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ABSTRACT 

TERAHERTZ AND MICROWAVE DETECTION USING METALLIC SINGLE 
WALL CARBON NANOTUBES 

SEPTEMBER 2010 

 

ENRIQUE CARRION 

 

M.S.E.C.E, UNIVERSITY OF MASSACHUSETTS AMHERST 
 

Directed by: Sigfrid Yngvesson 

 

Carbon nanotubes (CNTs) are promising nanomaterials for high frequency 

applications due to their unique physical characteristics. CNTs have a low heat capacity, low 

intrinsic capacitance, and incredibly fast thermal time constants. They can also exhibit 

ballistic transport at low bias, for both phonons and electrons, as evident by their fairly long 

mean free paths. However, despite the great potential they present, the RF behavior of these 

nanostructures is not completely understood. In order to explore this high frequency regime 

we studied the microwave (MW) and terahertz (THz) response of individual and bundled 

single wall nanotube based devices. This thesis is an experimental study which attempts to 

understand the high frequency characteristics of metallic single walled carbon nanotubes, and 

to develop an ultra-fast and sensitive direct THz detector.  

First, the appropriate high frequency detector background is introduced. CNTs 

previously measured behavior draws similarities to two types of detectors: diode and 

bolometer. Therefore, our CNT devices are geared towards those designs. Second the 

fabrication process of devices is reviewed. UV lithography is used to pattern THz coupling 

log periodic antennas, on top of which CNTs are deposited by using a dielectrophoretic 

process. Third, the fabricated devices are tested at DC, MW, and THz frequencies. All of 

these measurements are done as a function of temperature, power, and frequency. Finally, the 

physical processes that give rise to the diode and bolometric detections at MW and THz 

detection at different temperatures and under different bias regimes (i.e. low and high) are 

explained. 
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1 

CHAPTER 1  

INTRODUCTION 

 

1.1 Project Motivation  

 

 The Terahertz (THz) gap is the region of the electromagnetic spectrum in between 

Infrared (IR) and Microwave (MW) frequencies; it spans from about 1 to 10 THz. These 

frequencies approximately correspond to wavelengths from 30 to 300 µm (Fig. 1.1).  

Several applications which take advantage of the high frequency, long wavelength, 

and low-power characteristics of THz have been developed over the last decade. THz are 

currently being used and researched in medical imaging [1], security and sensing [2][3], 

spectroscopy [4], astronomy [5], and other fields. Depending on the desired application some 

of the difficulties of working at such high frequencies range from power limitations and 

frequency tunability, to beam pattern resolution and atmospheric attenuation. However, 

regardless of the wide variety of difficulties pertinent to each application, a common obstacle 

to all has been the lack of reliable sources and detectors.  

Over the past several years, the source-detector issue has been addressed, and to a 

certain extent, resolved. Currently there are a variety of both commercial sources and 

detectors available [6][7][8]. Quantum cascade lasers, frequency multipliers, time domain 

systems, and gas lasers, are just a few of the sources commonly used (Fig. 1.2). In the case of 

direct detectors, diodes, pyroelectric detectors, and semiconductor bolometers are the most 

common and easily available devices, while in the case of mixing applications, 

superconducting silicon-insulator-silicon (SIS) structures and hot electron bolometers 

(HEBs) are used as the standard mixers [9][10]. However, one of the main disadvantages of 

all of these devices is that cryogenic temperatures of 4K, or in some cases even lower (~mK), 

are required for their operation. 

On the other hand, carbon nanotube based devices are promising for THz detection 

based on some unique characteristics that arise from their small diameters (1-2 nm). CNTs 

have very low heat capacity [11], low intrinsic capacitance [12], and ultra fast thermal time 

constants [13]. They can also exhibit ballistic transport at low bias, for both phonons and 
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electrons [14], since they have a fairly long mean free path [15]. Furthermore, our group has 

had vast experience designing and testing niobium nitride (NbN) superconducting HEBs 

[16], as well as CNT based direct and heterodyne MW detectors [17]. Taking advantage of 

our group’s expertise in both of these areas, this work will attempt to understand the high 

frequency (MW and THz) characteristics of metallic single walled carbon nanotubes and 

develop an ultra-fast and sensitive direct THz detector. 

 
Figure 1.1 Electromagnetic spectrum denoting the terahertz region between 

microwave and infra-red frequencies. From ref. [6]. 

