area can be divided into three parts. G1 is the bulk of either the
p or n region. The electron and hole pairs generated by absorption cannot contribute
a current to the external circuit. That means that the optical signal absorbed by this
region cannot be detected. Since there is no electric field in this bulk region, electron
and hole pairs just scatter randomly until they recombine again. G2 is the region
between the depletion region and the bulk, which is called the diffusion field. In the
p-region, generated minority carriers, electrons, will diffuse through the diffuse field
first and then reach the depletion region boundary. After that, they continue drifting
to the n-region. Similarly, the n-region generated minority carriers, holes, will transit
in an opposite direction in the same way as the p-region generated electrons. Both of
these transitions will contribute current to the external circuit. This means that the
absorption in this region is detectable, although it has already been mentioned that
the diffusion velocity is much slower than the drift. Therefore, a response delay may
be caused by this process. G3 is the depletion region. Photo-generated electrons and
holes transit with high speed to the reverse biased n and p region. Also, the
contribution of this transition makes the current flow in the external circuit. In fact

this is the most desirable process in the detection.

There are more factors affecting the power absorption of a photodetector. When the
radiation reaches the surface of the photodetector, not all the power can be absorbed
by the semiconductor, rather, some of the power will be reflected by the surface,
with even the radiation travelling inside the detector. At different layer surfaces, the
power is also reduced due to the reflection. Another factor is when the radiation falls
on the photodetector, and the number of photons absorbed does not create a linear
relationship with the distance into the material. Instead, an exponential decay is
shown between the propagating radiation power density and the radiation travelling
distance. This means most of the optical flux is absorbed near the surface of the
detector. According to the above analysis, the electron and hole pairs generated in the
G1 region can no longer be detected. Therefore, it is desired that the depletion region

can be as close to the surface as possible. This can reduce the useless absorption in
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the neutral G1 region. At the same time, the depletion region is designed to be as
wide as possible to absorb more optical power. But this also brings some drawbacks

in terms of bandwidth.

2.3.3 Photodetector key parameters
Quantum efficiency and responsivity

These two parameters are interlinked. The responsivity of a detector is defined as the
ratio of photo-generated current to the incidence of optical power. It is the amount of
photo-current achieved for per unit incident optical power. It shows the optical signal

to electrical signal conversion ability of the device. The equation is given as:

R, = (2.3.2)

where I,y is the photogenerated current and Pqpy is the incidence of optical power.

The quantum efficiency is the ratio of the electrons generated per second and the
number of incident photons per second. It shows the efficiency of converting

photons into photo-current. It is given as:

n= ln/a) (2.3.3)

(P /Ep)
_hc .
where E = = is the energy of a photon.

If we combine these equations and rearrange it, we find that for a given wavelength,

guantum efficiency is proportional to the responsivity.

hc
n=R, (q_ﬂ) (2.3.4)
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Response time

The response time is affected by the following parameters:

e Diffusion time of carriers

e Drift transit time of carriers through the depletion region

e Junction capacitance charging time

Diffusion time is the slowest process in the three parameters above. So we should try
to design the detector absorb light mainly in the depletion region. The equation is

given as:

d2
Taitg — E (235)

n

where d is the diffuse distance, D, is the minority carrier diffusion coefficient.

The transit time is the time taken by carriers to drift across the depletion region.
Since carriers can transit with saturation velocity in depletion region, the transit time

is quite short compared to the diffusion time. It is given as:

ry=— (2.3.6)

where Vg is the saturation velocity and W is the depletion region width.

Due to the reverse bias the diode has a capacitance which determines the capacitance

charging time constant. It is given as:

7cr = RC,

]

(2.3.7)

where R is the load resistance and C;j is the junction capacitance.

There is a tradeoff between different parameters. If the depletion region is made

thicker, the transit time will increase, although junction capacity can be reduced. On

50



the other hand, if the depletion region is designed thin, the transit time can be
reduced, while the junction capacity will be high. Also, the absorption expected will
occur in the deletion region to reduce diffusion time. For a detector design all the

parameters have to be considered.

2.3.4 p-i-n photodiode

There is an un-doped or slightly doped and wide intrinsic layer between the p and n
region in the p-i-n photodiode. This layer acts as the depletion region. It is of an
almost constant width and is not reliant on the high reverse bias voltage. So a p-i-n
photodiode does not require a high voltage bias to create a depletion region. Many
complex structure photodetectors include the p-i-n diode as a part of their
construction, like the base-collector junction. Through adjusting the size of intrinsic

layer, many characteristics of the photodetector can be optimised.

2.3.5 Heterojunction phototransistors

Figure 2.3.4 above shows how the photo-generated electrons and holes flow in the
HBTs under illumination. This reflects the set-up of our HBTs optical measurement
experiment. The device is under active common emitter operation, where the B-C

junction is reverse biased and the E-B junction is forward biased.
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Figure 2.3.4: Cross-section view of the HBT under illumination, showing the flow of
photo-generated electrons and holes

An optical signal travels through a wide band gap emitter or directly shines on the
base. It is then absorbed in the base and B-C depletion regions. A photocurrent is
added to the reverse leakage current lcgo to base [9] and amplified by the transistor’s
internal gain. Therefore, the whole device works not only as a photo-detector, but as

well an amplifier.

2.3.6 InGaP/GaAs DHBTs advantages

InGaP/GaAs HBTs’ excellent power handling capability, good linearity and power
added efficiency (PAE), means that it has become a candidate for power amplifier
designs in the low-to-mid power infrastructure application range, which is currently
dominated by Laterally Diffused Metal Oxide Semiconductor (LDMOS) or
pseudomorphic High Electron Mobility Transistor (pHEMT) [13-15]. From an
application point of view, high voltage operation and high breakdown voltage are the
main requirements and technical challenges for InGaP HBTs. DHBTs whose
collector are formed by a wide band gap material, offers a good solution to these

requirements. This feature offers advantages such as a smaller turn on characteristics
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(offset voltage), lower B-C leakage current, larger breakdown voltage, and a
temperature-insensitive current gain, which make it attractive for power applications
[16]. Alternatively, one may compromise the larger breakdown voltage in DHBTS to

push the high frequency performance of the device beyond that of SHBTs [17].

Furthermore, according to DHBTs material systems, although GaAs is
lattice-matched to AlGaAs in the design of AlGaAs/GaAs, the smaller impact
ionisation rates in InGaP compared to those in AlGaAs, with the same band gap,
makes the InGaP/GaAs/InGaP material system a much more favourable DHBT choice
[17]. To the best of author’s knowledge, it is reported [18-19] that InGaAs/GaAs
DHBTs have been well studied. However, the literature on the application of

Ino.49Gap51P lattice-matched to GaAs for GaAs-based DHBTS is very limited [17].

High breakdown voltage

Poor collector breakdown characteristic of SHBTs limit their application in many
areas. By reducing collector doping and increasing collector thickness, SHBTs can
achieve high voltage performance. However, lower collector doping requires higher
reverse B-C voltage to pull the potential barrier blew the base conduction band,
which results in higher collector current saturation voltage [20]. Also, the Kirk effect
is another problem when the device is working under high current density [21]. On
the other hand, a thicker collector structure in device topology requires a severe
process and causes photo-lithography challenges, potentially, introducing reliability
problems [21]. And also, the wider collector layer will greatly enlarge the carriers
travelling through time, resulting in reducing the high frequency operation capability

of the device.

In order to overcome the above problem, using wide band gap material as the
collector becomes a superior solution. Using wide band gap InGaP to replace the

thicker GaAs collector layer makes the major part of potential change at high C-E

53



bias voltage occur in the wide band gap collector layer. Very limited potential change
in the narrow band gap GaAs base layer is caused [22]. This feature makes the
InGaP/GaAs DHBTs increase power handling capability. Also, the topology
problems are overcome [23]. Such a material system allows DHBTs to provide

higher power without significantly compromising collector transit time [20].

10
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Figure 2.3.5: Measured output characteristic of InGaP/GaAs SHBT and DHBT with
the same geometry (6 x10um®) [16]
In figure 2.3.5 above, a number of advantages for the DHBTSs over the SHBTSs can be
observed. First, C-E breakdown voltage (BVceo) improved from 13V (InGaP/GaAs
SHBT) to 20V (InGaP/GaAs DHBT) whilst the inserted table also shows the value
of InGaP/GaAs DHBT C-E offset AVceo (30mV) as much smaller than SHBT
(113mV). Furthermore, a higher breakdown voltage allows the device to work under
higher level power conditions, helping the device attain better high frequency

performance [23].
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Temperature insensitivity

From the published work [16], the characteristics of current gain of InGaP/GaAs
SHBT, DHBT and AlGaAs/GaAs SHBT at various temperatures are shown.
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Figure 2.3.6: Measured normalised current gain of InGaP/GaAs SHBT, DHBT and
AlGaAs/GaAs SHBT versus temperature [16]

First, in figure 2.3.6, comparing the AlGaAs/GaAs SHBT, both InGaP/GaAs SHBT
and DHBT show a relatively flat current gain in relation to temperature. This is
attributed to the very large E-B valence band discontinuity (AE,) of this material
system. The injection of holes from the base to the emitter could be prevented [24].
Second, the InGaP/GaAs DHBT show even insensitivity to the temperature. The
reason is better heat conduction from the collector layer into the emitter contact,
which is another motivation for using DHBTs [25]. The conduction band
discontinuity (AEc) in the B-C heterojunction of InGaP/GaAs DHBTSs enhances the
base bulk recombination, which may cause a smaller current gain, although less
temperature variation for the current gain, when compared to the SHBT counterparts.
Furthermore, technical grading can be used to make the DHBTs own an almost

temperature-insensitive current gain. This is since the whole band gap discontinuity
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(AE,) effectively exists in the valence band [16].

Lower leakage current

From the published work [16], the characteristics of leakage of InGaP/GaAs SHBT

and DHBT at various temperatures are compared.
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Figure 2.3.7: Measured Base-Collector leakage currents as function of device
temperature for InGaP/GaAs SHBT and DHBT [16]
Figure 2.3.7 shows the B-C leakage current versus temperature. The InGaP/GaAs
DHBT shows up lower values across the wide temperature region than SHBT, which
also benefits from the B-C heterostructure junction, as well as experiencing other
advantages. The dip of InGaP/GaAs DHBT leakage current level at 100 degrees
Celsius is due to the device under test fabrication defects. The electrons are trapped

under this temperature, which can not contribute to the leakage current.
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2.3.7 DHBTSs as photodetectors

Nowadays, heterojunction Bipolar Transistors (HBTSs) are established as a technology
suitable for high efficiency amplifiers at microwave frequencies. One of the key
trends for HBT power amplifiers used in portable devices such as tablets and smart
phones is providing high power-added efficiency to a low bias condition [23]. For
devices working as photodetectors, mostly single HPTs (SHPTS) are used, because the
relatively thick collector layer results in high responsivity. However, the saturation
velocity of holes is one order of magnitude slower than for electrons. Drifting holes
generated in the collector and sub-collector limit the overall bandwidth of these
devices [26]. The photo-excited holes in the sub-collector layer have little effect on
operation speed, and slow down the operation speed of the whole device. These
conventionally structured SHPTs with InGaP collector are not suitable for high speed

applications.

Due to the superior turn on characteristics and breakdown, DHPTSs are potentially a
significant improvement over SHPTs [27-28]. Benefiting from these advantages, in
optical communication systems, including microwave photonics systems, DHBTs
should enable us to build compact, high-performance equipment [29]. It is reported
[30] that the developed DHPT/DHBT photo-receiver has already been used to realise
compact, high-response and high-sensitivity photo-receiver equipment for optical

micro- or millimetre-wave interaction systems such as fibre radio and phased arrays.
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2.4 Heterojunction bipolar phototransistors 2-terminal and

3-terminal configurations

The HPTs can offer large optical gain at high incident power without high bias. But
at low incident power, for 2-terminal configuration, HPTs’ low current gain limits
the optical gain. Also at low incident power, recombination at B-E junction results in
a small collector current. This can further increase the junction capacitance. The

capacitance charging time would affect frequency response.

Using HBT devices as photodetectors can be configured as 2-terminal, 3-terminal
with constant base current bias and 3-terminal with constant base voltage bias. In the
following section, the equations of optical gain for these three configurations will be

respectively discussed.

2.4.1 HPTs 2-teminal configuration

HPTs with 2-terminal configuration are shown in figure 2.4.1. The base of the device

is floating.

A, [ At

i->> I :

| ph /

I : V
open O : — < | T

| HPT

—— o e mm m mm m mm mm mm m] m mm m— — —

Figure 2.4.1: HPTs with 2-terminal configuration [31]
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From figure 2.4.1 the collector current under illumination I¢, is given by [31]:

ICp = Iph X:B(lB:lph) +1 ph = Iph X[ﬁ(IB:Iph) +1] (2.4.1)

where Icp is the collector current under illumination Iy, is photocurrent in base,

B, _, is current gain under illumination.
(IB—Iph)

One can define the optical gain as given below:

o Mo Al v Al

lw  Pu/wvxq g P

in

(2.4.2)

ph

where Alg, is the induced collector photocurrent resulting from optical injection, Pi,
Is the incident optical power, h is Planck's constant, q is unit charge and v is

frequency of incident optical signal.

In 2-terminal configuration, since base is floating. Alc, can be replaced by Icp. The

optical gain for 2-terminal configuration is given by [31]:

Alg, |
G="C-o_p 41 (2.4.3)
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2.4.2 HPTs 3-terminal configuration with base current bias

HPTs 3-terminal configuration with base current bias is shown in figure 2.4.2. There

is a current source connecting the base terminal to supply the bias current I pc.

Collector ﬂlcp
Optical signal _:\\:' """""""""""" :
.\\\\ i
“\“'r\l“ J] p (Iph+IB,DC):
\T>)» I .
I ph p— AV
Base / : CE
h . b I
| =>
| }\ :
r 1B,DC |
lg pe : HPT :
Emitter =

Figure 2.4.2: HPTs with 3-terminal with base constant current bias configuration
[31]

From figure 2.4.2 the collector current under illumination I¢, is given by [31]:

ICp =(I on T IB,DC)Xﬂ(IpthIB’DC) + Iph (2.4.4)

From above equation (2.4.2) discussion, the optical gain:

G= AIICP — ICD I IC,DC — (I ph + IB'DC)Xﬁ(Iph"'IBI,DC) + Iph _ IB'DC XIBIBYDC (245)

ph ph ph

Therefore [31]:

|
)+1+Aﬂx—'|3'DC (2.4.6)

ph

G:ﬂ(l

phtleoc

whereAﬂ:ﬁ(,ph+,BDC) = Braoe Byitg o) is the device current gain under illumination
with base DC bias, g, __is dark current with base DC bias, Ic,oc collector current

due to base bias and I pc is base bias current.
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2.4.3 HPTs 3-terminal configuration with base voltage bias

HPTs 3-terminal configuration with base voltage bias is shown in figure 2.4.3. There

is a voltage source connecting the base terminal to supply the bias voltage Vge.

I Lep™ Lo
Optical signal _-\\;' """""""""" :
BN |
VAN, 1= 0,
\Tf Iph ' i
| 1 “m V
I|=>
_ o ™ ’
\% » |
BE : HPT :
S

Figure 2.4.3: HPTs with 3-terminal with base constant voltage bias configuration
[31]

From figure 2.4.3 the collector current under illumination I¢, is given by [31]:
lep = (o + IB,DC)Xﬂ(IphﬁIB‘DC) +1g, (2.4.7)

Therefore [31]:

AICp :[ﬂ(lphl'HB,Dc) _:B|B,DC]X Is.0c +’B(|ph1+|B.DC) X Iphl + Iph (2.4.8)

where is the device current gain under illumination with base voltage bias,
(Tona+18,0c)

Iona IS photo-generated current flowing into the transistor.

It is reported [31] that for GaAs-based HPTSs Ig pc is very small (<108A) at low B-E
bias voltage. This results in an extremely large equivalent resistance for B-E junction.
Comparing with above B-E equivalent resistance, the parasitic resistance of the

voltage source is small. So only a small portion of Iy, which is Ipn: (only 2% of Iy, at
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Ve = 2V), flows into the base to be amplified [31-32]. Therefore the current gain

can be given as:

o Mo _

o

[,8(|ph1+|B,DC) _ﬂ|BIDC]X Is.0c +ﬂ(|ph1+|B‘DC) x Iph1 +
|

|
21 (2.4.9)

ph

The optical gain of HPTs can not be improved by 3-terminal configuration with base

voltage bias configuration.
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2.5 Eye diagram

An eye diagram, also known as an eye pattern, is widely used in telecommunications,
and used extensively in the area of digital communications; this is in order to assess
the quality of a system. It has been established as a very powerful tool offering us
visual and qualitative evaluations of the performance of any circuit [33] or system.
From an eye diagram, an intuitive and quick qualitative analysis of a signal, especially
a digital signal, can be achieved. It provides an at-a-glance assessment of a system
and a first-order approximation [34], which are highly efficient. It differs from many
traditional methods that rely only on S-parameters. With careful analysis of an eye
diagram, more parametric information can be obtained, comprehensively, completely
and correctly. This information can be related to the physics of the device’s operation

and assists in optimisation.

Figure 2.5.1: A simple example of an eye diagram [34]

Figure 2.5.1 shows a simple eye diagram of digital signals. The eye diagram is an
oscilloscope display of a series of digital data signals superposition [34]. The reason
why it is so named is that for several types of coding, the output diagram looks like a
series of eyes set between a pair of rails. It is a very convenient and straightforward
technique for evaluating the effects of channel impairments under digital conditions,

such as distortion due to noise and inter-symbol interference.
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Figure 2.5.2: A simple digital signal waveform which is difficult to understand if
there is a distortion [35]

The reason an eye diagram is desired, is that from information in Figure 2.5.2, it is
difficult to intuitively describe the performance of this signal and whether or not

there is serious distortion and ISI.

a b

Figure 2.5.3: Comparison of a good quality eye diagram (a) and a distorted eye
diagram (b) [35]
However, using figure 2.5.3 we can easily make a judgment. Obviously, the left side
eye diagram is extracted from a better quality signal than the right side one. Also, we
could, through observing changes to the eye diagram, adjust the design for our

device. That is why we needed to include an eye diagram in this project.

The eye diagram is formed simply by overlaying sweeps of different fragments of

random patterns of pulses. The long data stream overlaying the results resembles a
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human eye, which is where its name comes from. Figure 2.5.4 shows an example of
four sequential digital bit forming eye diagrams. Considering millions of signals
superimposed on one another to generate eye diagrams would establish an effective

way of evaluating the device or system under testing.

Figure 2.5.4: Eye diagram formation from bit sequences

There are many application areas for the eye diagram. For instance, a common use
would be to assess the integrity and quality of the received signal. The whole radio
communication system can be composed of many parts, like pre-filtering in the
transmitter, amplifiers, frequency converters, propagation path, IF circuits and so on
[34]. Each part of the system may cause an impaired signal. Therefore an eye

diagram of each part is very useful for troubleshooting.

During the analysis process, various measurements were able to be obtained from
eye diagrams. Figure 2.5.5 shows a partial interpretation of an eye pattern

measurement.

65



Slope indicates sensitivity
to timing error, smaller is

better.

Amount of distortion,
or variation in where |
Zero crossing oceurs.

Signal excursion
or wasted power

Amount of distortion
—==- —— at sampling instant.
relates to signal SNR

Amount of noise that can be
tolerated by the signal, the larger
the better.

Best time to sample

<

>

Opening of the eye,
Time over which we
can successfully
sample the waveform

Figure 2.5.5: A partial interpretation of the eye pattern measurement [36]

According to the Matlab help files [37], all of the useful measurements below can be

obtained from eye diagrams:

Table 2.5.1: Various eye diagram parameters [37]

Eye Parameters

Definition

Eye Amplitude

The distance between two adjoining eye levels.

The three standard deviations’ (30) distance between two

Eye Height -
ye helg adjoining eye levels.
Eye Level The amplitude level which is used to stand for data bits.
The ratio of the eye amplitude to the summation of the standard
Eye SNR ..
deviations of the two eye levels.
Vertlca! Eye The vertical distance between two vertical histograms.
Opening
Horizontal Eye [The horizontal distance between two horizontal histogram points
Opening which is equal to the BER value.
Eye Rise Time [The mean time between low and high threshold values.
Eye Fall Time |The mean time between the high and low threshold values.
Eye Width The horizontal distance between two points where three standard

deviations (3c) are away from the mean eye crossing times.

Peak-to-Peak Jitter

The difference between the histogram extreme data points.
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Chapter 3. Device Structures and

Experimental Setup

3.1 Device structures

3.1.1 Ing49Gag5:P/GaAs single and double heterojuction bipolar

transistors

p-type ohmic
Emitter layer If- contact:
Au/Zn/Au
Base layer ||:
_____________ , n-type ohmic
{Spacer layer jo = = === contact:  fe-
Ni/AuGe/Ni/Au

Collector layer

| Sub-collector layer |
7 )

| Substrate layer I

Figure 3.1.1: Schematic device structure of Ing 49Gag s:P/GaAs SHBT (on MR873)
and DHBT (on MR1095) with emitter contact diameter = 100um

The device structures of Ing49Gags1P/GaAs SHBT (on MR873) and DHBT (on
MR1095) with 100um emitter contact diameter are shown in figure 3.1.1 and table
3.1.1. Both device structures were grown using metal organic chemical vapour
deposition (MOCVD). Device isolation was achieved by using multiple energy He"
and O" ion implantation [1]. Emitter and base structures in both SHBT and DHBT

are similar. As shown in table 3.1.1, both devices own a 100nm thick wide band gap

71



InGaP emitter layer, with heavy doped cap layers being grown on top of the emitter
to reduce the emitter’s contact resistance; 100nm GaAs layer which is doped to very
high concentrations due to the heterostructure E-B junction; 0.5um collector layer;
and 0.7um GaAs sub-collector.

Table 3.1.1: Layer structures and doping profiles of Ing 49Gags1P/GaAs SHBT (on
MRS873) and DHBT (on MR1095) with emitter contact diameter = 100um

Layer SHBT DHBT
Cap Layer 280n£n n*-GaAs 4x10' (igng 3
20nm n"-1ng.49Gag5:P 2x10~° cm’
Emitter 100nm n-Ing 49Gag s;P 5x10*" ¢cm™
Base 100nm p*-GaAs 2x10%° cm™
n’-GaAs spacer 3x10'° cm™ - 20nm
0.5pum 0.48um
Calltzgie; n-GaAs 1x10* cm™® | n-Ing49Gags;P 5-7x10% cm™
Sub-collector 0.7um - n*-GaAs 4x10'® cm™
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Figure 3.1.2: Micrograph of a fabricated Ing 49Gag 5:P/GaAs SHBT (on MR873) with
emitter contact diameter = 100um
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Figure 3.1.3: Micrograph of a fabricated Ing 49Gag 5:P/GaAs DHBT (on MR1095)
with emitter contact diameter = 100um

The main difference between the Ing49Gags1P/GaAs SHBT and DHBT is that the

collector of the SHBT is simply n” GaAs, while that of the DHBT is composed of a

20nm undoped GaAs spacer and a 0.48um InGaP. The presence of the spacer layer

can reduce the discontinuity of the B-C junction conduction band which effectively

increases the current gain and the cut-off frequency [1]. The micrographs of the

fabricated Ing 49Gag5:P/GaAs SHBT and DHBT are given in figures 3.1.2 and 3.1.3.

G
-

n - Collector

Figure 3.1.4: Metallization structure of contacts for Au/Zn/Au on p-type GaAs and
Ni/AuGe/Ni/Au on n-type GaAs with surface protrusion due to thermal alloying
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Au/Zn/Au and Ni/AuGe/Ni/Au are commonly used p-type and n-type ohmic contact
systems for GaAs HBTSs. It is noticed that in both SHBT and DHBT, the emitter and
collector contacts metal show protrusion. The texture pattern is caused by alloyed
metal from the emitter and collector metal contact fabricating process. The
germanium in the emitter and collector contact metal diffuses into n* GaAs, acting as
n-type doping, producing the surface protrusion. This metal diffusion may reduce
contact resistance. While in p-type doped base, no carrier diffusion happens between
the metal contact and the p* GaAs. So, as shown in figures 3.1.2 and 3.13, the base
surfaces are much smoother. As in our test results, the metal contacts of both base
and emitter show typical linear ohmic IV characterisations in both directions,
indicating that the contacts can supply the required current density with a voltage
drop that is very small, compared to the drop across the active region of the device
[2]. Additionally, the texture pattern doesn’t affect the accuracy of the following

measurements.

3.1.2 Aly3Gay;As/GaAs single heterojuction bipolar transistor

|

| Grading layer }= p-type ohmic
contact:
Emitter layer Au/Zn/Au

Grading layer

n-type ohmic
contact: &
Ni/AuGe/Ni/Au

i

Base layer

Collector layer

| Sub-collector layer I
»

Substrate layer

Figure 3.1.5: Schematic device structure of Alp3Gag7As/GaAs SHBT (on K15) with
emitter contact diameter = 130um
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The Alp3Gag 7As/GaAs HBT (on K15) is a transistor with a graded B-E junction. The

schematic device structure is shown in figure 3.1.5. The layer structure is shown in

table 3.1.2, followed by the micrograph in figure 3.1.6.

Table 3.1.2: Layer structures and doping profiles of Aly3Gag7As/GaAs SHBT (on
K15) with emitter contact diameter = 130um [2]

. Thickness | Doping Mole
Layer Material | Type (um) (cm?) | fraction (%) Dopant
Cap layer GaAs n 0.19 5x10'® - Si
Grading | | 4 As| n 0.02 5x10 30-0 si
layer
Emitter | AlGaiAs | n 0.15 5x10% 30 Si
Grading | A GapAs| n 0.02 5x10"7 0-30 Si
layer
Base GaAs p 0.09 2x10"° - C
Collector GaAs n 0.5 2x10'° - Si
Sub-collector | GaAs 1 5x10'8 - Si
Substrate GaAs S.1. 400 u/D -
Collector contact '
---a
65um

Base contact

Emitter contact

NG o o o e s o e e A

Figure 3.1.6: Micrograph of a fabricated Al 3Gag 7As/GaAs SHBT (on K15) with
emitter contact diameter = 130um

Similar to the Ing49Gags:P/GaAs SHBT and DHBT, a heavy doped cap layer was

grown on top of the emitter to reduce the emitter’s contact resistance. Then, an
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emitter was formed by a 150nm wide band gap Alg3Gag7As. On either side of the
emitter, a thin AlGaAs layer was grown for gradual grading of the junction, thus
minimising the B-E conduction band discontinuity. A heavily doped GaAs base was
present to provide low base resistance and good p-type ohmic contacts [3]; with the
0.5um lightly doped collector following for a better breakdown voltage performance.
In order to archive low resistance n-type ohmic contacts, a highly doped

sub-collector was used. The undoped substrate layer was a thick GaAs layer.

76



3.2 Eye diagram simulation

The simulation setup diagram for eye diagram simulation in this work is shown in

figure 3.2.1.

4 N

Measurement and Parameter
Extraction

Eye diagram simulation Eye diagram output
. —> Eye
Device > Simulation Parameters
Model function
v
ADS

Eye parameters

\ extraction /

Output

IC-CAP

Figure 3.2.1 Simulation setup for generation of eye diagram

On-wafer S-parameters measurements of the device under test were carried out from
45MHz to 30GHz using a HP8510C Network Analyser, controlled by the Integrated
Circuit Characterization and Analysis Program (IC-CAP). Before RF measurements
were taken, the probes needed to be calibrated in a systematic way, starting from
open, short, load and thru, referred to as an LRRM standard. Then accurate
S-parameters of DUT were measured under various bias conditions, followed by an
automated toolkit for the extraction of small-signal parameters of heterojunction
bipolar transistors (HBTs), adopted directly from measured S-parameters using

IC-CAP [4-5].

In a T-model small signal equivalent circuit, all model parameters can be directly

tied to the physics of the device and maintain backward compatibility with a physics
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model [6]. Also, T-model fits S-parameters data very well up to mm-wave
frequencies. It shows less frequency dependence, than the hybrid-rm model, especially
at high frequencies [7]. So in this thesis the T-model small signal equivalent circuit is

preferred in the following ADS simulation.

The device was given a small signal pseudo random binary sequence (PRBS) RF
signal of 25mVpp (peak to peak voltage). Such an input level can ensure that the
device works in the linear region of operation. Since for long-haul fibre optical
communication system, the simplest modulation scheme is a non-return-to-zero
(NRZ) format. During the simulation the NRZ signal modulation is adopted. For the
NRZ signal modulation baud rate is equal to bitrate. In order to achieve highest
bitrate corresponding to the frequency response of the devices, the input signal is
coded to switch between “0” and “1” alternately. The bitrate is double values of

device operation frequency correspondingly.

Agilent ADS offers a convenient and powerful simulation environment and built-in
functions for eye diagram simulation and parameters’ extraction. For instance, the
pseudo random digital pulse component in ADS overcomes the many drawbacks of
the conventional MATLAB method, and provides a direct option for varying
frequency to the desired value without the need for the user to provide a complicated
data conversion. After the simulation, the “FrontPanel” function shows the eye
diagrams in the data display window as well as the extracted eye parameters,

allowing us to carry out further analysis.
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3.3 Laser operation and characterisation

3.3.1 Laser diode operation and optical fibre

Optical Power
Sensor
MA 9802A

Multi-mode
optical fiber

Lenses

Digital multi-meter

M -cceccn

100 Q

Laser Diode

Pulse Generator

HP 8082 A

. = 635nm I

——p,

Digital multi-meter

n=APJAl~ 0.4

e

Optical Power
Meter ML092A

=T, = 23mA

5 10 1‘5 2‘0 2"5 Jb 35

1(mA)

Output characteristics of laser diode

Figure 3.3.1: Block diagram of the setup to characterise laser diodes

In the experiment, 635nm and 850nm laser diodes are adopted as optical input signal
sources. Due to the orientation of the set-up, the power falling on the device cannot
be measured for every single different value. So a current versus optical power chart
for each laser diode needs to be plotted first. As figure 3.3.1 shows, the laser diode
was inserted in a case with proper BNC electrical contacts. Since the semiconductor
band gap is sensitive to temperature which can affect output wavelength of laser, a
pulse generator HP 8082A was used as the bias source of the laser diode, and limited
user time was chosen to avoid over heating. The input current was modified by
changing the DC offset voltage of the signal from the pulse generator. Two lenses
were used to focus the laser on the multi-mode optical fibre (figure 3.3.3). The lens
near to the laser diode is a collimating lens, which is adopted to drive a beam in

parallel; then the second lens focuses the parallel laser beam on the head of the
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optical fibre. By adjusting the focal length of the second lens, optimal coupling can
be obtained. A 100Q resistor was connected between the pulse generator and the
laser diode, adopted to show the current through the circuit from the digital
multi-meter. The other digital multi-meter was connected with the laser diode.

\oltage crossing the diode can be monitored from it.

2.4
54 | A=635nm I
; -2.3
s 2
E -2.2 g
2° 31 n=AP_[Al 04 g
o -2.1 o
s, 2
o 21 3}
o ®
‘_g -2.0 o
Z 1- Voltage %‘
@) -19 >
04-s—s—e—o—a""___ 7= -1 =23mA
T T T T T T T T T T T 1.8

Current across the LD, | (mA)

Figure 3.3.2: Measured output characteristics for LD-635-51 635nm 5mW laser
diode

When the laser diode is forward bias high enough, the separation of quasi-Fermi
levels, which correspond to the non-equilibrium concentrations of electrons and
holes, exceeds the energy of the emitted radiation. A downward transition, known as
the negative absorption of an electron from the conduction band, with the emission
of a photon of the same energy and phase, occurs. Rather than the upward transition
from the valence to conduction band with the absorption of a photon operation take
place [8]. This process gives off a spontaneous emitted photon. The cleaved walls at
the two borders of the semiconductor structure act as mirrors, resulting in optical
feedback. The spontaneous emitted photons can stimulate upwards and downwards

transitions, resulting newly stimulated emitted photons [2]. When the rate of such
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stimulated emission is sufficiently high, gain appears and lasing starts. The current at
which the gain exceeds losses within the active region, or spontaneous incoherent
emission occurs, is replaced by the stimulated emission of radiation, known as the

threshold current I¢, [9-10].

The amount of power out at the end of the optical fibre was measured by optical
power sensor MA 9802A and optical power meter ML092A. The measured output
characteristic chart of LD-635-5I, records the amount of current (through), and
voltage (across), the laser diode, as well as output power from the end of the optical

fibre (figure 3.3.2). The threshold current Iy, is extracted as 23mA.

re Cladding

Figure 3.3.3: Micrograph of a 125/250 multi-mode glass optical fibre
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3.3.2 Optical measurements setup

Digital multi-meter
Photo-HPT on

Probe Station

Multi-mode
optical fiber

Laser Diode
Lenses

1\ L
A

Pulse Generator
HP 8082 A

4200-SCS Parameter
Analyzer

Digital multi-meter

Figure 3.3.4: Block diagram of experimental setup to obtain the DC electrical
characteristics and the SR of HPTs

The device under testing was set on a probe station, as shown in figure 3.3.4. There
were a total of 4 probes used in this experiment. Three of these were connected to
the device emitter, base and collector terminals, respectively. The last probe was
used to connect with the multi-mode optical fibre, shining an input optical signal to
the base of the device. The probe station then connected with the Keithley 4200
Semiconductor Parameter Analyser (SPA), which provides accurate DC

measurements in spreadsheet format and graphical display.
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Chapter 4 InGaP/GaAs single and double
heterojunction bipolar transistors DC and

optical characterisations

4.1 Introduction

Equation Chapter 4 Section 1Photonics technology has begun to play an
indispensable role in the realisation of various broad-band communication systems,
such as high-bit-rate fibre-optic communications systems and fibre-radio wireless
communication systems. In these systems, light sources, ultrafast optical modulators,
and ultrafast photodetectors are the key components [1]. In recent years,
monolithically integrated photo receivers such as optoelectronic integrated circuits
(OEICs) have attracted much attention for realising optical/micro- or
millimetre-wave interaction systems [2]. Photodiodes such as p-i-n diodes and
avalanche photodiodes (APDs) have been widely used as photodetectors, although
the p-i-n diode cannot offer any internal gain, making the sensitivity to the weak
input optical power inferior. Also, in order to enhance the optical performance of the
p-i-n, the layer structure design is severely limited, e.g. i-region thickness increments
can degrade the carrier transit time across the intrinsic region as well as increase the
capacitance of the p-i-n, thus further limiting the response speed. In the case of
APDs, although the avalanche breakdown produces internal gain, excess noise is the
result of this process. Among these photo receiver structures, layer- and
process-compatible photodetectors based on heterostructure bipolar transistor (HBT)
technology are the most promising for high-performance monolithically integrated
photo receivers [3]. Heterojuction phototransistors (HPTs) using a I11-V compound
semiconductor is expected to play a key role in the next generation of microwave
and OEICs. The HPT can be thought of as a B-C junction photodiode plus internal
amplifier [4]. Their high potential as a high performance photodetector for light
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wave communications and an alternative to APDs and p-i-n photodiodes is already
known. Good RF performance for photodetection amplification of HPTs is
fabricated using high-performance HBTs technologies [5]. Integrated circuits using
the HPT/HBT combination are the most promising way to realise high-performance
photo receivers for micro- or millimetre-wave sub-carrier transmission via optical

fibre and optical-microwave signal processing systems [2].

Recently there have been several reports of HPTs operating with a DC bias, and
showing enhanced device performance. As we know, 3T-HPT can push the current
quiescent bias point to a higher level, resulting in better optical gain, as well as
improved frequency response. Although there have been several reports on HPTs
operation enhancement with a DC base bias (3T-HPTs) [6-8], no results discuss as to
what the differences are between a single and double HPT with a current- and
voltage-base bias. Furthermore, the InGaP/GaAs material system HBTs show an
enhancement of performance as well as reliability [9-10], although there has been
very little study done on using this device as a photodetector [11]. It is therefore
worth investigating, comparing and discussing the Ing49Gags:P/GaAs SHBT and
DHBT in this chapter. This is particularly important in term of applying such devices

to the practical circuit of monolithic optical receivers.

In this section, single- and double-Ing49Gags:P/GaAs heterojunction bipolar
transistors using as HPTs are investigated. DC, 2-terminal and 3-terminal optical
characterisations are shown and compared. The advantages of InGaP/GaAs material
system DHBT are discussed. Finally, the base band bending effect of the DHBT using
as a short wavelength (850nm) photodetector is proved to exist, as will be discussed

later.
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4.2 InGaP/GaAs material system

For short wavelength applications, such as optical interconnects in multi-chip
modules and local area networks, AlGaAs/GaAs system HBTs are widely used and
studied [12-14]. However, the Al atoms of the AlGaAs emitter and the exposed
surface of the extrinsic base provide the origins of degradation under operation [15].
An alternative to AlGaAs is the aluminium free InGaP which is lattice matched to
GaAs substrates and exhibits a number of desirable attributes; these include lower
interface and surface recombination, large valence band discontinuity with small

conduction discontinuity, low noise and higher efficiency emitter [16].

Table 4.1: Band discontinuities for various HBT material heterostructures [17]

Material structure AE; (V) AE, (V)
Aly3Gag7As/GaAs 0.28 0.19
|n0,49Gao,51P/GaAS 0.2 0.29

The lattice matched Ing49Gags1P/GaAs heterojuction has a more favourable band
line-up for heterojuction bipolar transistor than Aly3Gag7As/GaAs [18]. Ing49Gags1P
has a small conduction band discontinuity (AE; = 0.2eV) and a larger valence band
discontinuity (AE, = 0.29eV) when compared to Aly3Gag7As [17]. Absence of the
problems related to DX centres in AlGaAs, existence of highly selective wet and dry
etch chemistries for the Ing49Gags1P/GaAs material system and low surface
recombination velocity are among the other advantages for InGaP over AlGaAs as
the emitter of HBTs [16]. These superior physical properties and the easy fabrication
of a ledge emitter structure to passivate the surface of the extrinsic base has made the
InGaP system attract considerable attention with regard to replacing the AlGaAs [19].
In recent years InGaP/GaAs heterojuction bipolar transistors have been the dominant
technology for wireless handset power amplifier (PA) applications due to their

excellent performance, reproducibility, reliability and manufacturability [20].
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Figure 4.1: Measured current gain from 1V characteristics of Ing 49Gag 5:P/GaAs
SHBT (wafer no. MR873, emitter contact diameter = 100um)
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Figure 4.2: Measured current gain from 1V characteristics of Ing 49Gags:P/GaAs
(wafer no. MR873) and Aly 3Gag 7As/GaAs (wafer no. K8) SHBT, both with 130um
emitter diameter

When Ing49Gags:P is used as the emitter, most of the energy gap discontinuity
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occurring within the valence band enables an easier electron injection into the base
from the emitter, whilst also preventing holes (electrical and photo-generated)
occurring from the base injection into emitter. This results in improved emitter
injection efficiency and reduction of the E-B leakage current [17]. Thus, both current
gain and optical gain show a considerably enhancement. Moreover, the passivation
of the InGaP ledge on the surface of the extrinsic base provides a low surface
recombination centre [19]. The current gain of the InGaP emitter HBT is relatively
constant over five decades of collector current and useful gain at collector current
levels as low as 0.1pA [21] (figure 4.2). This indicates the device’s high sensitivity
and high linearity, making this system full of potential for low-power operations, and

fully compatible with optical devices.

But in InGaP there are also some drawbacks, for example, the reported values of
electron saturation velocity, in the ranges of (4.4-8.0)x10%m/s, and the value in GaAs
as (8.0-10)x10°cm/s (either measured or calculated by Monte Carlo methods [22-23]),

which can reduce the current gain of the device.

4.3  Ing4GagsP/GaAs single heterojuction  bipolar

transistor

4.3.1 Ing 49Gay 51P/GaAs SHBT DC characterisation

Gummel plot and common emitter IV characteristics are two typical measurements
for evaluating HBTs performance. Gummel plot is the measurement of collector and
base current with a base-emitter voltage variation which simultaneously keeps the
base-collector at zero volts bias. In the case of a common-emitter configuration, the
collector current is measured as a function of collector-emitter voltage, while a

variable base current source is used to provide base bias.
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Typical SHBT DC characteristics for the Gummel plot are given in Figure 4.3. The

base and collector currents are measured in dark as a function of B-E voltage bias.

10" 4
10°1 | SHBT InGaP/GaAs ,
104 | 100um ‘
2] | Wafer: MR873

10°{ n_=1.08
1n,=1.29

Current (A)
'_\
o

10-11 E v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1
-02 00 02 04 06 08 10 12 14 16
V. (V)

Figure 4.3: Measured Gummel plot of the Npn Ing 49Gag 5:P/GaAs SHBT (wafer no.
MRS873, emitter contact diameter = 100um)

In the low voltage region the base current is seen as a similar value to the collector
current. The gain is unity or even smaller and the total base-emitter junction current
is dominated by recombination within the B-E space-charge region. After this
voltage (0.9V), the diffusion current component becomes dominant over the
generation-recombination process, while the transistor begins to exhibit gain. At an
even higher voltage, a high injection effect appears where the number of electrons
injected from the emitter into the base becomes comparable with the native holes in
the base. This presence of intrinsic series resistances reduces emitter efficiency. One
feature of the device data (figure 4.3) can be found is the linear part of Ic which
occupies more than six decades. The ideality factor for collector current is nc = 1.08,
while for the base current is it ng = 1.29, indicating a high quality E-B interface and

low recombination.
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Figure 4.4: Measured IV characteristics of the Npn Ing49Gags1P/GaAs SHBT (wafer
no. MR873, emitter contact diameter = 100um)
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Figure 4.5: Measured off-set voltage of the Npn Ing 49Gag 5:P/GaAs SHBT (wafer no.
MRS873, emitter contact diameter = 100um)

Figure 4.4 shows common emitter output characteristics of the device, where the
output current (Ic) measured as the C-E voltage increases with base current stepped
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in 60pA increments. The dark current at Vce = 2V is only 1.3x10°° low, which again

confirms a high quality E-B junction with low E-B leakage current. Off-set voltage

Is given in figure 4.5 with the value of 0.14V. This small value benefits from the

small conduction band discontinuity of E-B heterojuction.
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Figure 4.6: Measured DC and AC current gain of the Npn Ing 49Gags1P/GaAs SHBT
(wafer no. MR873, emitter contact diameter = 100um)

l. (MA)

DC and AC current gain as a function of collector current is given in figure 4.6. For

our measurements, the maximum DC gain can achieve more than 23, which is

reasonable for our device. It is noticed that the higher output current level (resulted

from higher quiescent bias current (Ig) ) the larger the current gain.
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Figure 4.7: Measured collector resistance of the Npn Ing 49Gag s:P/GaAs SHBT
(wafer no. MR873, emitter contact diameter = 100um)
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Figure 4.8: Measured emitter resistance of the Npn Ing 49Gags:P/GaAs SHBT (wafer
no. MR873, emitter contact diameter = 100um)

Using the Giacoletto method, the collector and emitter resistances are measured and

the results given in the above figures as Rec = 6.8 Q and Ree = 4.1Q.
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Doping concentration for Base and Collector can be achieved by following steps.
Firstly, the junction capacitances are measured. Capacitance value is directly
proportional to area of the junction and the charge stored and inversely proportional

to the width of the depletion region. The equation is given as:

C =g,¢, EA (4.3.1)

Where d is depletion region thickness and A is the area of the junction. The depletion

thickness can be written as,

d= [M]ﬂ2 (4.3.2)
aNp
Where AV = Vy,; —V; Forward bias junction
AV = Vi -V, Reverse bias junction
Insert equation (4.3.2) into (4.3.1),
C=A (q'\'D—ZgOgS)”2 (AV) 2 (4.3.3)

Squaring (4.3.3) and rearranging in the form of y = (slop)x +C, gives (4.3.4)

I . S (4.3.4)
C% 0ge,Ny A" gge,N A

If 1/C? is plotted against V; and the curve is extrapolated, Vy; can be found at 1/C?
equal to zero. Bring the values of Vy; and V, back to (4.3.2). Then plot Np as a

function of d. From the figure, the value of (Np), and (ND). can be obtained.
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Table 4.2: DC measured characteristics of the Npn Ing 49Gag 5:P/GaAs SHBT (wafer
no. MR873, emitter contact diameter = 100um)

Parameters Values
(Np)b 2x10'° cm
(Np)c 1x10* cm™®
Ree 4.1Q
Rec 6.8Q2
off-set voltage 0.14V
DC gain at V=2V, 1,=120pA 22
AC gain at V=2V, 1,=120pA 23
Gain from Gummel plot at I.=10pA 6
Collector ideality factor (nc) 1.08
Base ideality factor (ng) 1.29
Collector saturation current (lc) 8.2x10%2A
Dark current at V=2V 1.3x10°A
Turn on voltage 0.67V