 

 
Figure 1.2 Common terahertz sources as a function of frequency. [6]  
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1.2 Carbon Nanotube Basics 
 

1.2.1 Physical Structure 

The physical structure of carbon nanotubes, as well as many of their electric and 

thermal properties, are consequences of the unusual physical and electronic structure of 

graphene (Fig. 1.3). Graphene is a single atom layer thick sheet of sp2 bonded carbon atoms. 

Carbon nanotubes, discovered by Iijima [18] in 1991, can be thought of as rolled up sheets of 

graphene. The chiral vector C (Eq. 1), which describes the circumference of the CNT, also 

defines the direction upon which a certain nanotube may be rolled up. In Eq. 1, a1 and a2 

serve as the unit vectors that define the basis in the honeycomb graphene lattice, and the 

indexes n and m define the different combinations along the many directions upon which the 

CNT can be wrapped. This results in a unique one dimensional structure, which due to its 

boundary conditions around its circumference, has a quantized  component of momentum 

(k⊥) along the circumference, and a continuous one (k||) along the length of the tube. The 

latter determines the free electron motion of electrons in this axial direction. 

(1)  21 amanC +=  

From the quantization of momentum in the circumferential direction (k⊥), discrete 

energy sub-bands are formed for each possible CNT. The relation between these sub-bands 

and the band structure of graphene determines the electronic structure of CNTs. If the sub-

bands pass through the K or K' Dirac points (shown in Fig. 1.3) the nanotube has a metallic 

band structure, otherwise it behaves as a semiconductor. More specifically, when the indices 

n and m are equal (n=m) the nanotube is metallic and it forms in the Armchair structure; 

when n minus m is a multiple of three (n-m=3j) the nanotube is quasi-metallic (i.e. a very 

small band gap, on the order of meV) and can form in the Zigzag structure (when n=0); 

finally when n minus m is not a multiple of three (n-m≠3j) the resulting nanotube will be 

semiconducting and form in the Chiral structure. We can see all of these cases and structures, 

as well as single, multi-walled, and a bundle of CNTs in Fig. 1.4. This work will deal 

exclusively with metallic CNTs. 
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Additionally, multi-walled nanotubes (MWNTs) may also be formed upon the rolling 

of several sheets of graphene. (Fig. 1.4). MWNT diameters range from a few nm up to about 

100nm, while SWNT diameters range from about 1 - 3 nm. 

 

 
Figure 1.3 (Left) Graphene sheet denoting chiral vectors, and chiral indices. (Right) 

Electronic structure of graphene showing K and K' Dirac points. From ref. [19]. 

 

 

 
Figure 1.4 (Left) Single-walled, multi-walled, and bundle of CNTs. (Right) Armchair, 

Zigzag, and Chiral structures of CNTs. From ref. [20]. 
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1.2.2 DC and AC Behavior 

Metallic CNTs have been studied for a number of years since they were first 

measured in 1997 [21][22]. The DC characteristic of individual carbon nanotubes are well 

known. Like in macroscopic structures, the electrical properties used to describe nanotubes, 

such as resistance, capacitance, and inductance, arise from their unique structure and their 

interactions with the environment (i.e. contacts). However, due to their one-dimensionality, 

their transport properties are different than the ones of other three dimensional materials. For 

example, the mean free paths (mfp) of a nanotube are much longer than those of bulk 

semiconductors. For acoustical phonons (AC), the mfp can be greater than 1μm at room 

temperature, while for optical phonons (OP) the mfp is about 15nm [23].  

Moreover, even with such a small mfp for OP, electron-OP scattering processes do 

not occur at low energies (supplied through the bias voltage); it is not until a bias of about 

160mV [24] is applied across the CNT that scattering effects begin to show. The main effect 

of this scattering can be observed in the measured DC characteristics of the CNT device, 

since a clear current saturation occurs as the bias voltage is increased. Ideally, for a perfect 

contact situation the maximum amount of current that can go through a single SWCNT can 

be calculated to be about 25μA.  

Similarly, using the Landauer formulism [12] and considering the number of modes 

(M=2) and spin one can calculate the minimum DC resistance of a single CNT to be 

approximately Ω== KMehRCNT 45.62 2 . Nonetheless, the actual measured resistance for 

CNT based devices depends greatly on the quality of the contacts. Contacts add to the total 

measured DC resistance of the CNT from a few KΩ to hundreds of MΩ. Annealing has been 

shown [25] to clearly improve the quality of the contacts and lower the total resistance of the 

device. All around contact techniques, and choices of metals with work functions closer to 

the Fermi level of carbon, such as palladium (Pd), have also been shown [26] to improve 

contacts.  