4.3.3 INng4GagsP/IGaAs SHBT 2-terminal optical

characterisation

First, a bias voltage is applied between base and collector. The B-C junction is
reverse biased with the emitter floating. The HPT is functioned as a p-i-n photodiode
which is formed by base, collector and sub-collector. Various optical powers at
wavelengths 635nm is illuminated in the base absorption window. p-i-n

photocurrents generated within the B-C junction are shown in figure 4.9.
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Figure 4.9: Measured B-C junction photocurrent of the Npn Ing 49Gag 5:P/GaAs
SHBT (wafer no. MR873, emitter contact diameter = 100um) at 635nm
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Figure 4.10: Measured B-C junction photocurrent of the Npn Ing 49Gag 51:P/GaAs
SHBT (wafer no. MR873, emitter contact diameter = 100um) at 850nm

It is noticeable that with the increment of incident optical power, a higher
photocurrent is obtained. But the photo-generated current is independent with
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reverse bias voltage value. Optical responsivity of the B-C junction at -1V B-C
reverse bias voltage is given in figure 4.15. A relatively flat trend is observed.
Similar measurement results are given in figure 4.10 and figure 4.16, which are the

B-C optical currents and optical responsivity at 850nm, respectively.
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Figure 4.11: Measured 2-terminal photoresponse of the Npn Ing 49Gag 51 P/GaAs
SHBT (wafer no. MR873, emitter contact diameter = 100um) at 635nm

Figure 4.11 shows the collector current as a function of C-E bias voltage for a
2T-HPT with a floating base at 635nm wavelength incident light. The
photo-generated current in the B-C junction actually provides the bias current for the
transistor. The measured collector current versus incident optical power is shown in
figure 4.14. Similarly, collector current measurements with incident light at 850nm
with various optical powers are given in figures 4.12 and 4.13. Since the 2T-HPT
behaves as a transistor, higher optical power produced a higher photo-generated
current. Then the current is amplified by the transistor and saturated at high C-E

voltage as shown in the figures.
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Figure 4.12: Measured 2-terminal photoresponse of the Npn Ing 49Gags1P/GaAs
SHBT (wafer no. MR873, emitter contact diameter = 100um) at 850nm with optical
power up to 200uW
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Figure 4.13: Measured 2-terminal photoresponse of the Npn Ing 49Gag 51 P/GaAs
SHBT (wafer no. MR873, emitter contact diameter = 100um) at 850nm with optical
power up to 2mwW
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Figure 4.14: Comparison of measured 2-terminal collector current of the Npn
Ing.40Ga0 51P/GaAds SHBT (wafer no. MR873, emitter contact diameter = 100um) at
635nm and 850nm

Figures 4.15 and 4.16 show the optical responsivity of the 2T-HPT at 635nm and
850nm, which are calculated from figures 4.11, 4.12 and 4.13 respectively. Both
results show the responsivity increase rapidly in the low optical power region. This
can be attributed to the increment of current gain with the increment of quiescent
bias current level (figure 4.6). In the high optical region, the responsivity is saturated
at certain values. This can be explained as the absorption limitation of the device.
After the certain value of optical power, too many photons incident into the device.
The collection efficiency of the device thus begins to reduce, which can further
decrease responsivity. The reason why 850nm is beginning to show saturation at
lower optical power, when compared with 635nm, is that at a certain incidence
optical power level, the longer the wavelength, the more incident photons, meaning

that the device is able to reach its limitation earlier.
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Figure 4.15: Measured 2-terminal and B-C junction - optical responsivity of the Npn
Ing.40Ga0 51P/GaAds SHBT (wafer no. MR873, emitter contact diameter = 100um) at

635nm
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Figure 4.16: Measured 2-terminal and B-C junction - optical responsivity of the Npn
Ing.40Ga0 51P/GaAds SHBT (wafer no. MR873, emitter contact diameter = 100um) at
850nm
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|
Using equations Rﬂ:l‘and lep = IphX[ﬁ(,B:,ph)ﬂ] discussed before, from the
opt

figures, we could calculate the ratio of 2T’s and B-C’s responsivity at 635nm and
850nm, both giving us the value of 24 at 150uW, which reasonably equals the value

of current gain in figure 4.6. This coincides with the theory.

4.3.4 IngsGags;,P /GaAs SHBT 3-terminal optical

characterisation with base current bias

In the early stage of development and application, HPTs were used as 2-terminal
devices with a floating base (2T-HPTs). Under such an operating condition, the
average incident light provides the quiescent bias current [24-25]. At low incident
optical power, the optical current produced by the device is small, and due to
recombination at the base emitter heterojuction, the current gain is low resulting in
low optical gain. This means the device cannot perform as expectations.
Consequently, the lower output current (collector current) increases charging time of
junction capacitance, which can further reduce the cut-off frequency. Therefore, it is
essential to bias the base terminal with an additional electrical current or voltage,
which can push the HBT quiescent bias point to a higher current gain level. Although
there have been several reports on HPT operation enhancement with a DC base bias
(3T-HPTs) [6-8], none of the results discussed the differences between a single and a
double HPT with a current- and voltage-base bias. Furthermore, InGaP/GaAs
material system HBTs show enhanced performance as well as reliability [9-10],
although very little study has been undertaken on using this device as a

photodetector [11].

As discussed previously, at a low incident power level, the low value current gain

limits the optical gain of HPT. On other hand, a biased current addition in base can
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push the HPT operating point to a higher current gain level, thus enhancing the HPT
performance. In this section, the 3T-HPT with base current bias configuration will be

discussed.

An additional biased current is added to the base terminal. Figure 4.17 shows
measured common emitter output characteristics for this configuration operated in
the dark (no optical input signals) and under various optical illuminations

respectively.
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Figure 4.17: Measured 3-terminal photoresponse of the Npn Ing 49Gags:P/GaAs
SHBT (wafer no. MR873, emitter contact diameter = 100um) at 635nm with constant
base current bias

Alg :[ﬂuphﬂBch) _'Bls,oc 1% 5.0 +:3(|,,h+|B,DC) x Iph + Iph (4.3.5)

As the equation above shows, the induced collector current Alc should provide
additional fraction to the 2T-HPT photocurrent I, This can be understood as the
addition of the base bias current pushing the device operating point from lg = Iy, t0
Is= Ipntlepc. And the latter higher level current, which is constituted by both

photo-generated current and DC electrical current, makes the device work at a larger
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DC current gain condition, according to figure 4.17. This is the reason for a 3T-HPT

with base current bias to exhibit higher optical gain. Using equation (2.4.6), the

optical gain of Ing49Gags1P/GaAs SHBT with base current bias is shown in figure

4.8

Figure 4.18: Measured 3T and 2T optical gain versus incident optical power for
different DC base bias currents of the Npn Ing 49Gags5:P/GaAs SHBT (wafer no.
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MRS873, emitter contact diameter = 100um) at 635nm

Figure 4.1.18 shows 3T-HPT optical gain as a function of optical power for a series

of different base current bias levels. At a low optical power level, the optical

improvement is great. As the optical incident power increases, the optical absorption

degrades the optical gain [26]. The optical gain thus reduces to a lower value. The

same trend can be seen for every base bias level. On the one hand, this confirms that

the base bias current can improve optical gain. On the other hand, it shows that a

higher base bias current level can build up the induced base potential that biases the

device into a forward active region faster. So base current biasing is especially

significant for a low optical power application. Figure 4.19 shows the 3T-HPT

optical gain as a function of base bias current for three optical incident power levels,
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50uW, 100uW and 150uW respectively. The transistor action amplifies the
photocurrent more effectively as the base current increase [11]. It again demonstrates

the same base bias current, with the lower optical power level gaining a higher

enhancement.
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Figure 4.19: Measured 3-terminals optical gain versus DC base bias current for
different incident optical power of the Npn Ing 49Gags1P/GaAs SHBT (wafer no.
MRS873, emitter contact diameter = 100um) at 635nm
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Figure 4.20: The dependence of the optical gain on the collector current for the
2T-HPT and 3T-HPT of the Npn Ing 49Gags1P/GaAs SHBT (wafer no. MR873, emitter
contact diameter = 100um) at 635nm

There is another way to show the base current bias improvement in optical gain at
the low input power level. In figure 4.20, optical gain is plotted as the function of the
collector current. In the case of 2T-HPT, incident optical power was varied to
achieve a range of different collector current values, while in the case of 3T-HPT,
incident power was fixed at 10uW with the base current varied to get different
collector currents. It is evident from the figure that the optical gain showed obvious
improvement at the low optical power level (10uW). This is since, at the low
incident optical level, the photo-generated current is small. The electrical base
current plays a more important role in saturating the recombination centres in the
depletion region. Therefore, more electrons from the emitter can inject and be
transported through the space charge region, reaching the collector without

recombination [11], and further improving the current gain of the device.
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4.35 IngsGags,P /GaAs SHBT 3-terminal optical

characterisation with base voltage bias

Figure 4.21 shows the base and collector current as a function of B-E voltage under

100uW illumination at 635nm and 850nm.
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Figure 4.21: Comparison of measured base and collector current as a function of
B-E bias with optical illumination at 50uW of the Npn Ing 40Gag51P/GaAs SHBT
(wafer no. MR873, emitter contact diameter = 100um) at 635nm

At low bias, the collector current saturates at a very low value. It is produced from
the quasi-neutral base, B-C depletion region and holes diffusion length
photo-absorption. Likewise, base current saturates at the same current level as the
collector current. The device operates as a p-i-n photodiode when the
photo-absorption is at such a low voltage level. At high base bias, due to the current
arising from the transistor’s operation, the optical absorption effects become
negligible. A notch in the base current, due to the reversal in the base current
direction, is visible. This reversal in the base current comes from the fact that during

absorption, photo-generated holes in the B-C depletion region are injected into the
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base, reducing the need for hole injections from the base electrical contact [26]. At

low bias voltage, with high enough optical incident power, the number of

photo-generated holes which inject into the base could exceed the requirement of

recombination with emitter injected electrons. Also, due to the high valence band

discontinuity of heterojuction, these holes are unable to travel into the emitter. So a

flow of holes thus appears in the base contact. The attribution of these

photo-generated holes is larger than the electrical current from the external circuit.

Therefore, the direction of the net base current reversal turns. However, at high

voltage bias, the hole injection arising from the photo-absorption becomes negligible

compared to that from the base terminal connection.

Base current (A)

Figure 4.22: Measured base current as a function of B-E bias for various incident
optical power of the Npn Ing 49Gag5:P/GaAs SHBT (wafer no. MR873, emitter
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Figure 4.23: Measured collector current as a function of B-E bias for various
incident optical power of the Npn Ing 40Gag51P/GaAs SHBT (wafer no. MR873,
emitter contact diameter = 100um) at 635nm
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Figure 4.24: Measured base current as a function of B-E bias for various incident
optical power of the Npn Ing 49Gag5:P/GaAs SHBT (wafer no. MR873, emitter
contact diameter = 100um) at 850nm
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Figure 4.25: Measured collector current as a function of B-E bias for various
incident optical power of the Npn Ing 40Gag51P/GaAs SHBT (wafer no. MR873,
emitter contact diameter = 100um) at 850nm

Figures 4.22 to 4.25 show base and collector current characteristics with different
incident optical power levels at 635nm and 850nm respectively. Both incident
wavelengths give similar results. First, for base current characteristics (figure 4.22
and 4.24) it is noticed that the notch corresponding to the reversal in the base current
moves to a higher B-E bias voltage with the rise in optical power (figure 4.26),

which is almost independent of wavelength.
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Figure 4.26: Measured base current notch point as a function of incident
optical power of the Npn Ing 49Gags1P/GaAs SHBT (wafer no. MR873, emitter
contact diameter = 100um) at 635nm and 850nm
The notch voltage variation is sensitive at a low optical input condition but almost
saturated at a high optical input condition. Figures 4.22 and 4.24 also show that base
current characteristics at high voltage are independent of incident optical power. The
absorption of an incident optical signal only decides the base current level at low

bias voltage.

At low bias, the collector current characteristics (figures 4.23 and 4.25) show that the
collector current saturation values move gradually to higher levels with increasing
optical power. The same as base current at high B-E bias, the collector characteristics
at high voltage are unaffected. In summary, with low B-E bias voltage and high
optical power, the device operates as a p-i-n photodiode whose photocurrent
generation swamps the device’s transistor action. The effects of an electron injection
into the base from the emitter are negligible. By contrast, at high B-E bias voltage,
the device transistor action is established and the photocurrent constitutes a small
base current injected into the device, which is then amplified by the device’s

operation [26].
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Figure 4.27: Measured DC current gain of the Npn Ing 40Gags1P/GaAs SHBT (wafer
no. MR873, emitter contact diameter = 100um) in dark and under optical
illumination

Figure 4.27 shows a plot of the HPT DC current gain with and without various
incident optical power illuminations as a function of B-E voltage. For the device in
dark, it can be seen that the current gain at low B-E voltage is lower than unity. This
is beneficial for the InGaP large valence band discontinuity, and results in a low
leakage current. For device under illumination, the optical absorption interferes with
the transistor operation as discussed above. The current gain keeps unity at low B-E
voltage. With the bias voltage increasing, a peak appears on each curve and shifts to
higher voltage as the optical power increases. Based on the discussion above, the
peaks correspond to the reverse base current. As the voltage increases, the optical
effects become negligible, and transistor action becomes dominant, so finally,

current gain under illumination saturates at the same value as that in dark.

From the figure above, it appears that the 3T-HPT with base voltage bias cannot
enhance the optical gain of the device. This can be explained using the following

equation [27]:
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Al :[ﬁ(lphl‘*lB‘DC) —ﬂIB)DC]x ls oc +ﬂ(|ph1+|B‘Dc) 1 +1,,  (4.3.6)

As shown in figure 2.4.3 at low B-E voltage, the base bias current is very small,
which produces large equivalent B-E junction resistance, with almost all of the
photocurrent (lpn) flowing as Ipn, to the voltage source. At high B-E voltage,
although the B-E junction equivalent resistance begins to reduce, it is still very large
compared to the smaller resistance from the voltage source. Still, a very small
proportion of photocurrent (Ipn1) flows into the transistor to be amplified. According
to the equation above, since lpn; is very small, the value of the equation on the left

hand side is approximately equal to I,n. So no optical gain is produced.

This phenomenon can also be understood via the fixed voltage of the B-E junction
bias. At low voltage bias, the emitter electron injection rate and the recombination
rate in base are fixed. Additional holes produced by photo-absorption cannot attract
more electrons from the emitter. At the same time, these holes cannot travel into the
emitter due to the large valance band discontinuity in the B-E heterojunction. The
transistor cannot be pushed to a higher operation point to achieve higher current gain.
On the other hand, these photo-generated holes have to flow out from the base
terminal contact, generating a reversal current. At high B-E voltage, the transistor
operation is well established and dominant. The photo-absorption effect becomes

negligible. During the whole process, no optical gain is produced.
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4.4  IngsGagsP/GaAs double heterojuction bipolar

transistor

4.4.1 Ing 49Gay5:P/GaAs DHBT DC characterisation

As in the SHBT measurements that first used the Giacoletto method, the
Ino.49Gags1P/GaAs DHBT emitter resistance is measured as Rec = 6 Q and Ree = 6.4Q.
The Gummel plot is shown in figure 4.28. The ideality factor for the collector
current is nc = 1.02, while for the base current it is ng = 1.06, indicating that DHBT
has a high quality E-B interface with low recombination. Two advantages of DHBTS,

lower turn on voltage and low leakage current, can be observed.
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Figure 4.28: Measured Gummel plot of the Npn Ing 490Gags51P/GaAs DHBT (wafer no.
MR1095, emitter contact diameter = 100um)

Figures 4.29 and 4.30 compare Gummel plots by current densities between the

100pm Ing 49Gag51P/GaAs SHBT and DHBT as well as a 130pum SHBT.
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Figure 4.29: Measured Gummel plot Ig of the Npn Ing 49Gag 5:P/GaAs DHBT (wafer
no. MR1095, emitter contact diameter = 100um) comparing with 100um and 130um
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Figure 4.30: Measured Gummel plot Ic of the Npn Ing 49Gag5:P/GaAs DHBT (wafer
no. MR1095, emitter contact diameter = 100um) comparing with 100um and 130um
Ino,4gGao,51P/GaAs SHBT
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First, it is noticed that base and collector current density of two size SHBTs are
almost the same, indicating geometry of the device, rather than the key parameter
affecting DC performance of the device. Second, figure 4.30 shows that the DHBT
base current in a low bias voltage region (lower than 0.7V) is much lower than in the
SHBT which proves lower leakage is a current feature of DHBTS. It is noticed that in
figure 4.30, the turn on voltage of the DHBT is around 0.63V, which is lower than
the value of two SHBTSs (0.75V). Also, both in the collector and the base current, the
DHBT owns a wider linear region (one more decade) than SHBT, indicating a better

performance in applications.
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Figure 4.31: Measured 1V characteristics of the Npn Ing 49Gags:P/GaAs DHBT
(wafer no. MR1095, emitter contact diameter = 100um)

Figure 4.31 shows common emitter output characteristics of the DHBT device,
where the output current (Ic) is measured as the C-E voltage, increasing with base
current stepped in 60pA increments. Off-set voltage is given in figure 4.32, with the

value as small as 0.04V, which is much lower than our SHBT (0.14).
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Figure 4.32: Measured off-set voltage of the Npn Ing49Gags:P/GaAs DHBT (wafer
no. MR1095, emitter contact diameter = 100um)
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Figure 4.33: Measured DC and AC current gain of the Npn Ing 49Gag51P/GaAs

DHBT (wafer no. MR1095, emitter contact diameter = 100um)

DC and AC current gain as a function of base current is given in figure 4.33. Also,

the SHBT gain in 4.6 is recalled and listed as a comparison. The DC current gain of
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a transistor is simply the collector current divided by the base current. The AC
current gain calculation differs from the DC current gain calculation. The AC gain is
calculated in terms of specific increments of base current. This technique gives a
more accurate picture of how a transistor reacts to AC signals. First, it is noted that
both AC and DC gain of the DHBT is higher than that of the SHBT. For our
measurements, the maximum DC gain of the DHBT can achieve 35.5. Second, as we
know, the difference between AC gain and DC gain is mainly due to leakage of the
current. In the figure above, at the chosen collector current level (6mA), the gain
difference of DHBT and SHBT is 1.28 and 1.8, respectively, which again confirms
the lower leakage current capability feature of the DHBT. The benefit of this will be

clearly shown in our next chapter, looking at the eye diagram simulation results.

Table 4.3: DC measured characteristics of the Npn Ing49Gags:P/GaAs DHBT (wafer
no. MR1095, emitter contact diameter = 100um)

Parameters Values
(Np)s 2x10" cm’
(Np)c 5-7x10* cm™®
Ree 6 Q
Ree 6.4 Q
Off-set voltage 0.05V
DC gain at V=2V, 1,=120pA 33
AC gain at V=2V, 1,=120pA 34
Gain from Gummel plot at I.=10pA 22
Collector ideality factor (n) 1.02
Base ideality factor (ny) 1.06
Collector saturation current (Ico) 6.5x102%A
Dark current at V=2V 2x10°A
Turn on voltage 0.62 V
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4.4.2 Ing4Gags;P/IGaAs DHBT  2-terminal  optical

characterisation

Figures 4.34 and 4.35 show measured B-C junction responsivity of 100um
InGaP/GaAs DHBT on MR1095 at 635nm and 850nm. A bias voltage is applied
between base and collector. The B-C junction is reverse biased and the emitter is
floating. The HPT is functioned as a p-i-n photodiode which is formed by base,
collector and sub-collector. Various optical powers at wavelength are illuminated on
the base absorption window. p-i-n photocurrents are generated within the B-C
junction as shown. As in the SHBT, photo-generated currents are independent with

reverse B-C bias voltage value.
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Figure 4.34: Measured B-C junction responsivity of the Npn Ing 49Gag 5:P/GaAs
DHBT (wafer no. MR1095, emitter contact diameter = 100um) at 635nm
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Figure 4.35: Measured B-C junction responsivity of the Npn Ing 49Gao 5:P/GaAs
DHBT (wafer no. MR1095, emitter contact diameter = 100um) at 850nm

Figures 4.36 to 4.38 show the DHBT 2-terminal measurements with a floating base
at 635nm and 850nm wavelengths incident light. The measured collector current
versus incident optical power is shown in figure 4.39. It is noticeable that the DHBT
photoresponse of 635nm is much higher than 850nm. This is due to the DHBT
collector being made from wide band gap Ing49Gags1P (1.9eV). The 850nm incident
optical signal (1.46eV) cannot excite e-h pairs, so the collector is “transparent” to

this incident signal.
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Figure 4.36: Measured 2-terminal photoresponse of the Npn Ing 49Gags1P/GaAs
DHBT (wafer no. MR1095, emitter contact diameter = 100um) at 635nm
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Figure 4.37: Measured 2-terminal photoresponse of the Npn Ing 49Gag 51 P/GaAs
DHBT (wafer no. MR1095, emitter contact diameter = 100um) at 850nm with
optical power up to 200uW
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Figure 4.38: Measured 2-terminal photoresponse of the Npn Ing 49Gags1P/GaAs
DHBT (wafer no. MR1095, emitter contact diameter = 100um) at 850nm with

Figure 4.39: Comparison of measured 2-terminal collector current of the Npn
Ino.49Gags1P/GaAs DHBT (wafer no. MR1095) and the Npn Ing 49Gag 51P/GaAs
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Figure 4.40: Measured 2-terminal and B-C junction optical responsivity of the Npn
INg.40Gag 51P/Gads DHBT (wafer no. MR1095, emitter contact diameter = 100um) at
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Figure 4.41: Measured 2-terminal and B-C junction optical responsivity of the Npn
INo.40Ga0 51P/Gads DHBT (wafer no. MR1095, emitter contact diameter = 100um) at

850nm
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Figures 4.40 and 4.41 show the optical responsivity of the 2T-HPT at 635nm and
850nm, which are calculated from figures 4.36 and 4.38, respectively. Both results
show responsivity increasing rapidly at the low optical power region. This can be
attributed to the increment of current gain with the increment of quiescent bias
current level (figure 4.33). In the high optical region, the responsivity saturated at
certain values. This can be explained as the absorption limitation of the device. After
a certain value of optical power, too many photons incident into the device; the
collection efficiency of the device then begins to reduce, which can further reduce
responsivity. The reason why 850nm begins to show saturation at a lower optical
power than 635nm is because at a certain incident optical power level, the longer
wavelength means more incident photons. Therefore, the device is able to reach the

limitation earlier.

The DUT B-C junction optical responsivity Rgc 635nm and 850nm are also shown in
figures 4.40 and 4.41. The calculation of R,1/Rgc at 635nm, for example at 200uW, is
30.4, which is comparable to the value of current gain in figure 4.33. But for 850nm,
the value is only 22 which is much smaller than the current gain of the device, due to

the transparence of collector to incident signal.

4.4.3 InguGags;,P/IGaAs DHPT  3-terminal optical

characterisation with base current bias
Figure 4.42 shows the measured common emitter output characteristics of the DHPT
for a 3-terminal configuration operated in the dark and under various optical

illuminations. As discussed for the SHPT, the optical gain under such a configuration

is expected to be improved by application of base current bias.
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Figure 4.42: Measured 3-terminal photoresponse of the Npn Ing 49Gags1P/GaAs
DHBT (wafer no. MR1095, emitter contact diameter = 100um) at 635nm with
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Figure 4.43: Measured 3T and 2T optical gain versus incident optical power for
different DC base bias currents of the Npn Ing 49Gags1P/GaAs DHBT (wafer no.
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But the results for the DHPT (figure 4.43) show that 2T responsivity is always
higher than 3T responsivity. This is very different to the data for the SHPT (see
figure 4.18). To explain this effect, one can consider the effect of base current on the
energy band diagram of DHBTSs. The Ig will diminish the induced base electric field.
Higher I can ‘flatten’ the base band from bending easier and earlier. This can reduce
the device’s performance under illumination, which will be discussed in a later

section.

4.4.4  IngsGags;P/IGaAs DHPT  3-terminal  optical
characterisation with base voltage bias
The characteristics of the SHBT under optical illumination with voltage base bias are

discussed in section 4.3.5. It is also important to investigate the effect of base voltage

bias on the characteristics of the DHPT.
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Figure 4.44: Measured base and collector current as a function of B-E bias with
optical illumination at 100uW of the Npn Ing 49Gags1P/GaAs DHBT (wafer no.
MR1095, emitter contact diameter = 100um) at 635nm and 850nm
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Figure 4.44 gives the base and collector current as a function of B-E voltage under a

100uW optical power illumination at both 635nm and 850nm radiations. It is seen

that below Vge = 0.8V, at both 850 and 635nm, the Ig and Ic have similar magnitudes,

since the device at this lower Vgg acts as a p-i-n diode. When Vg is higher than that

value, the HPT starts to operate as a transistor.

For 635nm, the DHPT behaves similarly to the SHPT. However, it is seen that

DHPTs shows much lower leakage current and a lower turn on voltage. For 635nm

at Vge = 0.7V the leakage currents in DHPTs are: I¢ = 5x10°A. This is much lower

than for the SHPT (lc = 1.1x10™A). This shows the advantages of DHPTSs for optical

detection, for example, they are more sensitive to small signals. At 635nm radiation,

both Ig and Ic have a higher magnitude in the case of low Vge.
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Figure 4.45: Measured base current as a function of B-E bias for various incident
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Figure 4.46: Measured collector current as a function of B-E bias for various
incident optical power of the Npn Ing 49Gag 51P/GaAs DHBT (wafer no. MR1095,

emitter contact diameter = 100um) at 635nm

Figures 4.45 and 4.46 show base and collector current characteristics with different

incident optical power level at 635nm. Similar device behaviour is observed as in the

SHPT. First, for base current characteristics (figure 4.45) it is noticed that the notch

corresponding to the reversal in the base current moves to a higher B-E bias voltage,

with a rise in optical power. But the characteristics at high voltage are independent of

incident optical power. Secondly, at low Vgg, the collector current (figure 4.46)

responds to optical power i.e. it increases with optical radiation. A similar case is

also observed in terms of the base current, and at higher Vgg, the Ig is unaffected. At

low Vgg, and high enough optical power, the base, collector and sub-collector operate

together as a p-i-n photodiode, and with high base-emitter bias, the transistor action

is well established.
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Figure 4.47: Measured DC current gain (from Gummel plot) of the Npn
INo.49Gags1P/GaAds DHBT (wafer no. MR1095, emitter contact diameter = 100um) in
dark and under optical illumination

Figure 4.47 shows a plot of the HPT DC current gains (from Gummel plot) at dark
and under optical powers. The current gain remains constant at unity with a low Vge.
However, with the increase in the Ve a peak appears on each curve and shifts to
higher voltage as the optical power increases. Similar to the discussions on the SHPT,
the peaks correspond to the reverse base current. As the Vge increases, the optical
effects become negligible and the transistor action becomes dominant, so finally
current gain under illumination saturates at the same value as that produced in the
dark. It is seen that 3T-HPT with base voltage bias cannot enhance the optical gain of

the device, which is the same as the SHPT.
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4.5 Ing49Gag 5:P /GaAs DHPT base band bending

4.5.1 Band diagram of InGaP/GaAs DHBTs

Figure 4.48 shows the band diagram of InGaP/GaAs/InGaP DHBTs, while the
InGaP/GaAs for SHBTSs is indicated in figure 4.49. The valence band discontinuity at
the interface between the InGaP collector layer and the GaAs sub-collector layer of
the DHBT, acts as a potential barrier for the photo-generated low-speed holes in the
sub-collector [28]. This extra barrier will confine the photo-generated holes and stop
them flowing towards the base region, unlike in the SHBT. Preventing the flow of
slow holes would improve the performance of detectors for high-speed
photo-response. It has been reported [29] that a large partition of energy gap

discontinuity to the valence band in the B-C heterojunction within DHBTs would be

highly desirable.
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Figure 4.48: Band diagram of InGaP/GaAs/InGaP DHBTs under zero bias condition
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Figure 4.49: Band diagram of InGaP/GaAs SHBTs under zero bias condition

As can be seen in figure 4.49 in SHBTs photo-generated holes in the subcollector will
still drift through the collector layer and finally reach the base region; so the
photo-absorption region consist of collector and sub-collector plus the base. For the
InGaP/GaAs DHBTs, if the device is used at a certain wavelength input signal, for
example at 850nm (1.46 eV), where the photo energy is larger than the band energy of
GaAs base (E; = 1.43eV) and smaller than the InGaP (E; = 1.9eV). The
photo-absorption takes place only within the base layer and the sub-collector layer.
Both the wide band gap InGaP emitter and the collector layers are ‘transparent’ to the
optical signal of 850nm. The optical signal can only be absorbed by the GaAs material.
During the design of the InGaP/GaAs DHPT detector, if only the highly p-doped base
is used as an absorption layer, the photo-generated holes will vanish within the
dielectric relaxation time since the holes are the majority carriers in the base [30]. At
the same time, sub-collector photo-generated holes are blocked by the B-C valence
band discontinuity. So only electrons in the DHPT are active carriers, and therefore
their transport will determine the device speed. This resembles the carrier transport in

a uni-travelling-carrier photodiode (UTC-PD) [1].
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4.5.2 Uni-travelling-carrier photodiode

Uni-travelling-carrier photodiodes (UTC-PDs) architecture is an interesting area for
the development of high performance photodetectors. In a conventional B-C junction,
both electrons and holes in the depleted absorption layer (collector layer) contribute to
the photoresponse. The output response is the sum of electron and hole current
components. Due to much lower drift velocity of holes (400 cm?/V/s) when compared
to electrons (8500 cm?\Vs), hole transport dominates the space charge effect and
saturation behaviour [31]. In this work, the B-C junction formed a UTC-PD structure
in our DHBT device, in contrast to the conventional B-C junction formed p-i-n
photodiode structure. The photo-generated holes in the sub-collector are blocked by
the potential barrier of the valence (figure 4.48) in the collector-sub-collector layer
interface. Only high-speed electrons are allowed to be injected in the wide band gap
collector layer [32], therefore, their transport determines the device’s operation speed.
The transport of holes will not directly affect the device response and output
saturation current [31]. The electron velocity at overshoot is about one order of
magnitude larger than the hole saturation velocity, so the carrier transit time in the
depleted collector layer can be much shorter, and the space charge effect much smaller,
than a conventional B-C junction [33]. Under such a mechanism, the device is
expected to provide a higher saturation output current, whilst maintaining a faster
response. Therefore, at a given optical input, both a higher 3dB bandwidth and higher

output saturation current can be achieved.

4.5.3 Base self-induced field (band bending)

Photo-generated holes contribute a delay to the order of dielectric relaxation time in
the absorbing base layer. So electron diffusion through the narrow-gap optical

absorbing base layer of the device becomes the determinant factor for bandwidth in a
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UTC-PD [34-35]. The experimental result shows that electron transport in the p-type

photo-absorption layer is of prime importance in maximising the operation speed [36].

It is well known that the high electron velocity that appears in unsteady conditions is
usually called velocity overshoot or ballistic transport, and should permit
improvement in the high-speed performance of electron devices fabricated with GaAs
or other high-mobility I11-V materials [34-35]. A recent study on AlGaAs/GaAs HPTs
with a conventional collector revealed that the overshoot phenomenon exists in the

collector depletion layer on the base side, which can reduce collector transit time [37].

The DHPT under our investigation is working under high optical inputs (large signal

outputs). One would expect a self-induced electric field (Eing) in the base absorption

layer to produce a potential gradient band bending effect (Ag,, ) as shown in figure

4.50. This band bending could further enhance the saturation output current and

high-speed performance.
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Figure 4.50: Band bending in the base region of the InGaP/GaAs DHPT

The origin of the self-induced electric field, Ejng, is the drift current of the majority of

holes in the base layer that must flow to maintain the current continuity [31]. As the
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photo-excited electrons flow toward the collector due to the reverse biased B-C
junction, a compensatory hole current is induced in the photo-absorption base layer. In
the low output region, the photo-excited hole distribution is close to the electron
distribution under the quasi-neutral condition. This situation and the small hole
diffusion coefficient (10cm?s) imply that the hole diffusion current is much smaller
than the total photo-current. Then it is possible to regard the hole current as dominated
by the drift component [36]. The hole drift current density J;, in the photo-absorption

layer at a low electric field is given as:

J, =ap,Eig (4.5.1)

where q is the elemental charge, Uy is the hole mobility in the photo-absorption layer,

Eing is the electric field and p is the concentration of holes.

In equation 4.1.3, the electric field Ejnq is induced in the photo-absorption layer and as
a result causes band bending to occur. The shape of the bended band is parabolic as
shown in figure 4.50. The field that has been set up in the base layer can effectively
accelerate the photo-excited electrons in the base layer flowing towards the collector

layer.

Here, the relations between doping level and potential gradient in the

photo-absorption layer Ag,, will be discussed. Assuming that the photo-excited

carriers are generated uniformly, DC electron current distribution, Je(x) due to the

electron current continuity in the photo-absorption layer is [36]:

3,(x) ~ J, V% (4.5.2)

a

where Jy is total current density, Wj is thickness of the photo-absorption layer, and x is

the distance from the E-B interface.

By the law of conservation of current in the photo-absorption base layer, hole current

density is given as:
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X
3,00=35(-2) (45.3)

a

Given the boundary condition, drift current of the majority of holes is zero at the B-C
layer interface, and linearly increases (under uniform carrier generation) toward the
p-contact layer, side up to the device operation current [31]. It is found that current

density and Eing change linearly with x. So the band bending is in a parabolic shape.

Then the potential gradient Ag,, caused by the self-induced electric field Einq can be

calculated as:

Adhy o< [ B0

X
Jo(l_i)

A W

=| —2-dx

IO AP, (4.5.4)
NF— A W, X

= [| "1dx—| "(—)dx

ap 4, IO I° W,

o We

gy, 2

The final equation for the potential gradient is given as:

Wa‘]O

A¢e oc
" 20pu,

(4.5.5)

The potential gradient Ag,, attributes the enhanced electron speed towards the

sub-collector as due to the self-induced electric field Ejnq in the photo-absorption base
layer associated with the hole current [36]. Although the E;j,q does not depend on the
thickness of the absorption layer, the diffusive velocity drops with an increase in the
absorption layer thickness. Thus this effect is more intense for the wider absorption
base layer. Also, the effect can be suppressed by higher absorption layer doping, as the
induced potential gradient is proportional to the reciprocal of the hole density [31].
Also, although the self-induced field may bring about a kind of nonlinear effect
peculiar to the device, no disadvantages are presented that provide higher 3dB

bandwidth.
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Figure 4.51 shows that variation in the electron density over the absorption layer is
Wa

changed as a parameter for different potential gradients (Ag,, oc J'O E,,dx). The

lower electron density means higher electron velocity and shorter travel time [31]. At

Ag¢, =0mV , where electron density has a parabolic shape, only diffusion transport

exists. As Ag,, increases, the electron density is significantly reduced and the

distribution shifts to the collection layer. Electrons can be ballistically launched to
diffuse/drift towards the collector layer by higher Ag,, . As in the case of the DHPT,
electrons represent velocity overshoot in the collector layer [38], where the velocity is

far greater than hole saturation velocity [31]. So the above features synchronously

result in a higher saturation output current and a faster response.

p - InGaAsP
G = 10"/cm” sec

Electron Density, ( x10""/com’)

Ag_=25mV
1
A¢ = 50mV
Ag .= 100mV

0 T T T T T T '
0.00 0.05 0.10 0.15 0.20

Position (um)
Figure 4.51: Electron density distribution in the absorption layer of a UTC-PD with
absorption layer thickness of 0.2um. Minority electron mobility of 4000 cm®IN's is
assumed [31]

In the following section, both DC and optical measurements of the Ing 49Gag 51P/GaAs
SHPT and DHPT are shown to prove the optical absorption base layer band bending

effect.
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Figure 4.52: Measured 1V characteristics (I = 100uAd) and 2-terminal
photoresponse (4 = 635nm, Pi, = 1.2mV) of the Npn Ing 49Gags1P/GaAs DHPT
(wafer no. MR1095, emitter contact diameter = 100um)

From equation (4.1.7), the origin of the photo absorption base layer band bending is
the holes’ drift current. In this work, in order to investigate the effect of band
bending in the base layer, we have studied the characteristics of the DHPT under
both DC and optical conditions. Figures 4.52 and 4.53 show comparison between the
measured DC IV characteristics and 2-terminal photoresponse of the
Ino.490Gag51P/GaAs DHPT for different optical power at similar Ig input current levels
with lpn = 92mA, the Ic at higher Ve (larger than 0.75V) of Iy, is larger than Ic (DC
condition). First, from figure 4.52, it is noticed that for a 635nm photoresponse, the
device current level in the active region is not flat but increases with an increase in
the C-E bias voltage. This behaviour is different with the device under DC condition.
For a normal bipolar transistor, this phenomenon may result from base width
modulation [39]. However, in HBTSs, especially DHBTSs, since the base layer is
highly doped, the recombination rate of the carriers is very high; therefore, base
width modulation is not expected. Another explanation may be that with the increase

in C-E bias voltage, B-C reverse bias voltage increases, causing the energy spike in
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the B-C conduction band to be suppressed. This can raise the current gain of the
device by allowing more electron carriers to flow towards the collector contact. But
the data in figure 4.52 clearly shows that the DC collector current in the active
region does not increase with an increase in the Vce. So base band bending is the

only cause of the increase in the collector current under illumination.

As a device with 2-terminal operation, the base terminal is floating. Photo-excited
holes in the GaAs base layer cannot flow out through base contact as a DC
3-terminal measurement. By the description in equation 4.1.7, the hole current

flowing generates band bending in the base region and produces the potential

gradient Ag, : this ballistically launches electrons which flow into the collector layer.

This progress results in high saturation current level, as discussed previously. With

higher C-E bias voltage, a higher potential gradient Ag,, is produced, as shown in

figure 4.51, with further higher electron velocity induced. So a higher output current

level is observed:

2.0
DC, | = 40uA
1.5 s~ TN
A =635nm, Pm =500uW
ol
< 1.0 -
£
_O
0.5
DHBT
100um
0.0 Wafer: MR1095
0.0 0.5 1.0 1.5 2.0
VCE (V)

Figure 4.53: Measured 1V characteristics (Ig = 40uA) and 2-terminal photoresponse
(A = 635nm, Pin = 500uW and A = 850nm, Pir = 2mW) of the Npn Ing 40Gags1P/GaAs
DHPT (wafer no. MR1095, emitter contact diameter = 100um)

136



The same phenomenon can be found in figure 4.53. Due to lower current level in
active region, the variation of the current in the active region produced by 850nm
wavelength is not obviously as 635nm. This also accord with our equations and

principle deduction.

In order to verify our explanation, figure 4.54 and figure 4.55 are shown. In figure
4.54, under similar measurement conditions as figures 4.52 and 4.53, DC and optical
measurements are plotted for Ing49Gags1P/GaAs SHPT; since the B-C junction of
our SHPT involves the conventional structure (p-i-n PD structure). Even at a high
output current level (4mA), no band bending effects are evident (I,n in active region
is relatively flat and the value is not bigger than DC bias condition). This, again,
proves our UTC-PD structure DHPT device operation mechanism. Finally, under the
same optical input power level, 2-terminal photoresponse of the
In0.49Ga0.51P/GaAs DHPT and SHPT with 635nm and 850nm, respectively, are
plotted in figure 4.55. The figure clearly shows the band bending phenomenon takes
place only in the DHPT, and shows how the device saturation current benefits from

the mechanism.
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Figure 4.54: Measured 1V characteristics (I = 180uAd) and 2-terminal
photoresponse (A = 635nm and 1 = 850nm, Pi, = 1mW) of the Npn
Ing.49Gap5:P/GaAs SHPT (wafer no. MR873, emitter contact diameter = 100um)
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Figure 4.55: Measured 1V characteristics (Ig = 40uA) and 2-terminal photoresponse
(A = 635nm and 1 = 850nm, Pi, = 1mW) of the Npn Ing 49Gags1P/GaAs DHPT on
MR1095 and SHPT on MR873 (emitter contact diameter = 100um)

Through the discussion above, the Ing49GagsiP/GaAs DHBT, working as a
photodetector, is analysed. The benefit of a second heterojuction in the DHPT, which
located at the B-C interface, is clearly shown. The UTC-PD operation mechanism
and the base band effect are verified both by equations and measurement results. It is
believed that by undertaking good design of InGaP/GaAs DHPTSs, an excellent short
wavelength photodetector with high speed and high saturation output capabilities for
various high frequency and high performance optical communication systems, is

expected.
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Chapter 5 Small signal analysis and eye

diagram simulations

5.1 Eye diagram analysis methodology

The main idea of this chapter is to check performance of the Ing49Gags:P/GaAs
DHBT, both as an amplifier and a photodetector, using an eye diagram as a tool. So
often in device design and optimisation processes, the output response turns out to be
different than expected. Traditional procedures like S-parameters and trial and error
methods were used to try and minimise the impairments in the design. However, the
results either did not provide enough information or were too problematic, in terms
of time and cost. However, as reported [1] an eye diagram can be used as a visual
tool to depict the output response of any circuit and device. Additionally, it offers
additional visual information, both in amplitude and timing, like noise, jitter and
inter-symbol interference (ISI) [2], which can help the designer to optimise the

design.
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Figure 5.1: Methodology of eye diagram to optimise device performance

Figure 5.1 shows the main set-up for using an eye diagram in this project to check
the performance of the Ing49Gags:P/GaAs DHBT working as an amplifier and short
wavelength photodetector (850nm). The small signal parameters of the device are
extracted for a T-equivalent circuit model using Integrated Circuit Characterization
and Analysis Program (IC-CAP). IC-CAP is the world’s leading electronic design
automation software for RF, microwave, and high speed digital applications. It is a
device modelling software which is employed as the primary tool for controlling
measurements, and also used to extract small signal parameters. IC-CAP is
pre-programmed by the university of Manchester microwave research group. The
only data is required is measured S-parameters. So the small signal parameters
extraction progress is called “automatically”. A T-equivalent circuit model is then
built using these parameters. A T-equivalent circuit model is known to more
accurately model the device than a hybrid m-model, especially for high frequency
simulation, Further, a T-model is more physically related to the DUT [3], and makes

it easier for us to carry out a physical investigation of the device. Advanced Design
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System (ADS) is the world’s leading electronic design automation software for RF,
microwave, and high speed digital applications. After conducting the above process
in ADS, a small signal pseudo-random signal, which is provided by the data
component in the ADS Ptolemy environment, is used as input a signal to the circuit.
The output eye diagram is collected by a data display window. After this, the inbuilt
function “FrontPanel” in ADS calculates and extracts the eye parameters. Using
these eye parameters, careful analysis can be done. The feedback is then used to
allow us to return to the T-equivalent model and vary the small signal parameters, as

well as check whether the variation influences the eye diagram.

For HPT performance checking, an additional current source is added between the
emitter and base terminals on the T-equivalent circuit. Optical affected components
(small signal parameters) are discussed both by equations and eye diagram
simulations. Then, a similar process to amplifier performance checking is carried out.
Combined with the conventional method, by relating the eye diagram to
S-parameters, and then small signal parameters of the device, the interrelation offers
us a powerful new method for optimising a device for a desired output. This data
from the eye diagram could also be used in the fabrication process to identify the

effect of device layer structure and fabrication [4].

In this section, a 16X20um2 INg 490Gag 51P/GaAs DHPT biased in a common emitter
with Ve = 3V, Vpe = 1.2V and I = 20mA is simulated as the small signal T-model
equivalent circuit. As compared with the same geometry, 8XI0um2 InGaP/GaAs
SHBT and DHBT device simulations are also shown to indicate the influence of
carrier transit time in the B-C junction. A data rate was chosen from low to high,
with the inclusion of some typical data rates, like -3dB point and the cut-off
frequency (half corresponding value). The data rate variety is only focused on a
single eye in order to allow for intuitionistic analysis. All eye diagrams in this report
are plotted with picoseconds or nanoseconds of X-axis and millivolts of Y-axis. After
the eyes are plotted, the parameters of the eye diagrams are also plotted in figures,
and then intuitionistic analysis is given.
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5.2 Small signal model

In order to analyse device behaviour, there are two commonly used equivalent circuit
topologies for developing an accurate small signal linear equivalent circuit, known
as T and hybrid-x topologies [5-9]. Most techniques reported in the literature dealing
with small signal HBT device performance make use of the T model topology [10].
The T model is preferred because all the model parameters can be directly tied to the
physics of the device. It can maintain backward compatibility with a physics model
[11] and fit S-parameter data well up to mm-wave frequencies [10]. On the other
hand, the hybrid-r model parameters show noticeable frequency dependence,

especially at high frequencies [10].
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Figure 5.2: HBT common emitter T model configuration showing the intrinsic part
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The T and hybrid-n topologies are shown in figures 5.2 and 5.3, respectively. Since
the extrinsic circuit is the same between the two topologies, it will therefore have the
same parameter values [10]. So here we only focus on the only difference existing
between the intrinsic equivalent circuits by figures. The circuit in the figure 5.2
dashed box is the intrinsic T equivalent circuit. Correspondingly, the dashed box in
figure 5.3 is the intrinsic hybrid-n equivalent circuit. Using the Y-parameter, the two

topology circuits can be described as:

1 . .
(1—0((0)) 'R_+ Ja)(Cbe +Cbc) _Ja)cbc

[Y;:1= . (5.2.1)

o\ . .
( ) - chbc Jwac
Rb

e

L4 jo(C, +C,) ~jeC,
[Y.1=|T. (5.2.2)
gm - ja)cbc ja)CbC
In equation 4.2.1, the parameter a(w) consists of various carrier transit delay terms,

and the DC common base current gain ag. On in equation 4.2.2 is the

transconductance of the device. Zg, Zg and Z¢ which consist of a resistor and an
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inductor in series are the impedances of extrinsic circuit.