Additionally, nanotubes can also be described in terms of an intrinsic kinetic 

inductance (Lk), and a quantum capacitance (CQ). The physical origin of the first one is due 

to an excess of kinetic energy resultant from current flow from a 3D electron reservoir (i.e. 

metal contacts) to a 1D system. The low density of states (DOS) of nanotubes forces us to 
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consider extra kinetic energy required to place electrons in a conducting state. Similarly, 

considering the change in charge density due to a change in the potential results in the 

already mentioned CQ. For a metallic SWNT, the value of Lk is 4 nH/µm [28]. This value is 

almost three orders of magnitude bigger than the classical electromagnetic inductance (LM), 

and therefore the latter can be ignored. On the other hand, the value of  CQ which can be 

calculated to be approximately about 100aF/µm, is around the same order of magnitude as 

the classical electrostatic capacitance (CE~50aF/µm). 

In contrast to the well-known DC electrical properties of nanotubes, attempting to 

describe the AC characteristics proves to be more challenging. A well-known and generally 

accepted model for the high frequency transport inside a CNT is not available, mainly due to 

the complexity added from the CNT low dimensionalities. It has been documented that the 

Landauer picture breaks down in 1D [27]. Burke [28] has proposed a model, in which he 

considers interacting electrons, rather than non-interacting electrons inside the well-known 

Fermi gas. Burke and others [29][30] have suggested the presence of a different medium: 

The Luttinger-Tomonaga liquid [31][32]. In this case, electron-electron interactions become 

relevant and affect transport; the main predicted consequence is a power-law dependence of 

the thermal and electrical conductivity. Using this theory, Burke arrives to a model that 

describes a CNT as four parallel and connected transmission lines (TL), composed of the 

previously mentioned LK, and CQ (Fig. 1.5).  These channels represent 3 spin current 

carrying modes, and 1 electron current carrying mode. This model and its channels can be 

reduced to deal exclusively with the current carrying mode of the CNT (Fig. 1.6). As we can 

see in Fig. 1.6, a series resistance has been added to the TL in order to account for the CNT 

DC resistance (RCNT). Also, note that in this figure, the kinetic inductance is divided by a 

factor of 4, and the quantum capacitance is multiplied by 4. This is done to compensate for 

the fact that we have added the electrical effect of the four channels into one. Finally, to 

complete the TL model, we will account for the effect of the contacts that will be necessary 

in order to characterize our device (Fig. 1.7). Here we have added both a contact resistance 

(RC) and a contact capacitance (CC). This model will be referred throughout this work as The 

Modified Burke TL Model. In this work, we will mainly focus on the effects and 

consequences that treating the CNT as a transmission line in series with the CNT resistance 
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can have in our own CNT devices (detectors) rather than discussing the validity of the 

Luttinger liquid theory. 

 

 
Figure 1.5 AC circuit model for interacting electrons. Four modes, 3 spin carrying, and 1 

current carrying are coupled due to electron-electron interactions in a 1D conductor. From 

ref. [28]. 

 

 
Figure 1.6 Unit cell of the transmission line model, composed of a kinetic inductance, a 

quantum capacitance, a negligibly small electrostatic capacitance, and a series CNT 

resistance.  Note: In this work we will denote R as RCNT.  
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Figure 1.7 Modified Burke TL Model. Complete transmission line (TL) model used in this 

work to treat the CNT. Note that the complete model treats the CNT as a TL in series with 

the DC CNT resistance. Also, contact resistance (CR) and capacitance (CC) are added to 

model device accurately. 

 

Some of the main consequences of treating nanotubes as a TL, are the presence of 

expected TL properties, such as phase velocity (vp) and characteristic impedance (ZC). In 

[28], Burke carefully derives these values for a single CNT, as well as the ones for LK and 

CQ. Others [29] [33], have also experimentally measured LK and CQ values for 

semiconducting or metallic single or bundles of CNTs. In this work, we will attempt to 

reproduce measurements from [29] in order to obtain a more clear idea of how certain 

parameters, such as RCNT, RC, CC, and LK, of the Modified Burke Model (Fig. 1.7) affect our 

own CNT based devices.   