Comparing the two equations, it is notable that T and hybrid © model equations can
be converted by:

. ijm g, :%’) and C_ =C,, (5.2.3)
All other parameters are equivalent. Although both T and hybrid-n topology
formulations are not equivalent to the device in all cases. Profiting from the relative
high frequency independent, and being more closely related to the original derivation
of the common base Y-parameters of the HBT [12-13], in this work, the T model

equivalent circuit is adopted to characterise the small signal behaviour of HBTS.

E,

p+

n+

Figure 5.4: Schematic cross-section of a small-geometry Npn HBT, together with its

lumped element T-shape small-signal equivalent circuit [14]

Figure 5.4 shows the cross-sectional view of an Npn HBT, along with its associated
small-signal lumped-elements, which is very useful in interpreting the small-signal
parameters. In the figure, three parallel capacitances are added to a T-shaped
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equivalent circuit due to the contact pads. The base resistance and the base-collector
capacitance are modelled by dividing them into the distributed nature of intrinsic and

extrinsic parts, respectively.
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Figure 5.5: T-shaped small signal equivalent circuit of HBT

The complete conventional T-shaped small signal equivalent circuit model used for
this work is shown in figure 5.5. The lumped elements and extracted small signal
parameters for IngssGags:P/GaAs DHBT (16x20um?) with bias condition Ve = 3V,
Vpe =1.2V and I, = 20mA summarised in table 5.1 [14-15] are used in the following
eye diagram simulation. Small signal parameters in table 5.1 are extracted by using
the direct extraction technique, also known the most accurate method for

determining the linear equivalent circuit of HBTs [5-6, 16].
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Table 5.1: Extracted parameters for Ing.49Gags1P/GaAs DHBT (16 %20 um®), Vee =
3V, Vpe =1.2V and I = 20mA [14-15]

Parameters Description Value Parameters Description Value
Parasitic base BE diffusion
L, (pH 71 C..(pF . :
» (PH) Inductance oL se (PF) capacitance 339
Parasitic collector BE junction
L. (pH 8| C..(pF ) :
- (PH) inductance 758 Cpe (PF) capacitance 0-56
Parasitic emitter i .
L. (pH : R.. (Q .
. (PH) i ductance 55.7 e (Q) Emitter resistance | 8.56
T, (psec) Base transit time 463 R, () | Collector resistance | 17
e Intrinsic series base
sec , R, (Q i
7, (psec) | Collector transit time | 2.75 | Ry () B 31
Parasitic BE Extrinsic series base
C.,. (fF , R, (Q . .
poe () capacitance 244 Ry (D resistance 1.19
Cy. (fFF) ParasiFic BC 5.85| R, () |BE junction resistance | 1.36
R2e capacitance ¢
Parasitic CE . . i
C,. (fF 9| R, (kQ :
oce (FF) S——— 38.9| R, (k€) [BC junction resistance |[20.77
S . Intrinsic BC junction
C.. (fF 5 R, (kQ : :
»c (FF) |BC junction capacitance|189.5| R, (kQ) P 36.43
C,., (fF) Intrinsic B_Cjunctlon 108 | Ry, (kQ) Extr|n5|c_ BC junction 48.3
capacitance resistance
Cy, (fF) Extrinsic B_C junction 815 , Ratio of BE area to BC 0.62
capacitance area
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5.3 Ing19Gay51P/GaAs RF characterisation simulation and

validation

The device is first DC characterised with bias V¢ = 3V Vpe = 1.2V and I = 20mA.
The results confirm that the device works in the linear operating region, and is not
affected by any high/low current effect, with above bias condition [4]. Then
on-wafer S-parameters measurements were carried out. Figures 5.6 to 5.11 show
both S-parameters measurement results and simulation results using a T-shaped
equivalent circuit, with table 5.1 showing small signal parameters in Agilent ADS.

From figure 5.6, S;1, -3dB bandwidth frequency is extracted as 1.1GHz.
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17.5 ——— Measurement

15.0-_ .- 3dB = 1.1 GHz
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10.0 -

s,, (dB)
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Area (B-E) = 16x20pm’
(V,=3V,V, =12V, | =20mA)
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0.01 0.1
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Frequency (GHz)

Figure 5.6: Simulated and measured Sy; of Ing49Gags1P/Gads DHBT (1620 ﬂmz)
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Figure 5.7: Simulated hy; of Ing49Gags1P/GaAs DHBT (16 %20 um®)

h,1 is defined as short circuit current gain, current-off frequency and f; is defined as
the frequency when this current gain drops to unity (0dB). Figure 5.7 shows the
simulated result of hy; with the f; extracted as 14.6GHz. The theoretical values of the

cut-off frequency can be calculated by using the transit times of the carriers [17]:

f = ! (5.3.1)
27z,
where:
Ty =Ty + 7Ty +7, + 7, (5.3.2)
2-eb = CbeRbe’ z-bc = Cbc(Rbe + Ree + Rcc) (533)

So, 7ep = 11.01ps and the f; = 14.45GHz. The simulation result (14.6GHz) is close to

the theoretical calculation value.
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Figure 5.8: Simulated MSG/MAG of Ing s0Gags1P/Gads DHBT (16 %20 um®)

The maximum frequency fnax is defined as the frequency at which the power gain of
the transistor falls to unity (0dB). The calculation equations of maximum stable gain
(MSG) and maximum available gain (MAG) depend on Rollet's stability factor, also
known as K-factor, given as:

_ :l'_|811|2 _|512|2 +|511822 ~ S12821|2

(5.3.4)
2|821812|

K

When K < 1, MSG =% (5.3.5). When K > 1, MAG =%-(K ~JK2-1) (5.3.6).
12 12

The maximum frequency can be calculated by:

¢ 1/2
fro = ! (5.3.7)
8r (Rbbi + Rbbx)C ic

The theoretical value of our Ings9Gags:P/GaAs DHBT is 9.71GHz, which is less

than 10% different from the simulation extracted value of 10.1GHz.
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Figure 5.9: Simulated and measured Sy; of Ing49Gags:P/GaAs DHBT (16x20 um?)
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Figure 5.10: Simulated and measured S;; of Ing 49Gag 51P/GaAs DHBT (16 %20 umz)
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Figure 5.11: Simulated and measured S;, of Ing.49Gag51P/GaAs DHBT (16 %20 um®)
Figures 5.9, 5.10 and 5.11 show the measured and simulated Sy;, S;2 and S;, of
INg.49Gaps:P/GaAs DHBT (16x20 um?), respectively. The result curves are fairly

close, which validates the correction and accuracy both of our small signal

parameters and simulation.
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5.4 Ing 49Gay5:P/GaAs DHBT eye diagram simulation

In this section the simulation and measurement [4] results of the eye diagram
showing varying frequencies are shown. Then some of the key eye parameters are
recorded over the entire range. During the simulation the NRZ signal modulation is
adopted. For the NRZ signal modulation baud rate is equal to bitrate. In order to
achieve highest bitrate corresponding to the frequency response of the devices, the
input signal is coded to switch between “0” and “1” alternately. The bitrate is double

value of device operation frequency correspondingly.
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40

Voltage (mV)

-60 r T T T x r r
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Time (ns)
Figure 5.12: Simulation of eye diagram of the Ing49Gags1P/GaAds DHBT (16 %20 um®)
with 1Gbps input signal
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Figure 5.13: Simulation of eye diagram of the Ing 49Gag51P/GaAs s DHBT (16%20

um®) with 3Gbps input signal

Horizontal Scale: 0.5Gbps
Vertical Scale: -200mV to 200mV

Figure 5.14: Snapshot of measured eye diagram of the Ing 40Gags:P/GaAs DHBT
(16%20 ﬂmz, Vee = 1.5V, Vce = 3V, I = 21mA) at 1Gbps input signal [4]
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Horizontal Scale: 3Gbps
Vertical Scale: -200mV to 200mV

Figure 5.15: Snapshot of measured eye diagram of the Ing 49Gags:P/GaAs DHBT
(1620 um® Vge = 1.5V, Vg = 3V, I = 21mA) at 3Gbps input signal [4]

Figures 5.12 and 5.13 show the simulated eye diagram of the Ing49Gags:P/GaAs
DHBT at 1Gbps and 3Gbps, respectively. Accordingly, the measured results [4] are
shown in figures 5.14 and 5.15, and these can be used to verify the simulation data.
The different eye parameters were measured and analysed at varying bitrate. Both in
simulation and measurement, DC bias is set at Ve = 1.5V, V¢ = 3V and I = 20mA.
The device was given a small signal PRBS RF signal of 25mVpp. Such an input level
can ensure that the device works in the linear region of operation. The bitrate was
varied between 0.5Gbps and 3Gbps and the amplitude of the signal maintained at
25mVy, throughout the experiment. An Infiniium oscilloscope 54854A was used to

observe the output [18].
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Figure 5.16: Simulated eye diagram response of the Ing 49Gag 5:P/GaAs DHBT

(16 %20 um®) at 1Gbps and 3Gbps

It is visible, from both the simulation and the measurements, that although the DUT
was kept functional under the two bitrates (figure 5.16), eye quality did deteriorate at
3Gbps. For device design optimisation, the analysis of the eye diagram parameters

and subsequent relating of these to the devices’ small signal parameters is necessary.
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Figure 5.17: Simulation of eye diagram of Ing4sGaosiP/Gads DHBT (16 %20 yum®)
with 10.1Gbps input signal
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When the device works up to half of cut-off frequency (10.1Gbps correspond to
5.05GHz), almost total eye closure is shown (figure 5.17), which means that at such
a high input bitrate, the device cannot remain functional. From the application point
of view, such a high speed is beyond the device’s capability, and should be avoided.
This diagram provides valuable information for circuit designers, assisting them in

the proper use of the device to optimise the whole circuit performance.

There are two imperative eye parameters that now need to be discussed. Eye
amplitude is defined as the difference between one and zero levels histogram mean
value of all the data samples [18]. It represents all information that a signal is carrying,
which accounts for noise. The second parameter is at eye height and defined as the
vertical opening of the eye pattern, however, it is different from the eye amplitude.
Since the former depicts the actual output, which is unaffected by any voltage or noise

error, the height is more dependent on the noise or any other distortion in the data

signal [19].
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Figure 5.18: Simulated eye amplitude and eye height versus bitrate for the
INo.49Gags1P/GaAs (16%20 um®) DHPT
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In figure 5.18, it is noticeable that both eye amplitude and eye height reduce with the

increase in bitrate. This is explainable, as since the bitrate increases, the device gain

reduces. It can easily be seen in the Sy, of the device. Both in the eye amplitude and

eye height, the reduce rates appear to reach maximum around 2Gbps which is just

around the -3dB bandwidth frequency (1.1GHz correspond to 2.2Gbps). This

indicates that the -3dB bandwidth frequency plays a key role in device optimisation,

like setting up the voltage threshold levels at the receiver end. Furthermore, it is seen

that the decline rate of the eye height is faster than the eye amplitude, due to

generating a noisier signal at the high input data rate. This information cannot be

easily explained just by pointing to the decline of the device gain, as above. It is worth

identifying which specific small signal parameters are most affected.
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Figure 5.19: Simulated eye rise and fall time versus bitrate for the
Ing.40Gaos1P/GaAs (16 %20 um?) DHPT
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Eye rise and fall time reduce fairly linearly with the bitrate increase. This is mainly

due to the reduction of time in signal pulse duration. It means that here these two eye

parameters cannot show the frequency dependent deterioration of the signals clearly.
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The eye diagram can also give information on the signal to noise ratio (SNR) in
figure 5.20. It is defined as:

Amp..
SNR = 20-log (MJ (5.4.1)
Ampnoise

where Amp is the root mean square (RMS) amplitude of signal and noise level
measured at the same or equivalent points in a system [18]. A reduction of SNR at
higher data rate is expected due to lower current gain and more random noise. It

seems to prove our deduction for faster reduction of eye height in figure 5.18
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Figure 5.20: Simulated eye signal to noise ratio versus bitrate for the
Ing.40Gaos1P/GaAs (16 %20 um?) DHPT
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5.5 Relating eye parameters to the bias dependent device

parameters

Eye diagrams reflect the behaviour of the DUT in relation to a digital input signal.
The quality of eye diagrams is influenced by minute deviations in device parameters.
The degradation of the eye parameters with the bitrate seen in the above section can
be related to the characteristics of the DUT. Utilising the simulation, one can isolate
the effects of individual small signal parameters, and subsequently investigate how
each of the transistor parameters modify the eye pattern. Since some small signal
parameters show bias dependent property, this feature of small signal parameters
enables us to utilise eye parameter analysis to investigate the bias effect and help us

optimise the biasing conditions.

The eye parameters variations with bitrate discussed in the last section can be
addressed by studying the variation of base transport factor a(w). The extracted
frequency dependence of the parameter |a(w)| from the Ing49Gags;P/GaAs DHPT

measurements are shown in figure 4.2.21 [11, 14].
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Figure 5.21: Measured variation of |a(w)| with frequency under various Ic and
constant Vcg = 3V of INg 40Gag 51.P/GaAs (16><20 ,umz) DHPT [11, 14]
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Figure 5.21 shows that a(w) is frequency dependent as well as current bias
dependency. The decrease of a(w) over frequency can be attributed to the
dominating effect of recombination as the frequency increases. At high frequencies
the injected minority carriers (electrons here, since npn device) from the emitter into
the base are modulated fast. This rapid modulation leads to a recombination increase

which causes a(w) decrease [18].

The increase of a(w) with higher bias current can be attributed to the enlargement of
the emitter minority carriers’ (electrons) injection rate. Higher bias current enlarges
the B-E forward bias voltage which has an exponential relationship with current
flowing through the device. The increased emitter carriers’ injection rate (electrons)
further increases the base transport factor a(w) as clearly seen in figure 5.21. Also
this can be simply explained where the higher current bias pushes the common

emitter current gain B(w) to a higher current level.

a(w)

m (5-5.1)

B(w) =
o(w) 1s a very sensitive parameter a small change in its magnitude would have a

large change in the magnitude of the common emitter current gain f(w).

Since a(w) is frequency dependent parameter, it is very difficult to analyse the
individual effect of only a(w) on eye parameters. For a better understanding of the
influence of small signal parameters on the eye diagram, here we fixed the input
signal bitrate at 1Gbps but varied other bias dependent small signal parameters over
a range of values to carry out simulation. Then the effects of these parameters on the

eye parameters can be studied.

The first parameter to be considered for analysis is ay (DC common base current
gain). The base transport factor a(w) in a small signal model can be represented by

[14]:
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oy exp(—jo(l-m)z, +17,) .Sin(a)z'c)
1+ joC. R, T,

c

a(w) (5.5.2)

where 7, and z. are base and collector transit times, respectively, m is the grading

factor.

It is seen in the equation (5.5.2) that DC common base current gain o directly
decides the value of a(w). At a certain frequency, o is a bias dependent small signal
parameter. For the purpose of this analysis, a very small variation in «p, between
0.98 and 0.94, is chosen for the simulation purposes. During the simulation, all the
other small signal parameters are maintained constant in order to isolate the effect of
ap on eye parameters. Therefore when one changes the magnitude of « in the ADS
simulator one can determine various eye parameters, for example in figure 5.22 two

vital eye parameters are affected, which are eye amplitude and eye height.
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Figure 5.22: Simulated eye parameters for the Ing 40Gags1P/GaAs (16 %20 ,umz)
DHPT with the common base current gainag at 1Gbps

Figure 5.22 sees a minute increase in the o which increases both eye height and eye

amplitude. This is justified because eye amplitude and height mainly depend on the
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common emitter, # and common base current gains « of the device [4]. Also, it is
noticeable that for both eye height and eye amplitude, the increase rate is relatively
similar. This confirms that simply the increasing ap would not degrade the signal by

introducing more noise into the device.

From a small signal point of view, intrinsic base-collector capacitance Cy; describes
the region of the B-C junction with current flowing through it, while extrinsic
base-collector capacitance Cpycx describes the region without significant current
flowing [11]. So the injection of electrons results in the current dependent phenomena
occurring in the intrinsic part of the device only. The extrinsic base-collector
capacitance Cp IS expected to stay constant; as a result of the variations of
base-collector capacitance Cpc mainly comes from Cyi [20-21]. Figure 5.23 shows the
extracted Ing 49Gags1P/GaAs DHBT Cy,. versus Ic plots for Ig feed from 0 to 2.2mA
and Vce keeping constant at 2.8 and 3.2V, respectively. Similar behaviour is noticed
for both 2.8 and 3.2 bias conditions. With the initial reduction of Ic (equivalently
known as Ig bias current), Cyc then suddenly increases after a certain I¢ (Ig) current

level.

As we know, in order to keep the value of base-collector capacitance low and to
increase breakdown voltage, it is usual for low doping levels to be chosen by
collectors of HBTs. This brings drawbacks, however, as, even at low current density
levels, high current injection phenomena occur. As I¢ (Ig) increases, more electrons
are injected into the base-collector depletion region. The total space charge density is
reduced by the injection. Since the total space charge of the base-collector depletion
region is decided by reverse bias across the junction. In order to compensate for the
reduction of space charge density, a broader depletion region is required in order to
keep the fixed total space charge. This wider depletion region results in the reduction
in depletion capacitance, which is Cy. With increasing current level, the
base-collector space charge region keeps widening, until the whole collector is fully

depleted. Then the depletion region stops to increase at the interface of the InGaP
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collector and the GaAs sub-collector. Now the electron concentration in fully
depleted collector is comparable to the doping concentration [22]. As shown in figure
5.23, this is noticed in the middle region of the collector current level, although Cy.
still decreases with Ic increasing, a much weaker dependence is observed. In
summary, the reduction of collector-base capacitance with current Ic (Ig) is attributed

to the current-induced broadening of the base-collector depletion layer [11].
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Figure: 5.23: Extracted measurement of Cy. versus collector current for the
INo.4sGags1P/GaAs (16%20 um®) DHPT at Ve = 3.2V and 2.8V with Ig feed from 0 to
2.2mA [11]

As shown in figure 5.23, after Ic (Ig) is beyond a certain critical current value, the
magnitude of the electric field at the base edge of the junction continues to decrease
and may even become zero [23]. In order to maintain a constant voltage across the
base-collector junction, the base majority carriers spill over into part of the collector;
this is known as base push-out, so that the field there remains zero to prevent the field
from becoming positive [11]. After that, continuing the increased bias current, base
push-out reduces the size of the base-collector depletion region, resulting in a sudden

increase in base-collector capacitance.
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In the ADS simulator one can study the effects of Cyc on the eye parameters. An

example is given in figure 5.24
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Figure 5.24: Simulated eye parameters with base emitter capacitance variations at
1Gbps for the Ing4Gag51P/Gads (16 %20 um?) DHPT

Figure 5.24 shows the extracted eye parameters over varying Cy. for the device
under test. Cpc was varied between 210fF to 250fF, which is the range of extracted
values from the measurements in figure 5.23. During the simulation, the varying AC
signal with magnitude 25mV is sufficient to change the charge density at the outer
edges of the depletion region [4], where mobile charge carriers reside, leading to a

change in depletion region width [24].

It is noticed that an increase in Cy gives a negative influence on all eye parameters in
figure 5.24, which results in undesired eye closure. The effect can be explained as the
base-collector capacitance variation modulating charging times as reported in [3].
This influences the RF behaviour and especially has a negative impact on linearity

[25]. The increase in eye rise and fall time clearly shows the effect of the charging
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times increase. Using equation [32]:
z-rc = (Rbe+ Rcc+ Ree) Cbc (553)
The influences of C,. variation on charging time can be calculated in a

straight-forward manner; again, from the SNR point of view, figure 5.25, can be used

to explain the deterioration of eye parameters.
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Figure 5.25: Simulated eye signal to noise ratio with base emitter capacitance
variations at 1Gbps for the Ing49Gags:P/GaAs (16%20 ,umz) DHPT

The above discussion implies that bias dependent small signal parameters can
significantly affect the eye opening. This kind of study offers extra information which
is a step forward for designers aiming to obtain the desired circuit bias point. Such a
prior estimation of eye characteristics of discrete components is very valuable in

circuit design and optimisation.
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5.6 Optical effect of Ing4.Gags;P/GaAs DHBT on eye

diagram

In this section, GaAs-based double heterojunction phototransistors (DHPTS) in
surface-illuminated orientation have been analysed with a modified small-signal
model using an eye diagram. Since the primary detecting material is GaAs, the
device is optimised to detect short wavelengths (850nm). The DUT works as a short
wavelength photodetector, while the photo-absorption in the base region influences
associated intrinsic elements that can further affect the eye diagrams. From an optical
point of view, a detailed analysis is necessary. The effect of incident optical
illumination on various intrinsic parameters has already been discussed for

INg.49Gap51P/GaAs 16x20um? DHPT.

The analysis of DHPTs presented in this work can be utilised for performance
enhancement through device optimisation in sensors, photoreceivers in optical
networks and remote sensing applications employing integrated circuits. Parameter
evolution in the design of optical receivers can have a contradictory effect on various
figures of merit for HPTs. For example, improved cut-off frequency, due to a
reduced absorbing layer width for surface illuminated HPTSs, can be accompanied by
lower conversion or collection efficiency, resulting in low responsivity. In order to
achieve efficient photoresponse and high speed operation of these devices, a detailed
analysis of the device’s parameters is of paramount importance. As we know, the
photoresponse for SHPTs has been widely discussed in the literature [14-15, 26-28],

however, research on DHPTSs remains rather limited.

It is reported [29-30], as figure 5.26 and table 5.2 show, that photo-generated carriers
can affect certain inherent parameters for optical devices. So a careful analysis of

these optical dependent parameters is vital for achieving optimal performance.
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Figure 5.26: CV characteristics of the illuminated base-emitter junction [29]

Table 5.2: Optical power dependencies of AC small-signal model parameters biased
at Ig = 100pA and Vce = 1.0V [30]

Dark 63uW 159uwW 316pW 631uW
Rgg (Q) 350 315 290 262 225
Ree (Q) 475 434 388 320 103
Ro () 75K 53K 44K 22K 16K
Cge (fF) 212 261 303 375 953
Cae_int (FF) 5.3 6.15 6.8 7 9.1

In order to relate the eye diagram to the device’s optical performance, we have
investigated several analyses, and have found that the optical signal propagation
through the base of the DHPT device towards the collector and the sub-collector
regions will mainly affect the associated intrinsic capacitance and resistances. These
two parameters, namely the device’s intrinsic B-E resistance (Rpe), and capacitance

(Che), are studied here.
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Variations in the optical signal will modify the intrinsic elements of the device which,
in turn, will affect the photoresponse. Since the collector of the device is Ing 49Gags1P,
which is largely transparent to an incoming optical signal of 850 nm, the B-C
resistances and capacitances will remain unaffected [31]. However, B-E resistance
and capacitance will nevertheless be affected with the change in optical intensity,
which may affect the photoresponse and result in cut-off frequency variation for the

device. Ry is related to the photo-generated current, Igh.

B Thermal voltage
Current flowing through B-E junction

Ree (5.6.1)
The thermal voltage is kT/q. When the device is under optical illumination the
current flowing through B-E junction is equal to photo-generated current which is
amplified by the device current gain S, ie flpn. The photo-generated current can be
written as unit charge (q) multiplied by incident photon numbers (Pi./hv). Here it is
assumed all incident photons are absorbed by the device. Then lp, = q-Pin/hv-5. The

B-E resistance Rpe can be given as:

R, = _KIhv (5.6.2)

9°BnP,

where T is absolute temperature, k is Boltzmann constant, q is unit charge, h is
Planck’s constant, S is the current gain of the transistor and # is quantum efficiency

defined by the ratio of incident photons to the converted electrons.

Similar to resistance, the Cy. will remain independent of incident optical signal at
850nm. However, Cy,. will be affected by the generation of photo-generated carriers in
the base region because the base layer is made up of GaAs and is sensitive to 850nm
radiation. Since the B-E junction is forward biased, diffusion capacitance dominates
and will increase with the increase in incident signal intensity. This rise in capacitance
lowers the photoresponse and output signal quality, since it increases the transistor

junction charging time. The diffusion capacitance, Cye can be given by [32]:
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|
C.. =V—E-rB (5.6.3)
where Ig, V1, 7, are given as [32]:,
1, = A 9515, (5.6.4)
hv
v, - XT (5.6.5)
q
L 2
= 5.6.6
=2 (5.6.6)

Insert equation (5.6.4), (5.6.5) and (5.6.6) into (5.6.3):

_ AQ’LSnP,

5.6.7
be KTD, hv (56.7)

where D, is the diffusion coefficient of the electrons.

We know that the intrinsic B-E resistance, Rpe, Will be lowered by the increase in the
photo-generated carriers within the base region (Rye inversely proportional to Pjy).
Thus, the increase in the diffusion capacitance is accompanied by the reduction of
intrinsic resistance. One can use the above equations (5.6.2) and (5.6.7) to plot figure
5.27. Resistance variation along with the capacitance variation with optical power is

shown.
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Figure 5.27: Simulated variation of base emitter diffusion capacitance with input
optical power for the Ing40Gags:P/GaAs (1620 um?) DHPT at 850 nm incident
radiation

The photo-absorption in the Ing49Gags1P/GaAs/InGaP DHPT differs to that of the
InGaP/GaAs/GaAs SHPT for 850nm as the base region (GaAs) primarily influences
the device’s response to optical illumination. The associated intrinsic capacitances
and resistances change accordingly, and affect the device’s characteristics. Therefore,
a careful analysis of this phenomenon is important for determining the accurate DHPT
photoresponse modelling and optimisation. To the best of the author’s knowledge,
this variation of intrinsic parameters with optical illumination using an eye diagram is

discussed here for the first time.

A small-signal modelling for surface-illuminated HPTs is shown in figure 5.28.
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Figure 5.28: Small signal equivalent circuit of the Ing4Gags1P/GaAs (16 %20 um?
B-E) SHPTSs with three optical current sources

A significant modification in small-signal modelling for surface-illuminated HPTSs,
compared to that of HBTS, is the introduction of optically-controlled current sources
in the small signal equivalent circuit. In the SHPTSs, as shown in figure 5.28, three
photocurrent sources (Ic generated in the collector region, Iy, generated in the B-C
depletion region and lnpn) generated in the base region) are introduced, and all of

them will affect the device’s output.

In the DHPT, however, since the analysis is performed for a short wavelength (850
nm corresponding to 1.46eV), in the current device under investigation, the wide band
gap Ing49GagsiP (Eq = 1.9eV [33]) emitter and collector will be transparent as the
incident signal goes through un-attenuated. The absorption only takes place at the
GaAs base layer, represented by In(Ipn) in figure 5.29, and contributes towards the
photoresponse. In addition, neither does the signal absorbed in the sub-collector
region (GaAs) contribute towards transistor action (current gain). This is because, in

principle, although the optical signal can propagate through the base and the
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collector of the device, and arrive at the sub-collector, the photo-generated holes in
the sub-collector will not drift towards the base region due to the additional

heterostructure (B-C) in the DHPT (figure 5.29).

Emitter | Base | Collector Slubcollectlor
| | ] | 1

Band bending

/ Ry |
InGaP
M
n b GaAs
nt
: n
i :| C- hole

Photo-absorption region

Figure 5.29: Band bending in the base region of the InGaP/GaAs DHPT

This additional heterojunction between the base and the collector blocks the
photo-generated carriers in the sub-collector from drifting towards the base region,
preventing frequency degradation of the device from these slow moving hole carriers.
Finally, only the optical flux absorbed in the base region can contribute towards the
photoresponse. Moreover, no flux is absorbed in the emitter or the collector, and
therefore I,y and Ic can be removed. As shown in figure 5.30, a small signal T-model
of DHBT with only one additional optical generated current source is used in the

simulation.
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Figure 5.30: Small signal equivalent circuit of the In4sGaosiP/GaAs (16 %20 um®)
DHPTSs with optical current source at 850 nm incident radiation

As shown in figure 5.27, the rise in optical incident power leads to an increase in
diffusion capacitance, Cpe. By changing the values of Cye according to figure 5.27,

ADS simulation eye parameters are extracted.
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Figure 5.31: Simulated eye parameters with optical dependent base emitter
capacitance variations at 1Gbps for the Ing49Gags1P/GaAs (16%20 um?) DHPT

Figure 5.31 shows the simulation results of the capacitance variations as a reduction
in eye amplitude and height. The eye height reduces faster than the eye amplitude, and
this may be related to the generation of more noise in the device as the Cpe increase.
The effect of this increase also leads to an increase in device charging time as the

result of an increase in the device’s rise and fall times.

At the same input data rate (1Gbps), the influence of variation of Ry to the eye
parameters can be seen in figure 5.32. Since Ry is inversely proportional to Pj,
(equation(5.6.2)), at higher Pj, (i.e. higher I,n) one can get better eye parameters. The
eye parameters extracted from the eye diagram simulation in ADS are shown in

figure 5.32.
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Figure 5.33: Extracted intrinsic base series resistance versus applied bias (optical

base current) for the Ing4GaosiP/Gads (16 %20 um*) DHPT (Vce = 2.8V, Ig=0to

2mA) [11]

The optically generated carriers in the base modify its conductivity, and as a result, the
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intrinsic base resistance Rppi is expected to be modified by emitter crowding. The
extracted measurement value of Ing4Gags:P/GaAs (16x20 um?®) DHPT (Ve = 2.8V,
Ig =0 to 2mA) is shown in figure 5.33 [11].

However, circuit simulation in ADS shows that at 1Gbps the variation of

photoresponse is minimal with variations of Ry (figure 5.34).
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Figure 5.34: Simulated eye parameters with optical dependent intrinsic base series

resistance variations at 1Gbps for the Ing49Gags1P/GaAs (16 <20 ﬂmz) DHPT

The photoresponse ranges from 20.4 dB to 20.5 dB with a wide range of Ry, and
therefore it can be inferred that any variation in Ry, does not have any significant
effect on the photoresponse. Thus this parameter is not so important in optical device
design. However, using the eye diagram as a tool to analyse the performance of the
device, a significant decline both in eye height and eye amplitude can be seen in figure
5.34, even for a data rate as low as 1Gbps. Eye parameters provide evidence of device
deterioration with increasing Rpni where other tools would fail, for example,
photoresponse analysis. It is proved that through eye parameter analysis, the various
physical parameters of the optical device can be redesigned and optimised, which
provides valuable and insightful information for device optimisation in future high
performance optical components.
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5.7 Eye parameter comparisons between InGaP/GaAs

SHBT and DHBT

In table 5.3 8x10 pm? InGaP/GaAs SHBT and DHBT device layer structures and
doping profiles are shown. Both of the devices have similar emitter and base
structures with 100nm p* = 4x10™ cm™ GaAs, 0.5um collector layer, and 0.7um n* =
4x10" cm™ GaAs sub-collector. The only difference is the collector of the SHBT,
which is simply n” = 1x10' cm™ GaAs, while that of the DHBT is composed of a
20nm undoped GaAs spacer and 0.48um wide bandgap InGaP to form a B-C
heterojunction. As we know, DHBTs show many advantages, like smaller offset
voltage, lower leakage current, larger breakdown voltage, which all benefited from

the wideband gap heterostructure base-collector junction.

Table 5.3: Layer structure of InGaP/GaAs single and double HBTSs (8x10 um®) used
in simulation [34]

Layer SHBT | DHBT
30nm n*-Ing5Gag sAs 5%10' cm™
Cap Layer 30nm n*-InXGal-Xf\s (x=0to 01.85) 5><31018 cm?
100nm n"-GaAs 5x10~" cm’
30nm n*-Ing 49Gag s1P 2x10* cm™®
Emitter 100nm n-1ng 49Gags:P 4x10% cm™
Base 80nm p*-GaAs 4x10" cm
n’-GaAs spacer 3x10'® cm™ - 20nm
0.5pum 0.48um
Collector n-GaAs 1x10™ cm™ | n™-Ing4Gags:P 3x10'° cm™
Sub-collector 0.7um - n*-GaAs 5x10'® cm
Semi-insulating GaAs Substrate

In the previous work [34] in our research group microwave the InGaP/GaAs sHBT
and DHBT have been fabricated and characterised. These devices had 8x10 um? B-E
area and the small signal parameters for these two devices are given in table 5.4

detailed [34].
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Table 5.4: Parameters of the equivalent circuit model for InGaP/GaAs single and
double HBTSs (8 x10 um?, Ve = 2.5V) used in simulation [34]

Parameters SHBT DHBT Parameters SHBT DHBT
lc (MA) 19 15 Cipe (F) 80 67
re (Q) 1.4 1.7 Cipe (FF) 50 55
R, (Q) 13 15 Cpce (fFF) 45 39
R (©) 10 10 Cppe (fF) 30 33
R,, (Q) 33 30 Cope (fF) 13 12
Moe (kQ) 20 15 T, (psec) 12 33
L, (nH) 0.44 0.4 T, (psec) 1.8 28

L. (nH) 0.44 0.4 0o 0.952 0.939
L, (nH) 0.25 0.25 fi (GHz) 37 21

It is noticeable from table 5.4 that the physical small signal parameter values of the
SHBT and DHBT are almost identical. The only significantly different values
parameters are 7, and z, which are larger in the DHBT. The larger 7, in the DHBT
can be attributed to the electrons trapping effect in the quantum-well barrier, which is
located between the GaAs spacer and the InGaP collector interface. An additional
delay time for electron transfer from emitter to collector may be caused by this barrier.
Furthermore, smaller saturation velocity of the electrons in the InGaP, compared to
the GaAs, is the reason why larger z. appears in the InGaP/GaAs DHBT [3].
Saturation velocity (either measured or calculated using Monte Carlo methods) of
INo.40GaosiP (in the range of (4.4-8.0)x10° cm/s) is reported, and is about half of the
value for GaAs ((8.0-10)x10° cm/s) [35-36]. Therefore, an almost 50% higher z in
the DHBT can be expected due to the difference between the saturation velocity of

the InGaP and GaAs [34].
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It is reported [34] that using a GaAs spacer layer inserted between the GaAs base and
InGaP collector layers can lower the potential spike, which is proposed to partly
overcome the above limitations in the DHBT. The measured results [34] show that
the difference in their respective DC current gains of the two devices is just minimal.
The cut-off frequency of the DHBT is almost identical to that of the SHBT at low to
moderate current densities, since the emitter-to-collector delay time under such
conditions is dominated by the emitter charging time z. However, the current
blocking effect due to the potential spike in the B-C heterojunction still exists. At
higher current levels, where microwave HBTSs are biased for most of the applications,
the cut-off frequency of the DHBT, which is shown in table 5.4, is significantly less
than that of the SHBT [34].

Using the small signal parameters in table 5.4, eye diagrams simulation of the SHBT
and DHBT were carried out. The results and comparisons are shown in the following

section.
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Figure 5.35: Simulation of InGaP/GaAs SHBT eye diagram (810 um?) with 15Gbps
input signal
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Figure 5.36: Simulation of InGaP/GaAs DHBT eye diagram (8 x10 um®) with
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Figure 5.37: Simulated eye diagram response of the InGaP/GaAs SHBT and DHBT
(8x10 um®) with 15Gbps input signal
Figures 5.35 and 5.36 show eye diagram simulation for the InGaP/GaAs SHBT and

DHBT (8x10 um?) with 15Gbps input signal. Both devices under test are high speed
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devices. So even at 15Ghps the eye diagrams are of high quality.

Due to the fact that the two devices (SHBT and DHBT) have different current gain,
direct comparison of the eye diagrams for these two devices is not so obvious (figure
5.37). However by normalising the eye parameters with their respective 0.5Gbps

performances, more useful information can be extracted.
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Figure 5.38: Simulated (normalised with respect to 0.5Gbps data) eye amplitude and
eye height versus bitrate for SHBT and DHBT InGaP/GaAs (8x10 um®) DHPT

Figure 5.38 shows the normalised (with 0.5Gbps) eye amplitude and eye height of
the InGaP/GaAs SHBT and DHBT. Firstly, for SHBT, both values of eye amplitude
and eye height are higher than DHBT over all data rates. This is attributed to wider
SHBT bandwidth (simulated -3dB bandwidth is 4GHz) compared to the DHBT
(3.55GHz). Secondly, it is noticeable that at high frequency, that is, over 6Gbps, the
decrease rate difference between eye amplitude and eye height for the SHBT is much
higher than for the DHBT. The DHBT shows almost the same decease rate for both
eye parameters. This means at high bitrate level, although the 8x10 pm? InGaP/GaAs

SHBT has higher current gain, more noise and distortion is contained in the signal.
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This information is extremely important for engineers setting up a sampling
threshold and bitrate. Also, this information cannot be obtained by traditional

analysis techniques like the S-parameters, but only through eye diagram analysis.
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Figure 5.39: Simulated (normalised with respect to 0.5Gbps data) eye rise and fall
time versus bitrate for SHBT and DHBT InGaP/GaAs (8 <10 um?) DHPT

Again, normalised eye rise and fall time comparison confirms the latter observation
and discussion. At a high frequency range, the 8x10 pm? InGaP/GaAs SHBT shows
higher rise and fall time than the DHBT. This is since the parameters in figure 5.39
mainly depend on noise and distortion not current gain of the device. One
dominating reason for this difference in the high frequency performance is that the
DHBT has much lower leakage current due to its wider bandgap B-C heterojuction.
Higher leakage current leads to more harmful deterioration, especially at high

frequency and lower current gain region.
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Figure 5.40: Simulated eye signal to noise ratio versus bitrate for SHBT and DHBT
InGaP/GaAs (8x10 um?) DHPT

Similarly comparison of eye signal to noise ratio in figure 5.40 shows the advantage
of DHBT with lower noise level is compared to the SHBT. The difference is clearer

at higher bandwidth (8Gbps corresponding to 4GHz).
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Chapter 6 Spectral response modelling and
analysis  of  heterojunction  Dbipolar

phototransistors

6.1 Spectral response modelling of HPTs

An accurate spectral response (SR) prediction plays a key role in the design of
photodiodes. Numerous published papers describe the modelling of the spectral
response for photodiodes [1-5]. However, in most of the papers, HPT modelling
merely shows the normalised or relative SR. Many simplistic assumptions about other
photodiodes are simply applied to HPTs modelling, which makes the absolute SR

prediction lacking in accuracy.

For instance, during p-i-n photodiode modelling, the large intrinsic absorption layer
between the p and n terminals is wide enough. Collection efficiency (7;) which
describes the actual amount of flux absorbed by the active layers of a photodiode can
be set as unity. However, in surface illuminated HPTs modelling the case is not
appropriate. Value of 7. is limited and affected by the depth of the absorbing region,
which is not as unity all the time. Also, many other factors like temperature or
material properties affect 7.. Because an accurate collection efficiency prediction
would further contribute to accuracy of HPTs SR modelling, a careful analysis of 7 is
essential. Another parameter, which does not attract extensive attention in the
published literature [6-7], is the variation of optical absorption coefficient (o) with
doping concentration of devices. In fact, different flux absorption profiles between
different layers are required in modelling. The optical absorption and electron-hole
generation rate are significantly affected by this factor. Also, even the impalpable
variation of the refractive index with incident signal wavelength changes should be

considered. All these above factors may simultaneously make the modelling result

192



deviate from the experimental data. Therefore, it is necessary to take all these aspects
into account during the modelling process. The fully exposition and understanding of
these parameters can help to optimise the HPTs design and enhance the accuracy of

the modelling.

An accurate absorption model is a prerequisite of an accurate spectral response
prediction. This chapter first focuses on an advanced optical absorption model for our
n-p-n Alg3Gag7As/GaAs SHPT working in 2-terminal mode (floating base). The
absorption coefficient variation and refractive index variation are also taken into
consideration. The model is expected to be a general model which can be used for all

material systems.
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6.1.1 Methodology

Optical signal propagation and absorption in each layer of the n-p-n
Alg3Gag 7As/GaAs SHPT working in two-terminal mode (floating base) are described
and calculated by equations. Then details of absorption coefficients changing with
doping concentration are given. A more accurate extraction method when compared to
the published data is provided. After that, the simulation results of optical flux
absorption and photogenerated currents in base, collector and subcollector are shown
in figures. The spectral response and collection efficiency equation are subsequently
summarised and simulated in Matlab. Finally, the accurately modelled and predicted

results are provided.

6.1.2 Refractive index

When wave, like light, travels to the interface between two different mediums, part of
the wave will be reflected by the surface. In our case, the optical flux shines on the
base surface of the device, so part of the incident flux is reflected. Based on Fresnel
reflection equation [8], the Fresnel reflection coefficient is given by:

(n,—n,)

Ry =[ . ]2

(n, +1,) (6.1.1)
where n, and ng are the refractive indices of the base layer material and free space,
respectively. From the figure below, it is known that the Fresnel reflection coefficient

here is a wavelength and material dependent parameter.
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Figure 6.1: A comparison of the refractive indices for AlGaAs/GaAs system
semiconductor materials as a function of wavelength [9]

Figure 6.1 shows a plot of the experimentally measured refractive indices [9] vs.
wavelength for GaAs and AlGaAs materials. It is noticed that in the AlGaAs/GaAs
system, narrower bandgap material exerts a larger refractive index at a specific
wavelength. In the figure, it is observed that at beyond 450nm the refractive index
value of GaAs is greater than that of AlGaAs. Usually, this property is used for the
design of solid state optical waveguides, in order to confine light inside a narrow
bandgap material, which is inserted between two layers of large bandgap material. In
fact there is a technique called anti-reflective coating, which is used on the surface of
the semiconductor layer, and which can minimise the flux reflection. However, the
device which is used for our modelling does not utilise this technique. It is essential to

account for the reflection effect in our analysis.
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6.1.3 Absorption coefficient

Absorption coefficient («) is a proportionality constant which is used to describe the
particular energy photon flux absorption in a given material. It is also a wavelength
and material dependent parameter (1/a) which can be understood as the average depth

of penetration by light into a material.
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Figure 6.2: A comparison of absorption coefficients, a, versus the wavelength for
GaAs and AlGaAs [9]

The figure above shows absorption coefficients of various undoped materials. It is
noticed that every curve in the figure decreases rapidly at cutoff wavelength of the
material which is the bandgap Eg of the material. From figure 6.2, it is clear that the
value of the absorption coefficient is not only related to the wavelength but also to the
material’s bandgap. As we know, bandgap of material variations occur with a change
in doping concentration. Especially at the particularly high impurity concentration
levels, majority and minority band edges both appear to experience a noticeable shift

which causes shrinkage of the bandgap. This effect is known as the bandgap
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narrowing effect. In devices such as ours, containing adjacent layers with different
doping concentrations, doping-induced shifting of bandgap variation may greatly

influence the device’s characteristics.

Based on the above analysis, the doping concentration can make a sizable impact on
the absorption coefficient. This effect is more obvious for the incident optical signal
wavelengths near the bandgap of the material. It is valuable to account for these

parameters in our absorption profile analysis.
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Figure 6.3: Modelling variation of absorption coefficient with doping concentrations
for n-type GaAs layers [10]

197



1.4 4 780nm,1.59eV
—~ 124
E : 800nm,1.55eV
o 1.0
z 826nm,1.5eV
§ 081
uq—) 4
2 064
) ] 856nm,1.45eV
2 04
%]
<
0.2 4 886nm,1.4eV
5 m/&,/g/g'
004 B - T
' LELELELN | ' LA ELL | ! L L | '
1x10'® 1x10" 1x10'® 1x10"®

Doping concentrations, NA(cm'z)

Figure 6.4: Modelling variation of absorption coefficient with doping concentrations
for p-type GaAs layers [11]

Here, software called ‘Engauge Digitizer’ is used for data extraction. It accurately
converts an image file into numbers. From published data, concentration dependence
of the absorption coefficient for n- [10] and p-type [11] GaAs data is accurately
extracted and plotted in figures 6.3 and 6.4. A detailed analysis of the absorption
coefficient variation can be achieved from these graphs. In the figures, absorption
coefficients with different doping concentrations with optical signal input from 780nm
to 886nm are shown. It is noted that for both n- and p-type GaAs, absorption
coefficients appear to make a significant change in input signal energy close to the
band gap of the material (1.43eV). However, when the wavelength is shorter than
800nm, this effect is negligible. During our modelling, the constant value of the
absorption coefficient for the base and the collector layer at a particular wavelength

can be used when the input signal energy is not near the GaAs bandgap.
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Figure 6.5: Modelling variation of absorption coefficient with input photon energy
for different doping concentrations [10-11]
In order to focus on our device, the doping concentration is chosen to represent the

actual layers as close as possible from the published data [10-11]. The extracted data is

re-plotted in figure 6.5 and used in a later simulation.