 

1.3 Overview of MW/THz detectors  

 

 In this section, we will first present a short review of a few of the most common MW 

and THz direct detectors, their principles of operation, and the performance and limitations 

expected from them. Then, we will introduce two new kinds of detectors that we expect to 

fabricate using metallic single walled carbon nanotubes (m-SWCNTs): The CNT Diode 

Mode Detector and CNT Bolometer Mode Detector. Once again, the basic principles of 

operation will be described, as well as their expected performance and limitations.    
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1.3.1 Pyroelectric Detectors, Schottky Diodes, and Semiconductor Bolometers 

 Pyroelectric detectors consist of ferroelectric materials, such as triglycine sulphate 

(TGS) or lithium tantalate, which exhibit large spontaneous electrical polarization changes 

when their temperature varies. The change in polarization can be observed if these materials 

are placed in between two electrodes, forming a capacitor. Then, when IR or far IR radiation 

hits the detector a voltage is created across this capacitor, and an external impedance (Fig. 

1.8). These detectors have several advantages, such as high responsivity (3-10 KV/W), room 

temperature operation, fast thermal response (~1µs), low cost, and stability against ambient 

temperature, atmospheric changes, and electromagnetic interference. However, they only 

respond to time varying signals. Furthermore, they are not sensitive to wavelength, just to 

temperature changes. IR Filters placed in front of the detectors are used for "wavelength 

selectivity." 

 

 
Figure 1.8 Pyroelectric detector (left) and its main schematic (right). 

 

 Schottky diode detectors, are also well-known common devices in MW and THz 

electronics. They can be used as direct detectors and mixers for a wide variety of frequencies. 

They operate by sensing a change in the IV characteristics of the device due to the RF 

voltage applied. In other words, the RF voltage can be detected ‘directly’ by measuring the 

changes in the non-linear IV curve of the diode device [34]. This 'detected' change in current 

can be calculated by simply taking into account the DC characteristics of the device.  

 Considering the expression for current as a function of voltage of a Schottky diode 

and applying a simple approximation, the current can be found to be exponentially 
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proportional to α , see (2). Now, we consider V = Vo + δV, where Vo is an average DC 

voltage and δV is an oscillating component of RF voltage ( δV= VRF sin(ωt) ); then, we 

substitute V in (2) and apply a Taylor series expansion. The result (3) contains several terms 

which will be analyzed individually. The first term, I(Vo), is simply the bias current applied 

to the device; the second term, ( )tVdVdI RF ωsin⋅⋅ , is composed of a sinusoidal component 

varying at frequency ω and the linear dynamic conductance (first voltage derivative of the 

current). The third and most important term for detection, 222
RFVdVId ⋅ , consists of the 

squared RF voltage and the second voltage derivative of the current. Here, a small change in 

DC current (∆I) is produced due to the squared RF voltage (4). This last term will be the one 

used to ‘detect’ the RF signal. An example of a Schottky diode, also known as square law 

detector, is shown in Fig. 1.9. 
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 A bolometer device basically exhibits changes in its resistance as it dissipates power. 

This device is quite different than the previously described Schottky diode; in this case, the 

detection is due to the RF power absorption by the bolometric material, not due to an 

instantaneous RF voltage. A bolometer is said to be a ‘hot electron’ bolometer (HEB), if the 

RF energy heats up the electrons inside the device higher than the lattice temperature. This 

change in electron temperature is what in turn produces a change in resistance. Overall, a 

bolometer device (Fig. 1.10) is described by a temperature dependent resistance R(T) (5), a 

heat capacity Co (6), and a thermal conductance Gth (7) [35].  
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Figure 1.9 Virginia Diode Inc. Zero bias Schottky diode THz detector (left) and responsivity 

and NEP as a function of frequency (right). Additionally, the detector responsivity ranges 

from 4 KV/W at 100GHz, to 400V/W at 900GHz; this detector is designed for low power 

operation with an NEP of about HzW12105.1 −× . From ref. [36] 

 

   
Figure 1.10 Conceptual model of a common bolometer device. Note that the thermal 

conductance G (Gth) is the main link for the device to dissipate the energy acquired from the 

incident power (left, from ref. [35]). Typical Si superconducting bolometer (right), spectral 

response from 2 - 3000µm, operating temperature from 4.2 - 0.3K. The bolometer responds 

only to an AC signal within detector bandwidth.  
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  (5)  ( ) ( ) TdTdRRTR δ⋅+= 0  

  (6)  
dT
dRG

dT
dR

dP
dT

dP
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  As in the Schottky diode case, the response of a bolometer can  be predicted based on 

its IV characteristics. We start by considering the circuit shown on Fig. 1.11. We see that the 

bolometer device absorbs RF power (PRF). As power is absorbed, the voltage, current, and 

resistance of the bolometer go from VVV oo ∆+→ , III oo ∆−→ , and RRR oo ∆+→ . 