6.1.4 Collection efficiency

Collection efficiency describes the conversion efficiency of the device. It is modelled
as [12]:
IPRC)

GV (6.1.2)

where ¢(a) is the flux at the surface of the base layer and ¢(d) is the flux at the end of

the subcollector layer.
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The equation shows the amount of flux absorbed by active layers over the total
amount of optical flux entering the device. In order to achieve high collection
efficiency, it is expected that all the flux is absorbed in the base, collector and
sub-collector layers without any residual. The value of collection efficiency depends
on many parameters, such as the geometric dimension of the device layers, device
material, doping concentration of each layer and incident signal wavelength. As we
mentioned before, the photo-generated current outside the base, collector and
sub-collector layers cannot contribute to the current flow and is not detectable. This
can reduce the performance of the whole device. On the other hand, in consideration
of the thickness limitation of the device, a tradeoff between collection efficiency and
other parameters exists. Therefore, it is important to model this parameter and take it

into account in our accurate spectral response prediction.

6.1.5 Absorption model

In order to understand how the optical flux propagates in each layer of the device, an
optical flux profile is built and discussed in this section. As we know, the absorption
depends on both an incident signal wavelength and material band gap of each layer.
The whole process is a wavelength, material and distance dependent phenomenon. So
based on the analysis given in the previous section, band gap variation among
different layers requires careful modelling for every layer of the device. In fact, due to
the recombination, only the absorption occurring in the depletion region and the two
diffusion regions on either side, can contribute to the current flow, and is detectable.
This part will be discussed in a later chapter, while here we only focus on the flux

absorption process.

Assume the device is illuminated under a light source with the energy hv larger than

Ey with the photon flux ¢, in units of photons per square centimetre per second. The
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number of photons absorbed Ax is given by:

d(X+ AX) — (X)) = a9(x) AX = —agp(X) AX
ax (6.1.3)

= 400 e
dx

Using boundary condition ¢|x:0:¢0’ photon flux exists at any point of the

semiconductor:

P(X) = e (6.1.4)
d(x)| (L 4.A)
&
RN
o a b ¢ d X »

Figure 6.6: Schematic optical flux absorption and propagation in each layer of a

SHPT [13]

The device under review contains a single heterostructure between the base and
emitter layers. Each of these layers is assumed to have homogenous material
properties and constant doping concentration. The base surface of the device is
illuminated directly rather than the wide bandgap emitter. Considering figure 6.6, the
optical flux absorption process in all active layers of the SHPT is described using the

following equations.

¢absorption,emitter = O (6 15)
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¢absorption,base (/1’ N A) = (¢|nc - ¢ref )[1_ ei(bia)ab ]

=g(a)l-e ™) (6.1.6)
¢absorption,collector (ﬂ“' ND) = (¢|nc _¢ref )[1_ e_(c_b)ac ]e_(b_a)ah (6 1 7)
=g(b)1-e7*)
¢absorption,subcollector (/1’ N D+) = (¢|nc - ¢ref )[1_ e_(d_C)asc]ei(bia)abi(kb)ac
=¢(c)1-e ") (6.1.8)

where ¢, are the flux absorbed

bsorption,emitter ! ¢absorption,base1 ¢absorption,collector’ ¢absorption,subcollector

in each layer of the transistor respectively.
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Figure 6.7: Photon absorption rate for each layer of the Aly3Gag;As/GaAs HPT
using 850nm radiation

Figure 6.7 shows the photon flux absorbed in our device in unit time and unit distance,
with an 850nm input signal. It is noted that the depleted collector absorption rate is
greater than the other two layers. This can make sure that, at this particular wavelength,
the photon generated electron-hole pair can contribute to the current flow. Also, the
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figure points out how the absorption coefficient affecting the flux absorption and then
confirms the reason why the variation of doping concentration should be accounted

for in the modelling.
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Figure 6.8: Modelling optical flux absorption profile for the Aly3Gag;As/GaAs HPT
at various incident wavelengths for incident power of 100uW

The optical flux absorption profile of the Aly3Gag7As/GaAs SHPT with an incident
signal at 500nm, 780nm and 850nm is shown in figure 6.8. Input optical power is
fixed at 100uW. Each curve in the figure can be divided into three regions based on
our device structure. It is noted that for the 850nm, rapid absorption for the incident
signal flux rapid happens in the collector layer, due to the higher absorption coefficient.
For 500nm the curve follows a single function. This is because at this wavelength the
absorption coefficient is not sensitive to the doping concentration variation. A
constant value of the absorption coefficient is used for all layers, resulting in a single

exponential curve.
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6.1.6 Spectral response

Spectral response is the ratio of photogenerated current to incident optical power. It
defines how the performance of a photodetector (the sensitivity of the device) varies
with different wavelengths. In order to model the spectral response, the
photogenerated current is shown first [12]:

|,y =98] (- R, Yhae “dx
0 (6.1.9)

where q is the electron charge, f is the internal current gain and (1-R, )¢ ae “*is the

optical generation rate.

Due to the incident illumination arrangement of the measurement setup, the optical
flux goes through the device directly from the base layer, resulting in no flux
absorption in the emitter. Furthermore, the photo-generated current outside the base,
collector and sub-collector layers cannot contribute to the current flow, and is not

detectable. Therefore, the photogenerated current is extended as:

b
p(a)e, _[ e “*dx for base

|, =q8- ¢(b)ac.[e*”‘°xdx for collector
b

ph

d
¢(c)ascje‘“scxdx for subcollector
c (6.1.10)

where ¢(a), ¢(b), #(c)is input flux at the surface of the base, collector, subcollector

layers, respectively, and o, o, o is the absorption coefficient of the base, collector,

subcollector layers, respectively.

By definition, the spectral response is:

Py (6.1.11)
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where Pj, equals to input optical power.

Here, between the neutral emitter layer and the base layer, wide-band gap/small-band
gap heterostructure suppresses the hole injection [14]. The generation-recombination
in the base layer, surface recombination and the leakage current, are considered to be
the same as in the forward-active mode of transistor operation. The holes in the base
region modify the emitter-base junction so the current can flow in a similar way to the
holes injected from the electrical terminal in the forward active mode of operation [13].
The photogenerated electron-hole pairs in a collector which is fully depleted are
separated and swept to the base and subcollector regions by the strong electric field.
So the recombination effect here for both base and collector can be ignored but the
electric field in the sub-collector is not strong enough. The photo-generated carriers
move slowly and the process of recombination happens in this layer. But here, in order
to make sure the investigation of absorption is unaffected, we entirely focus on the
influence of the recombination process in this region, which has been removed. This

will be further discussed in a later section.
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6.1.7 Modelling results

Using the equation(6.1.10), in Matlab the simulations were carried out. The results

respectively.

are shown in figure 6.9 and 6.10
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Figure 6.9: Simulated photo-generated currents with input optical power for various
Aly3Gap7As/GaAs HPT layers at 635nm
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Figures 6.9 and 6.10 show the simulated photo-generated current and incident signal
power relationship of each layer of the Aly3Gag7As/GaAs HPT at two different
wavelengths. By comparing the two figures, the absorption coefficient variation and
the wavelength influence can be observed clearly. Focusing on each figure
respectively, it is seen that they correspond to figure 6.8. Due to a greater absorption
coefficient in the collector, the photo-generated current in this layer is much higher
than in the other layers. Comparing the two figures, and choosing the same incident
power, it can be noticed that the total of photo-generated current at 635nm is higher
than that at 850nm. By recalling figure 6.8, the total flux absorption at 850nm in all
three layers is quite a bit less than at 635nm. In other words, it can be explained as the
collection efficiency for 850nm being smaller than that for 635nm. In fact, at 635nm,
the collection efficiency is almost equal to unity, which will be shown in figure 6.11.
This means that almost all the optical flux is absorbed, with flux rarely arriving at the
substrate surface. This can result in high responsivity, although the situation for
850nm is different, with nearly half the flux travelling beyond the sub-collector layer.
This leads to lower collection efficiency and lower photo-generated current, which

contributes to the responsivity.

By adopting above absorption model (section 6.1.5) and using above equations the
Alg3Gap 7As/GaAs HPT modelling was carried out in Matlab. Here, the modelling

result is shown.

Figure 6.11 shows the spectrum response (SR) and collection efficiency (7c)
simulation. All the parameters discussed before such as absorption coefficient
variation by wavelength and doping concentration, refractive index for different

wavelengths and so on are taken into account during the Matlab simulation
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Figure 6.11: Simulated spectral response and collection efficiency for the
Alo3Gag 7As/GaAs HPT

The whole figure can be divided into two main parts. In the first part, where the
wavelength is below 700nm, the spectrum response keeps increasing, while the
collection efficiency keeps almost constant unity value. The reason is that in this
region for constant incident power the incident flux rate increases, along with the
wavelength, which raises the SR. All the flux is absorbed before arriving at the
substrate layer. The second region looks more complicated. Prior to 800nm the
collection efficiency begins to drop and the spectrum response remains increasing,
while the increasing rate becomes quite low. This is due to the value of absorption
coefficient, which starts to decrease quickly. However, the increasing flux rate still
dominates. After 800nm, the SR and 7. begin to drop fast simultaneously, with a great
amount of optical flux going beyond the base collector and sub-collector layers. The
absorption in substrate cannot contribute to the detectable current flow. It is necessary
to indicate one significant wavelength, 850nm, which is the short wavelength of the
transmission. Theoretically, the threshold wavelength of responsivity for the GaAs

photodetector should be around 870nm, although in our simulation, the point is around
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800nm. This can be explained as follows. According figure 6.5, around this
wavelength (800nm, 1.55eV), the absorption coefficient has been changed
significantly due to the doping concentration. The wavelength threshold moves to
lower value. Further, for our device, the 7. begins to significantly fall at around 780nm,

which becomes another major reason for lower threshold [13].

At last, in our lab setup, an optical signal is illuminated directly on the base layer. For
more common cases, the optical flux should input through the transparent contact and
the wide band gap emitter layer. When the incident signal wavelength is lower than the
particular value (dependent on the band gap of the emitter material), the flux can also
be absorbed by the emitter. However, this absorption does not contribute to the
detectable photo-generated current, which reduces the responsivity in that

wavelength.

In order to achieve higher collection efficiency and then higher spectrum response
around 850nm, our device structure has to be re-designed. Although many trade-off
parameters need to be considered, careful modelling becomes an indispensable step in
optical photodetector design. For instance, in order to achieve higher collection
efficiency and then higher spectrum response, the device structure need to be wider.
But this can increase the carriers passing through time. Further it can reduce high

frequency performance of the device.
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6.2 Analytical modelling of the spectral response

Heterojunction phototransistors (HPTs) using I1I-V compound semiconductor
materials have been extensively studied over the past two decades. They can offer
large optical gain without the excess noise resulting from avalanching. HPTs show
high potential as high performance photodetector for lightwave communications and a
possible alternative to a p-i-n or APD [15]. Therefore, it is expected to play a key role
in the next generation of microwave and optoelectronic integrated circuits. An
accurate optical absorption model is used to achieve an accurate spectral response
prediction. Many valuable parameters, such as absorption need to be calculated by
layers, absorption coefficient variation caused by doping, accurate boundary condition

and surface recombination parameters, of HBTs need to be carefully analysed.

Nowadays p-i-n photodiodes are the most commonly used device in the area of
photodetection, although the lack of internal gain is one major shortcoming here.
Furthermore, the trade-off between the intrinsic absorption layer and capacitance is
another limitation if it is employed as a high frequency device.
Metal-semiconductor-metal photodiodes can work at high frequency due to the lower
capacitance per unit area over the p-i-n photodiode. However, the device still lacks
internal gain. Temperature instability is another big drawback. For avalanche
photodiodes (APDs), excess high noise limits usage. Other devices, such as MEFETSs
and HEMTs, require a high frequency operation (millimetre wave and beyond).
Compared with the above devices, HPTs do show internal gain, simple biasing
conditions, low noise and many other advantages. That makes HPTs an exciting

choice for the above devices.

Analytical modelling of the spectral response for HPTs is widely studied. In the
published reference [1-5], spectral responsivity (SR) modelling for photodiodes has
been studied and investigated. However, some prediction of SR is limited to relative

or normalised response [16-17]. In Naresh Chand’s paper [18], although the analytical
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expressions for responsivity are given out, the boundary condition of minority

carriers’ concentration is not convincing.

In the following section, a detailed analytical responsivity modelling of the
AlGaAs/GaAs is given out. Parameters such as the effect of doping on the absorption
coefficient, and wavelength dependent refractive index are taken account. The steady
state continuity equations are derived from governing the distribution of minority
carriers for low-injection state. These incorporate a drift and diffusion mechanism of
excess minority carriers along with photo-generation and recombination effects. This

analysis provides a valuable optimisation tool for designing HPTs as optical detectors.

6.2.1 Continuity equation

Each type of carrier act gives rise to a change in carrier concentrations with time.
There must be a spatial and time continuity in the carrier concentration [19]. The
behaviour of carriers in the semiconductor can be described by the continuity

equation. This can be written as:

on

—":V£+Gn -R,
ot q

op

J
—1=V-—L2+G, -R,
a q (6.2.1)

where J, is electron current density, J, is hole current density, G, and G, are the
electron and hole generation rate, respectively, and R, and R, are the electron and

hole recombination rate in a p and n type semiconductor, respectively

As we know, if an electrical contact is provided, excess carriers combined with a
recombination process change the concentration of minority carriers. Also, the

photo-generated process is involved, which can also affect the number of carriers.

Here, the system under analysis is assumed to be one-dimensioned, and the analysis
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Is limited to minority carriers. The total diffusion and drift current can be written as

current density equation [19]:

dn
J,=qunE+qgD, —*%
dx

dp,
dx (6.2.2)

J,=qu,nE-qD,

where D is the diffusion coefficient, q is the unit charge, E is applied electric field

and u is the mobility of minority carriers.

The diffusion coefficient and mobility can be related by the Einstein relationship

[19]:

Dn = k_Tun
q
D, = k_Tup
q (6.2.3)

where k is the Boltzmann constant and T is the absolute temperature.

The continuity equation hence can be re-written as:

on on o’n
—L=n una—E+unE—"+Dn >+G, —R,
ot 7" ox OX OX
2
Po_pu EygPoip Py R
ot OX OX OX (6.2.4)

The device under consideration is assumed uniform doped and the region outside the
fully depleted collector is highly doped. The highly doped region leads to high
conductivity. Therefore, it is assumed there is no electrical field outside the depletion
region, so, the minority carriers here are only influenced by diffusion. The voltage

only drops in the depleted region. Therefore, the equation can be simplified as:

on 2
Mo _p NG, R,
ot OX
0 o’
B - p_g"'Gp -R,
ot OX (6.2.5)
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6.2.2 Photo-generation

When the semiconductor is illuminated and incident photons energy hv is greater
than bandgap Ey of the material, absorption and photo-generation occurs. The
electron-hole generation rate is given by:

C-:'photon (X) = CI)an_ (626)

where @ is the incident flux density and « is the absorption coefficient of the

material.

Here, the thermal generation of carriers is very little when compared with the
photo-generation. Therefore, only optical generated carriers are in consideration,
with the thermal generation neglected. The minority carrier generation can be written
as:

G(X) =G i0n (X) = D™

photon

(6.2.7)

6.2.3 Carrier recombination

The recombination in the base region of the Npn HPT semiconductor material can be

described as occurring in three processes. They are given by [13]:

Rediative Recombination: R, = An
Frad (6.2.8)
SRH Recombination: R, =ﬂ
Forr (6.2.9)
Auger Recombination: R, = @
fa (6.2.10)

The total recombination effect is summarised as:
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Tn (6.2.11)

1 1 1 1
where: —= + +—

Tv TRad TsrH Ca

T, IS total effective minority electron recombination lifetime
Trad 1S radiative recombination lifetime
Tsru 1S SRH lifetime

Ta 1S Auger lifetime

6.2.4 Basic assumption

When the device is under steady state, the minority concentration variation rate

becomes zero. Here, the steady state condition is considered.

on
—2 =0 and Py _ 0
ot ot (6.2.12)

Co-opting all the effects of diffusion, recombination, and photo-generation, using the

steady state condition above, the device under illumination can be modelled as:

_ d’n, n -n
For base region: D, g 2L P4 g(a)a, exp(—a,x) =0
X T,
H . d2 pn _ pn — pnO _ _
For subcollector region: D, e +¢(C)a, exp(—a, x) =0
X T (6.2.13)
where:

Dn (Dp) is the diffusion coefficient of minority carrier electrons (holes)
Tn (7p) IS the lifetime of minority carrier electron (holes)

Ny (Pn) is the total electron (hole) density contribution

Npo (Pno) IS the equilibrium electron (hole) density contribution

ap (asc) 1S the optical absorption coefficients for the base (subcollector) layer
¢(a) is the value of incident flux density at the emitter-base junction
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¢(c) is the value of incident flux density at the collector-sub-collector

junction

Using equation (4.3.24) above, the minority carrier distribution in the highly doped
base and subcollector layer can be summarised. The next step is to further analyse

and find the most accurate solution.

6.2.5 Solution of steady state continuity equation

The equations for minority carrier (electrons in the base and holes in the subcollector)
distribution are described above. The next step is to find the solution of those
equations. The equation of the base is solved first. Then a similar method can be
used for the sub-collector. The unknown parameter here is n,. The solution can be
adopted from Engineering Mathematic [20] knowledge, which consists of

complementary function and particular integral.

Using equation L, = «/ann , the equation (4.3.24) can be rearranged.

dznp _ (np ~ npo) " $(a)a, exp(=a,X) ~0
oL D, (6.2.14)

_ @, 0 g@aexp-aX) N
2 2 2
oL D L, (6.2.15)

n n

The complementary function is as the solution of (4.3.26) left part which is in the

form of:

N, ce = Aexp(— LL) +B exp(i)
" L, (6.2.16)

where A and B are unknown items.

The particular integral is as the solution of (4.3.26) right part which is in the form of:
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n, s =Cexp(-ax)+D

(6.2.17)
Where C and D are unknown items
dn
—E2 = _Caexp(-ax)
dx (6.2.18)
d’n
—LE% = Ca’ exp(-ax)
dx (6.2.19)
Inserting (4.3.29) and (4.3.30) into equation (4.3.26),
- - n
Car? exp(—arx) — Cexp( ozzx) +D _ p(a)a, exp(—a, X) Do
L, D, L™ (6.2.20)
Comparing the left and right sides of the equation,
C ¢(a)x
exp(-ax)[Ca® ——]=-"—"22
pl-a)iCa’ - 51= -5
D M
2 2
LY L (6.2.21)
__ g(@)a, L’ __ P(@)a,z,
= (L e, -1)D, L ’e,? -1
D —
oo (6.2.22)

So the solution can be summarised in the form of sum of the complementary
function and particular integral:

N,(X) =N, +N,p = Aexp(—i) + Bexp(i) +Cexp(—ax)+D
L, L, (6.2.23)

Inserting C and D,

n,(x) = Aexp(—Li) +B exp(Li) —%exp(—ax) +Ny,
n n n “b (6.2.24)
Here from the equation above, there are two unknown items, A and B. Therefore,
two more equations are needed to get their values. Boundary conditions of the two
sides of the base layer are involved to achieve the equations. For the base region,
since the device is working in 2-T configuration, there is no electrical contact at the
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base terminal. The number of the excess minority carriers (electrons) becomes an
input flux dependent parameter. In this modelling unity generation of electron-hole
pair with input flux is assumed. At the same time, surface recombination limits the
excess minority carrier concentration. Using the absorption model and involving all

the parameters, the boundary condition of the base region can be given by:

Interface of E-B junction, where x =0,

_0)= _#@)exp(-a, x0) _ ¢(a)
n,(x=0)=n,(0) = 2(a)s, = (@5, (6.2.25)

Interface of B-C junction, where x = w,

_¢(a)exp(_abwa)+n _ #(a)

n,(x=w,)=n,(W,) = 2()S, o 2(a)S,

=, (0) -exXp(~ayWh) + Ny,

-eXp(—a,W,) + Noo (6.2.26)

S, is the surface recombination velocity of the electrons. Since the surface
recombination reduces the responsivity, it is necessary to carefully model this
parameter. As we know, lower incident wavelength photon has higher energy. High
energy photons are more easily absorbed near the surface, and correspondingly, the
loss of photo-generated carriers is higher. So an additional surface recombination
parameter z(a) is added to adjust the value of the surface recombination velocity for
electrons. It is a simulation parameter and the value of it is wavelength dependent.
By iterating the values of z(a) in equations (4.3.36) and (4.3.37) with reference to the
measured value of responsivity at a particular wavelength [13], the value of z(a) can
be derived. Furthermore, in the interface of the B-C junction, where x = wj, the

equilibrium electron contribution is also considered.

Applying the boundary conditions:
n,(0)=A+B+C+n

n,(w,) = Aexp(- %) +B exp(%) +Cexp(-aw,)+n,,
L L (6.2.27)

217



A+B=n (0)-C-n,

n,(w,) =n,(0)-exp(—a,W,) +n,, = Aexp(- %) +B exp(%) +Cexp(—aw,)+n,,

n n

(6.2.28)
A+B=n (0)-C-n

Aexp(— %) +B exp(%) =-Cexp(-aw,) +n,(0)-exp(-a,W,)
n n (6.2.29)

Using the equation set above, the solution of unknown items A and B can be solved

using the matrix form:

exp(-)  exp(2) [A]Z(—Cexp<—awb)+np(0>-exp(—abwb)

B n,(0)-C—-n,
1 1 p i (6.2.30)
W wo )
[AJ‘ exp(—")  exp(™) E—Cexp(—awmnp(O)-exp(—abwb)
B) " " n, (0)-C-n
1 1 p p (6.2.31)
a bY* 1 (d -b
Using matrix propert = , and definition of hyperbolic
e ][4 ot

. g —e*
functionsinh x = >

1 —exp(le
- xp(L—n) (—C exp(—awb)+np(O)-exp(—abWb)J

A] 1
(B —ZSinh(%) -1 exp(—%) np(O)—C—npo
n - (6.2.32)

—C exp(—a,W,) +n,, (0) exp(-a,W,)...

w, w, W,
+C exp(L—b) —n,(0) exp(L—b) +Np, exp(L—b)

A 1 n n n
(B] - —23inh(vlilb) C exp(—a,W,) —n, (0) eXp(—ct, W, )...

n

W W W
—Cexp(- L_:) —n,(0)exp(- L—b) — Ny, eXp(= L_:)

n

(6.2.33)

Multiplying exp( -x/L,) with A and exp( x/L,) with B, the equation above becomes:

218



X
Aexp(- L_) .

X Wl
2 —2sinh(—=
Bexp(Ln) (L )

n

X X
—C exp(—a, W, — L—) +n,(0)exp(—a, W, — L—)...

n n

+Cexp(Wb_X W, — X W, — X
L L

) —n, (0)exp( )+, exp(

n n n

)
X X
Cexp(-a,W, + L—) —n,(0)exp(—a, W, + L—)...

W, X—W, X—=W,
b)_np(o)exp( L b)_npoexp( L b)

" " n o /(6.2.34)

X —

—Cex
p( C

X X 1
Aexp(— L—) +Bexp(—) = "
n no =2 sinh(L—b)

n

X X
—C exp(—a,W, — L—) +n,(0) exp(—a, W, — L—)...

n n

+Cexp(W'°_X W, — X W, — X
L L

)—n, (0)exp( )+, exp(

n n n

).

+C exp(—a, W, + Li) —n, (0) exp(—a,w, + Ll)
X—W,
L

—C exp( )

)—np<0)exp(X‘LWb)—npo exp(X‘LWb

n n n

(6.2.35)

Aexp(— i) +B exp(i) __ 1
L, " _sinh(th)
Ln
C exp(=a,W, ) sinh(Li) +n, (0) exp(—a,w, ) sinh(— Li)
X—W,
L

+Csinh( Wy — X

)+, sinh(

n n

)

(6.2.36)
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1

Aexp(— =) + Bexp() = {sinh(-) exp(-,w,)[~C +1_ (0)]
L, L, sinh() L,

X‘LWb)[c—np(O)mpo]}
n (6.2.37)

+sinh(

By now, the solution of steady state continuity equation is achieved:

1 L X B #(@)a,7,
N i SRS <0, 0)
L

n

. X—W, s(@)a,7, #(a)a,7,
+sinh( - [ 3 2ab2b—1_ n,(0) + npo]}—T;’_lexp(—axH N,

n n n b

(6.2.38)

The current at the base-collector junction 1,(4) can be obtained using equation [19]:

dnp
In(/l)qunAEBK

-, (6.2.39)
where:
dn _
o b rcosh(Xyexpl-agw, ) —[C +n_(0)]+cosh*=ey L ic —n_ (@)+n_T3
ax oW L ; L L ; P
sinh(e) . " L
Ln
—Ca, exp(—,x) +0
(6.2.40)
dn
Mol 1 reoshMeyexp(oaywy)-L[-C +n_(O)]+-=[C —n_(0)+n_.T}
dx | W L L p L p p
x=w, smh(L—) n n n

n

—Ca, exp(—a,W,)

(6.2.41)

and Agg is E-B junction area.

So, the excess minority carriers’ (electrons) current in the base region is given by:
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1,(4) = %{C[—ab L, exp(—a,w, ) sinh(22) — cosh() exp(=a,w, ) +1]
L, sinh(-—2) L, L,
Ln
W
+0, (0)[cosh() exp(-a;,wy) ~ 11+, }
(6.2.42)
where: C = _%
I‘n @, -1

Using a similar method, the collector current in the subcollector can be modelled and

achieved as:
D :
I p (l) - _q—pA:I:V{C [_asc Lp exp(_ascwsc)Sinh(&) - COSh(WSC ) exp(_ascwsc) +1]
L, sinh(-=%) Ly Ly
Lp
W,
+ P, (Wb + Wdep)[COSh(L_SC) exp(_ascwsc) _1] + pno}
P
(6.2.43)
where: C = ——¢(2C)a§°rp
Lp a, -1

6.2.6 Depleted collector absorption

Since the collector here is fully depleted and there is a strong electric field existing
inside, it is assumed that there is no generation-recombination but there is a process

of photo-generation in this region. So, the optical flux absorption can be modelled

by:

1w (4) = 0A; [ $(b)er, exp(—ar, X)dx
0 (6.2.44)
where ¢(b) is the input flux density at the B-C interface, o is the absorption

coefficient of the depleted collector region and Ac is the area of the collector.
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The solution of the equation can be given by:

| 5 () = A #(0)[1 - exp(—c,X)] (6.2.45)

6.2.7 Responsivity

The current flows through the device can be given as the sum of all current
components. They are I, in the base region Iy, in the collector region and I, in the
subcollector region. The equation is written as:

l=1+1,+1,

(6.2.46)

Each part of the items in the equation is wavelength dependent. The responsivity is
defined as the ratio of photogenerated current to the input optical power. The
equation used in the simulation can be given by:

C

hvi(a) (6.2.47)
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6.2.8 Modelling results

Using the parameters in table 6.1, the theoretical responsivity of our HPTs can be

simulated.

Table 6.1: Material parameters used for AlIGaAs/GaAs HPT simulation

Parameter Value Parameter Value Reference

Dy, (cm?s™) 50 D, (cm’s™) 4 [21]

7, (s) 1x10°° z,(s) 1.2x10° [19, 22]
L, (cm) 2.2x10™ L, (cm) 0.7x10™ [19]

S, (cm-s™) 3x10* Sp(cm-s™) ~10° [23, 24]
Npo (cm®) 2.2x107 Pno (cm™) 8.8x107 [24]
,(635nm) 3.9x10*cm™ ,(850nm) 4.7x10*cm™ [11, 21]
o, (635nm) 3.9x10%cm™ ,(850nm) 8.3x10*cm™ [11, 21]
o, (635nm) 3.9x10%cm™ a,(850nm) 0.3x10*cm™ [11, 21]
#(@)(635nm) | 2.1x10"s™ #(a)(850nm) | 2.9x10"s™

#(0)(635nm) | 1.5x10"s™ #(0)(850nm) | 2.8x10"s™

#(c)(635nm) | 0.2x10"s™ #(c)(850nm) | 1.8x10"s™
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Using parameters in table 6.1 and equations from 6.53 to 6.58, the Matlab simulation

result is given in figure 6.12. And the measured data is also given for the results’

validation.
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Figure 6.12: Measured and simulated spectral response of the Aly 3Gag 7As/GaAs
HPT

Figure 6.12 shows the simulated spectral response with measured data [13]. It is
noticeable that the measured results at 635nm, 780nm, 808nm, and 850nm [25] show
a good agreement with the predicted response. The difference between the
simulation and measurement can be explained as the coupling efficiency is set as
100% here and the signal loss is not included in the calculation. The responsivity
achieves the maximum value, of around 760nm. This also shows a good agreement
with our absorption model. From 760nm, the value (780nm) of the responsivity
begins to decrease, while after the wavelength increases beyond 800nm, the curve
drops quickly. This is the reason of the decrease both in 7. and a. The simulated
collector currents of the Aly3Gao7As/GaAs HPT at 650nm and 850nm in Matlab are

shown in figure 6.13.
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Figure 6.13: Simulated collector current of the Al 3Gag 7As/GaAs HPT

It is necessary to point out that the surface recombination is the parameter which
reduces the simulation result and needs to be carefully modelled. The grading
emitter-base heterojunction interface can minimise the recombination due to misfit
dislocations [13]. Despite the widely different surface preparation and measurement
techniques, the surface recombination data for GaAs follows the same general trend of

proportionality to bulk doping [23].

As we know, lower incident wavelength photons have higher energy. High energy
photons are easily absorbed near the surface and correspondingly, the loss of
photon-generated carriers is higher. So an additional surface recombination parameter
z(a) is added to adjust the value for the surface recombination velocity of the electrons.
This is a simulation parameter and the value of it is wavelength dependent. Iterate the
values of z(a) in equations (4.3.26) and (4.3.37) with reference to the measured value
of responsivity at particular wavelength [23]. The value of z(a) can be achieved and

decided.
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Figure 6.14: Surface recombination parameter z(a) with incident wavelength for the
A|o,3Gao,7AS/GaAS HPT

Figure 6.14 shows the modelled z(«) with different input wavelength. It is noticed that
the shape of the curve in the figure follows a near exponential decay. The value of z(a)
at the lower wavelength is higher. This indicates that a great number of carriers have

been lost due to surface recombination.

226



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Bouhdada, A.M., Marrakh, R., Vigue, F., Faurie, J. P. “Modeling of the spectral
response of PIN photodetectors impact of exposed zone thickness, surface
recombination velocity and trap concentration”, Microelectronics Reliability, vol.
44, pp. 223-8, 2004.

Hanzaz, M.B., Moroy, A., Munoz, E., Cibart, E., Omnes, F. P. “Modelling of the
spectral response of AlyGa;xN p-n junction photodetectors”, European Physical
Journal, Applied Physics, vol.11, pp. 29-34, 2000.

Gonzalez-Cuevas, J.A.R., Abedin, T. F.,, Elsayed-Ali, M. N., Hani E. “Modeling
of the temperature-depndent spectral response of In;«GasSb infrared
photodetectors”, Optical Engineering, vol.45, pp. 044001, 2006.

Zheng, H., Yong, K., Ying-Wen, T., Xue,L., Jia-Xiong, F. “Study on the spectral
response of the Schottky photodetector of GaN”, Chinese Physics, vol 15, pp.
1325-9, 2006.

Lai, K.S., Huang, J. C., Hsu, K. Y. J. “Design and properties of phototransistor
photodetector in standard 0.35-m SiGe BiCOMOS technology”, IEEE
Transactions on Electron Devices, vol. 55, pp. 774-81, 2008.

De Salles, A. A., Hackbart, A. S., Spalding, L. N. “A simple model for the GaAs
HBT high-frequency performance under optical illumination”, Microwave and
Optical Technology Letters, vol. 7, pp. 392-5, 1994.

Sridhara, R. F., Frimel, S.M., Roenker, K.P., Pan, N., Elliott, J. “Performance
enhancement of GalnP/GaAs heterojunction bipolar phototransistors using dc
base bias”, Journal of Lightwave Technology, vol. 16, pp. 1101-6, 1998.

Adachi, S. “Optical Functions of InGaAsP Tables”, in Properties of Indium
Phosphide: INSPEC, EMIS Data Review Series No. 6, 1991, pp. 416 — 428.

Bashar. S. A. “Study of Indium Tin Oxide (ITO) for Novel Optoelectronic
Devices”, Ph.D thesis, King’s College London, 1998.

Lush, G. B., Melloch, M. R., Lundstrom, M. S. “Concentration-dependent
optical-absorption coefficient in n-type GaAs”, Journal of Applied Physics, 74,
4694, 1993.

Casey, H. C. J., Sell, D. D., Wecht, K. W. “Concentration dependence of the
absorption coefficient for n- and p-type GaAs between 1.3 and 1.6 eV.”, Journal
of Applied Physics, vol. 46, pp. 250-257, 1975.

Khan, H. A., Rezazadeh, A. A. “Spectral response modelling of GaAs-based
heterojunction phototransistors for short wavelength detection”, Optoelectronics,
IET, vol. 4, pp. 57-63, 2010.

227



[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

Khan, H. “spectral response modelling and analysis of heterojuction bipolar
phototransistors”, Ph.D thesis, Microwave and Communication Systems
Research Group, School of Electrical and Electronics Engineering, University of
Manchester, 2010.

Tiwari, S., Wright, S. L., Kleinsasser, A. W. “Transport and related properties of
(Ga, Al) As/GaAs double heterostructure bipolar junction transistors”, IEEE
Transactions on Electron Devices, vol. ED-34, pp. 185-98, 1987.

Tan, S. W., Chen, W. T.,, Chu, M. Y., Lour, W. S. “A new model for
phototransistor”, Department of FElectrical Engineering, Taiwan Ocean
University, Junction Technology, IWJT *04, The fourth International Workshop,
2004.

De Barros Jr, L.E.M., Paolella, A., Frankel, M.Y., Romero, M.A., Herczfeld,
P.R., Madjar, A. “Photoresponse of microwave transistors to high-frequency
modulated lightwave carrier signal”, IEEE Transactions on Microwave Theory
and Techniques, vol. 45, pp. 1368-74, 1997.

Bashar, S. A. and Rezazadeh, A. A. “Fabrication and spectral response analysis
of AlGaAs/GaAs and InP/InGaAs HPTs with transparent ITO emitter contacts”,
IEEE Proceedings-Optoelectronics, vol. 143, pp. 89-93, 1996.

Sze, S. M. “Semiconductor Device, Physics and Technology”, Bell Telephone
Laboratories. Inc, 1985.

Stroud, K. A. Engineering Mathematics, 4th ed: Bath Press, 1995.

Lush, G. B. “Properties of GaAs”, in EMIS data review series, 2nd ed: Inspec
Publications, pp. 513-528, 1990.

Chand, N., Houston, P. A., Robson, P. N. “Gain of a Heterojunction Bipolar
Phototransistor”, IEEE Transactions on Electron Devices, vol. ED- 32, pp.
622-627, 1985.

Hwang, C. J. “Doping dependence of hole lifetime in n-type GaAs”, Journal of
Applied Physics, vol. 42, pp. 4408-13, 1971.

Aspnes, D. E. “Recombination at semiconductor surfaces and interfaces”,
presented at th Proceedings of the Second Trieste ICTP-IUPAP Semiconductor
Symposium on Surfaces and Interfaces, Physics and Electronics, Netherlands,
30 Aug - 3 Sept. 1982.

Acket, G. A, Nijman, W., Lam H. T. “Electron Lifetime and diffusion constant
in Germanium-doped Gallium Arsenide”, Journal of Applied Physics, vol. 45, pp.
3033-3040, 1974.

Khan, H. A., Rezazadeh, A. A. “Analytical Modeling of the spectral Response of
Heterojuction Phototransistors”, IEEE Electron Device Letters, vol. 30, no. 11,
20009.

228



Chapter 7. Conclusions and Future Work

7.1 Conclusions

Here, three distinctive areas of this work can be concluded, mainly the DC and
optical characterisation of Ing49Gags1P/GaAs SHBTs/HPTs and DHBTS/DHPTS;
small signal analysis and eye diagram simulations; spectral response modelling and

analysis of HPTs. These are concluded as follows:
e Ing4Gags:P/GaAs SHBT and DHBT DC and optical characterisations

In this section both DC and optical characterisations of the Ing49Gags:P/GaAs SHBT
and DHBT have been shown. Firstly, the Gummel plot and IV characterisations of
the SHBT were presented. The ideality factor for the collector current is nc = 1.08,
while for the base current it is ng = 1.29, indicating a high quality E-B interface and
low recombination. The off-set voltage was extracted as small as 0.14V, which,
along with a low ideality factor, was consistent with a lower conduction band energy
difference AE. between Ing49GagsiP emitter and GaAs base. Then the optical
characterisations of the DUT under a 2-terminal configuration were shown. The ratio
of responsivity of the transistor to the responsivity of the B-C photodiode with an
optical power of 150uW at 635nm and 850nm showed that these were approximately
equal to the current gain g of the transistor. This was in agreement with conventional
analysis of a photo transistor operation. The 3-terminal optical characterisations were
measured under constant current base bias and constant voltage base bias,
respectively. It was shown that current base bias, especially at low input optical
power, could greatly improve optical gain of the phototransistor. However, there was

no improvement in the optical gain with base constant voltage bias.

Accordingly, similar measurement with Ing 49Gags:P/GaAs DHBT procedures were

carried out, and the results were compared with the SHBT. From the DC
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measurements, the advantages of DHBTSs, for example, lower offset voltage (40mV),
lower turn on voltage (lower than 0.7V) and lower ideality factors (n.=1.02 and n, =
1.06 ), could be obtained. But since in the DHBT, the collector layer was made by a
wide bandgap material InGaP. The responsivity of the DHPT at 850nm was quite a
bit lower than the SHPT due to the fact that optical absorption of InGaP at 850nm is
minimal. For 3-terminal configuration, the DHPT showed a different performance to
the single HPT. No improvement in the DHBT could be obtained with addition of

both the base constant current bias and the voltage.

In the optical study of DHPTs a new phenomena has been investigated which is
related to the effects of the energy band bending in the base layer. During optical
illumination of this device the slow photogenerated hole carriers will be blocked
from diffusing towards the base region by the large valence energy band
discontinuity of the wide band gap collector (InGaP). In this thesis this phenomena
has clearly been demonstrated in the optical characterisations of the DHPT. In effect
it is shown that the existence of this effect makes the DHPT a uni-travelling-carrier
phototransistor (UTC-PD) with promising higher speed performance than the
conventional SHPTs. This observation has been reported in the recent publication by

the author (IEEE Quantum Electronics, November 2014).

e Small signal analysis and eye diagram simulations

In this work a detailed analysis of the applicability of using eye diagrams for
Ino.49Gaps1P/GaAs HBTs characterisation, has been presented. As an initial step in
the eye diagram simulations, both T- and hybrid-t mode equivalent circuit models
were reviewed and compared. The Ing 49Gags:P/GaAs DHBT small signal parameters
based on the T equivalent circuit was introduced. The validity of the parameters were
confirmed through the good agreement between the experimental results and those
obtained by simulation using the commercial circuit simulator ADS. In addition, the
estimated results of f; and fax matched the calculated values. Using these parameters,
the eye diagram simulation was established. Firstly, the effects of bitrate increases
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upon the eye diagram deteriorations were studied. Given the various bitrate
simulations, it was found that there was a strong relation between the -3dB
bandwidth of the transistor, and the eye diagram qualities. This confirmed that the
eye diagram is a power tool in the device performance evaluation. Furthermore, the
bias dependent parameters were studied based on experimental data and those related
to the eye diagrams. Eye parameters and their dependencies on the device parameters
were discussed in detail. It was indicated that by changing device parameters, one
could obtain the desired eye pattern to satisfy specific applications. This additional
information is a step forward for designers, aiding them in obtaining the desired

circuit bias points.

In addition, we have investigated for the first time the Ing49Gags:P/GaAs DHPT
performance by adopting a modified small signal T-model circuit [1]. It is shown that
eye diagrams can provide more insight useful information than the traditional
analysis methodology for device working under illumination. For example, at the
same data rate, eye parameters can provide evidence of device deterioration with
increasing intrinsic base resistance, Rp,i, Where other tools would fail, such as
photoresponse analysis. Through eye parameters analysis, various physical
parameters of the optical device can be redesigned and optimised and this provides
valuable insight information for device optimisation for future high performance

optical components.

Furthermore eye diagram simulation has been used in order to provide a
performance comparison between the Ing49Gags:P/GaAs SHBT and the DHBT. The
effect of layer structures and materials through the base time constant, z, and
collector time constant, 7. were clearly shown. By understanding the
inter-dependencies of eye parameters and device parameters in the small signal
model, the study showed that eye diagrams could help designers to develop a reverse
design methodology, and obtain desired output signals. Eye diagrams were shown in

this work not only as a mere visual measurement tool but also as a tool to
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characterise and optimise HBTs devices for demanding digital system applications.

e Spectral response analysis of HPTs

In this work, the modelling of the Alp3Gag7As/GaAs heterojunction phototransistors
(HPTs) spectral response through a consideration of the structural point of view, as
well as several material aspects of this device, including the material absorption
coefficient, refractive index and doping concentration, has been analysed and
discussed. In order to obtain accurate spectral response modelling results of
GaAs-based HPTs for short-wavelength detection, firstly, the advanced absorption
model was presented. The photon absorption was discussed for each layer structure
in the device. The results show that collection efficiency should not be simply set as
a unity during the modelling but as a geometry and incident wavelength dependent

parameter.

The optical absorption coefficient shows the variations with doping concentrations
which modify the semiconductor’s band gap. The carefully extracted parameter
profiles were involved in the accurate spectral response modelling. Then the
modelling results for the interrelated responsivity and the collection efficiency

versus wavelengths were presented.

The analytical spectral response model was developed by solving semiconductor
continuity equations. By introducing accurate boundary conditions, the excess
minority photo-carrier generation, diffusion and recombination were theoretically
described [2]. A wavelength dependent surface recombination parameter z(«) was
incorporated to model the surface recombination at lower wavelengths [3]. Since
more photo-carriers were generated near the surface for higher energy photons
(lower wavelength) [4], a near exponential decay curve was obtained for the z(«)
modelling. This implied a considerable amount of photo-generated carriers which
would not contribute to the photocurrent, and were lost due to recombination near

the surface, particularly at low wavelengths [5]. Then, a good correlation between
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the modelling and the measured results was shown. Since analytical models do not
require a prerequisite of current gain for the device, the above model built in this

work can be widely utilised for device performance enhancement and optimisation

[5].
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7.2 Future work

In this thesis, the electrical and optical characterisations of various materials and
geometries in HBTs for optical detection have been investigated. Although a great
deal of information have been successfully achieved there are till some further issues

which could be studied in the future.

e The optical illumination of RF response for SHPTs and DHPTs under various

wavelengths could be performed.

e The effects of device geometry on the performance of the available devices
(130pm, 100pum and 70um) Ing 49Gag51P/GaAs and Alg3Gag7As/GaAs could be
investigated. The experimental set-up may be modified to measure the

responsivity of devices at other wavelengths such as 780 nm.

e The optical coupling efficiency of the measurement set-up could be further

investigated and further improved.

For instance, figure 5.2.1 shows optical coupling interface between a
100um/250um optical fibre and the device surface. Assuming the output laser
from the fibre is a Gaussian beam, the beam profile on the surface of the device

is an ellipse and the power intensity distribution the following [6]:

P(r) = Po[l—exp(_vir: )] (7.2.1)

0

where r is the radial distance from the centre axis of the beam, Pq is the total
power output from the laser head, wy is the Gaussian beam radius and P(r) is the

power contained within a radius r.
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Figure 7.1: Optical coupling interface between 125um/250um optical fibre and
the device surface

The absorption window of the device is shown at the top right of figure 7.1,
which is smaller than the beam profile. The angle between optical fibre and
device surface is measured as a = 55° Calculating the optical coupling
efficiency for the 100um E-B device is 37%. So in future work, the accuracy of
the calculation could be reviewed and the effects of the variation of coupling

efficacy for different geometry devices included in the modelling.

Although eye diagrams simulations were carried out in this work for small
signal parameters, so it is desirable to carry out the eye diagram simulations

using large signal model.

It is reported in [7-9], that by employing step-graded B-C heterojuction
InGaP/GaAs DHBTSs, performance can be significantly improved (figure 7.2).
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Figure 7.2: Numerically simulated conduction band diagram of the B-C junction
of InGaP/GaAs DHBT with various design approaches at thermal equilibrium
[7-9]

In the reference [7-9] it is reported that the measurements were made on device
where a thin GaAs space layer between base and collector layer (table 3.1.1)
inserted. The improvement in the current gain of the Ing49Gags:P/GaAs DHBT
(wafer no. MR1095, emitter contact diameter = 100um) comparing with the
INo.49Gaps1P/GaAs SHBT (wafer no. MR873, emitter contact diameter = 100um)
can be observed in figure 4.33. Evaluation of the effects of the B-C junction
step-grading could be further investigated both by eye diagrams and analytical

modelling.
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