Thus, the voltage across the bolometer, ignoring the second order term " RI ∆⋅∆ " will equal, 

 
  (8) ( ) ( )

 
V

oo
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Similarly, the absorbed DC power (PDC), goes from DCDCDC PPP ∆+→ 0 . Thus, once again 

ignoring the second order term " VI ∆⋅∆ " results in,  
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Also, by analyzing the circuit, the load resistance (RL) should equal,  

 

  (10)   
I
VRL ∆

∆
= . 

 
Finally, recalling the definition of the factor C0 for the bolometer (see (6)) and since we have 

the input from two sources of incident power (PRF and PDC), we have 

 

  (11) ( )DCRFooo PPCPCR
P
R

dP
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∆
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Now, with expressions (8) - (11), we have all the necessary equations to derive the 

responsivity. Details of the algebraic procedure can be seen in Appendix 1. Here, we will 

merely present the main result obtained there. We define the bolometer responsivity (12) as 
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the change in output voltage for a change in the incident power. The final simplified  

responsivity is shown in (13). 

   

   (12)  
RF

L

RF

B

P
RI

P
VSv

⋅∆
=

∆
∆

=  

   (13)  
dT
dR

G
I

Sv
th

o=  

 
 
 

 
Figure 1.11 Circuit model for a typical bolometer. Note that in this case, the 'incident' RF 

power is represented by a THz source  
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1.3.2 CNT Diode Mode Detector 

 In the case of the diode mode, we propose the use of a CNT based detector as a non-

linear device which can sense the small changes in current produced by an RF voltage. Such 

a detector has been previously been shown to work by our group [37]. In order to describe, 

model, and test the behavior of these devices, we will use the previously addressed and well 

known standard Schottky diode microwave theory. For this purpose, we now define the CNT 

diode mode detector voltage responsivity (SvD) (14) in terms of the change in current (∆I) 

produced in the IV characteristics of the CNT, the resistance of the device (R), and the RF 

power absorbed in the CNT (PRF). Finally, inserting the previously derived value of ∆I gives 

rise to the main expression (15) that will be used in order to describe the responsivity of the 

diode mode CNT based detector.  
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 Analyzing (15), we note that the main factors contributing to the voltage responsivity 

are  the second voltage derivative of the current (d2I/dV2), the resistance of the device (R), 

and the impedance produced by the RF voltage. This last term (V2
RF/PRF), depends on the 

amount of RF voltage that is reflected at any interface, usually at the contacts. Mismatch 

problems between the 3D electron reservoir (Ro=50Ω) and the impedance of the load CNT 

(RL ranges from 50Ω to 900MΩ) have a negative effect for the detection. How ever, this 

limiting factor in principle is not very large, since a device with a very large mismatch will 

actually increase the RF voltage across the device. The other two factors that compose SvD 

are the nonlinearity of the IV characteristics (dI/dV) and the resistance (R). Both of these 

terms depend on each other and should also be in principle, very large. Additionally, it is  

important to mention that even though the IV characteristics of a diode and a CNT are quite 

different, the same diode detector theory can still be employed to describe the CNT devices. 

The main difference of the CNT devices is that the current increases independently of the 
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applied bias polarity (positive or negative). This difference is not relevant when considering 

the instantaneous change in current produced by the RF power. The only consequence will be 

the ability to detect the RF voltage without any preference for the polarity of the applied bias.  

 Finally, we examine in further detail the IV characteristics of a typical CNT device. 

As we can see from Fig. 1.12, the current (red) has a very pronounced nonlinearity near the 

zero bias voltage point; this effect is also visible in the conductance, dI/dV (blue). Such dips 

in the conductance are called zero bias anomalies (ZBA's) and commonly seen in metallic 

carbon nanotubes [38]. ZBA's are known to increase with decreasing temperatures and are 

usually a consequence of the presence of energy barriers at the metal-CNT interface. These 

barriers tend to increase the contact resistance (i.e. create  'bad contacts') which strongly 

dominates the IV characteristics compared with that of the CNT itself. Therefore, it is 

concluded that the diode mode detection in CNTs arises from the presence of strong ZBA's in 

the IV characteristics of our devices. This type of RF detection will mainly be the product of 

'bad' or 'not perfectly ohmic' contacts, and will be measured and studied in detail through 

several measurements and experiments. For the 'good' or ohmic contact case the physical 

process which gives rise to the diode model will be a different one., and will be discussed in 

Chapter 3.  

 
Figure 1.12 Non-linear symmetrical IV curve of CNT device with high contact resistance. 

From ref. [37]. 
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1.3.3 CNT Bolometer Mode Detector  

A bolometer device, as introduced in the previous section, measures the power of an 

incident electromagnetic signal as it heats the bolometric material, which has a temperature 

dependent resistance. Below, (Fig. 1.13) a more complex and specific diagram of a typical 

bolometer is presented. In this model, we define an electrical output, which translates to the 

measured ‘responsivity,’ (SvB), a DC bias, which gives some initial energy to the electrons 

inside the bolometer,  the absorbed power PTHz/MW, which raises the temperature of the 

electrons in the device, and a thermal conductance Gth and heat capacity Ch, which 

characterize the ways in which the device dissipates power into its environment (i.e. a heat 

sink). In the case of our CNT based bolometers, the heat sink could be the metal-CNT 

contacts and/or the substrate-CNT interface. Furthermore, like most bolometric materials, we 

will consider the CNT based detectors to behave as hot electron bolometers (HEB's). In these 

devices, the system of electrons is heated to higher temperatures than that of the lattice (i.e. 

the phonons); this effect increases at cryogenic temperatures, since the electrons can be 

driven out of thermal equilibrium much more easily by the incoming radiation.  

The HEB's voltage responsivity (SvB) can be predicted from the IV characteristics of 

the device, as shown for the 2DEG devices [39], superconducting NbN films HEBs [16], and 

this work's derivation in section 1.3.1. In the latter, suitable expressions that 

 
Figure 1.13 Diagram of a typical bolometer. Electrical output changes as DC bias and RF 

power are absorbed.  
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 describe the detection process are shown in (12) and (13). Additionally, we now define a 

normalized nonlinear resistance factor b (16) and a new but equivalent expression for the 

responsivity (17). It is important to note that for our CNT HEBs, electro-thermal feedback 

terms have been avoided (see Appendix 1), since they will only affect the response for very 

high responsivity values [40].  
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Furthermore, by analyzing both of these equations (16) and (17), it becomes clear that 

the CNT bolometric detection process will be dominated by the nonlinear resistance 

dR(T)/dT (where T represents the electron temperature) and Gth. A high value for Gth is 

detrimental to the response of the device, since it would imply that a large amount of the 

energy obtained from the RF power is ‘lost’ to the heat sink instead of transferred into the 

electrons. Finally, metallic single SWCNTs have been shown in [35] and [41] to be optimum 

devices in terms of the two main contributing factors (dR(T)/dT and Gth) to the bolometric 

response. Fig. 1.14 shows the nonlinear temperature dependent resistance of a metallic single 

SWCNT which uses the substrate and contacts to dissipate heat.  

 

 
Figure 1.14 Temperature dependent resistance of a single SWCNT 3μm long that gives rise 

to the bolometer model for detection. From ref [35].  
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1.4 Scope of  the Work  in this Thesis 

 

 This project brings together two broad, important, and relevant areas of science: RF 

engineering and nanotechnology. The thesis work presented here makes use of fabrication 

techniques, measurement setups, and theories used in both fields in order to describe the 

phenomena observed in our CNT based devices. Three main goals have been achieved in the 

duration of this project. First, CNT bundle based devices have been characterized at DC, 

MW, and THz frequencies. Second, "well-contacted" single CNT based devices have been 

fabricated. Finally, similar characterization measurements were performed for the new "well-

contacted" devices.  

 Throughout this document, the completion of the previously mentioned goals will be 

demonstrated through measurements, and simulations.  The DC measurements served many 

purposes, such as to constantly monitor the CNTs (since changes in DC resistance often 

translated to changes to the number of active CNTs), to predict the behavior of the device at 

MW and THz frequencies, and to obtain insight into the energy barriers present at the 

contacts. Several MW and THz direct detection experiments on different CNT based devices 

will also be described. These measurements were made as a function of several variables that 

affected detection, such as bias voltage, frequency, power, and temperature. Different 

combinations of these dependencies will be presented. The theoretical tools, such as the 

diode and bolometer models, used to understand and explain the MW and THz detection 

processes, will additionally be derived, presented, and tested. Finally, MW S-parameter 

characterization measurements were also done in order to obtain parameters for a circuit 

model which describes our CNT based devices. The measurements and simulations were 

done from 10MHz up to 26.5GHz, and even though this frequency range is much smaller to 

the one of interest (from 0.6 - 2.54THz) we were still able to obtain valuable insight into how 

the CNTs might behave at THz frequencies according to the parameters derived for the 

circuit model. 

 

 

  



 
19 

1.5 Organization of Thesis 

 

 This thesis contains four main chapters. Chapter 1 - Introduction, presents an 

overview of working at THz frequencies, and introduces the potential of CNTs for high 

frequency (MW and THz) detection. This project motivation is followed by a brief review of 

current commercial THz detectors, along with the proposed CNT based detector models. 

Chapter 2 - Experimental Work, contains the experimental setups, results, and preliminary 

analysis for all the characterization done in the different types of CNT devices fabricated. 

DC, MW, and THz measurements will be presented in this section. Chapter 3 - 

Understanding the Detection Process, goes further in detail on the Diode and the Bolometer 

models proposed. In this chapter other theories and models, such as the Yang theory and the 

Modified Burke TL Circuit Models, are also introduced in order to further evaluate and 

approach the physical processes of the MW and THz detection. Finally, Chapter 4 - Future 

Work, presents clear concrete steps which the CNT research at UMass Amherst in the THz 

lab could take in order to improve the performance and understanding of our CNT based THz 

detectors.  
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CHAPTER 2  

EXPERIMENTAL WORK 

 

2.1 Device Fabrication Progress 

 

Our CNT based diode and bolometer detectors consist of SWCNTs placed across the 

smallest gap of a log periodic antenna (LPA) embedded in a CPW, as shown in figure 2.1. 

The LPA is a self-complimentary antenna, which is partially independent of source 

frequency, since its structure is specified by more than one angle. Also, its impedance and 

radiation patterns repeat periodically as the logarithm of the frequency. In our case, at THz 

the LPA has an impedance of 100Ω and at MW frequencies (up to several GHz) of 50Ω. 

When THz radiation strikes the teeth of the antenna, it produces THz currents that travel 

along the edges of the metal until they reach the CNT. The CPW serves a dual purpose: 

Large DC electrical contacts for probing of devices, and transmission lines at MW 

frequencies for further device characterization. The fabrication of these structures (LPA 

embedded in a CPW) and the placement of the CNTs are two separate processes which will 

be described in detail in this section. First, we start by reviewing the fabrication of the 

antennas through several generations in order to develop an optimum CNT based detector. 

Each design was tailored to improve a certain feature from a previous configuration.  

 

2.1.1 Four Generations of Log Periodic Antenna 

 Four generations of LPA's will be described in this section. All of these antennas 

were fabricated using UV photolithography on high resistivity silicon substrates. High 

resistivity Si behaves as a lossless medium for THz. Due to its lack of donors it prevents 

absorptive  losses, and also due to its large direct band gap, prevents THz photons from being 

absorbed across the bandgap. Four different glass masks were designed and used throughout 

this project.  It is also important to note that extensive characterization of these antennas [42] 

along with their use for our group's work on NbN HEB mixers [16] proves their ability to 

efficiently couple THz radiation to a load placed across its smallest gap. 
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Figure 2.1 Diagram showing the CNT based detector. Above we see the (Top Left) log 

periodic antenna (LPA) embedded in a co-planar waveguide (CPW), (Top Right) close up of 

the LPA with the smallest gap marked, (Bottom Right) a SWCNT placed across the gap, and 

(Bottom Left) a close up of the individual SWCNT.  

 

 Below, in Table 2.1, a summary of the key features, characteristics, and the desired 

objective for each LPA generation are shown. Additionally, Figures 2.2 and 2.3 show the 

diagram of layers and optical pictures of each generation of devices. LPA1 had much smaller 

dimensions than all the other generations. These smaller features were used in order to do 

MW probe measurements on the CNTs. The pitch from the ground to signal conductors was 

125 µm and the smallest gap was ranged from 8 - 10 µm. This relatively long gap, when 

compared to the length of most CNTs used (in solution > 90% 1μm or smaller) made the 

deposition of CNTs a difficult procedure. The nanotubes measured were not nearly as long, 
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since all around contact techniques were used in order to reduce their effective length. The 

top contact layer also served to improve the quality of the contacts thus reducing contact 

resistance (Rc). Finally, as also summarized in Table 2.1, the main objective of LPA1 CNT 

based all around contact devices was to use them for MW characterization of the contacts 

and the SWCNTs through probe measurements. Additionally, responsivity at MW 

frequencies was recorded.  

 

LPA 
Generation 

Device 
Dimensions 

[mm] 

Gap Dimensions 
[μm] 

Max. 
Freq.  
[THz] 

Main Objective 
Width Length 

1  0.25 x 0.25 10 8-10 1.76 MW. Probe meas. (125 
μm pitch) 

2 5 x 5 4 1 3.52 Increase operating 
freq. (3.56 THz) 

3 5 x 5 4 1 3.52 
Limit CNTs to the gap 
and Suspend CNTs to 

reduce Gth. 

4 5 x 5 6 3-4 1.76 Obtain single CNT 
devices 

Table 2.1 Summary of characteristics and objectives to be achieved with each LPA 

generation.  

 

 From experiences in [16], [43], and [44] working with antennas from the LPA1 

generation, the LPA2 generation was designed with two main objectives in mind: Increase 

the operating frequency and facilitate individual device handling. For the first, the LPA 

dimensions were reduced, and several antenna teeth were added (Fig. 2.2). The operational 

frequency range increased from 0.22 - 1.76 THz (in LPA1) to 0.22 – 3.52 THz (in LPA2). As 

a result and in order to attempt to obtain shorter CNTs, the gap dimensions (8 μm long by 10 

μm wide for LPA1) were also reduced (1 μm long by 4 μm wide for LPA2).  Finally, in order 

to achieve the second objective, the overall dimensions of the CPW were increased, such that 

each LPA2 device could be scribed into 5 by 5 mm chips. 

 The LPA3 generation had similar features to the ones previously mentioned for 

LPA2. The same mask was used for photolithography and as a result, the dimensions and 
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operational frequencies (see Table 2.1) remained the same. However, once again two unique 

features distinguished LPA3: A thick oxide trench across the LPA gap and a photo-resist 

(PR) window around it. First of all, the silicon-dioxide (SiO2) trench was etched (Fig. 2.3) 

across the gap of this structure in order to obtain suspended CNTs. The suspension over the 

substrate meant that the contacts would be the only place for the CNT to release heat, and 

therefore lower the total thermal conductance (Gth) of our devices. The main reason to pursue 

devices with lower thermal conductance is the already mentioned inversely proportional 

relationship between thermal conductance and responsivity. Secondly, the photo-resist 

window across the gap was implemented in order to limit CNT deposition exclusively to this 

region. Previously [45], it was observed in SEM and AFM images of several LPA2 devices 

that CNT bundles were not only bridging the LPA across its smallest gap, but also across 

some of its smaller teeth (Fig. 2.4). This additional and unintentional loading of the antenna 

was believed to affect its performance negatively. Thus the efforts to limit CNTs to across 

the smallest gap were pursued with the PR window.  

 The LPA4 generation was made with a different mask. This time, our aim was to 

deposit very few or even single/individual SWCNTs that would have ohmic contacts (i.e. low 

contact resistance). In order to achieve this, and based on experience with previous 

generations of LPA's the dimensions of the smallest gap were changed to 3-4 μm long by 6-8 

μm wide. These dimensions allowed us to deposit very few CNTs, from within the lower tail 

of the length distribution of the CNTs in solutions (only 10% of CNT were longer than 1 

μm). Also, this design did not have the two sets of smaller teeth across which long bundles or 

individual CNTs were 'shorting' the antenna. Nonetheless, by removing these smaller teeth 

from the design, the antenna’s maximum theoretical operating frequency dropped to 1.76 

THz. One last optional feature added to the LPA4 generation design was the addition of a top 

layer of metal, in order to produce ohmic contacts. By contacting the CNTs with metal from 

the top 'all around contacts' ensured the complete disappearance or reduction of energy 

barriers present at the contacts. This technique has previously been employed in order to 

produce ohmic like contacts for nanomaterials. Not all devices from LPA4 had “all around 

contacts”. In Figure 2.2 bottom right, we can see that near the gap there are two different 
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edges, each one corresponding to the bottom and top LPA. For a clearer view refer to Figures 

2.3 and 2.5. 

 

 
Figure 2.2 Optical pictures of the four generations of LPA used in this work:  

LPA1 (Top Left), LPA2 (Top Right), LPA3 (Bottom Left), and LPA4 (Bottom Right). 
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Figure 2.3 Diagrams of cross sections (at the LPA smallest gap) of the four generations of 

LPA used in this work: LPA1 (Top Left), LPA2 (Top Right), LPA3 (Bottom Left), and 

LPA4 (Bottom Right). Note gaps sizes are drawn to scale relative to each other.  
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Figure 2.4 SEM (left) and AFM (right) images illustrating CNT bundles bridging outer teeth 

of LPA2. For reference, the gap (1µm) in the SEM image is located at the center of the 

picture, while the one in the AFM image is to be found at the top right corner of the photo. 

Obtained from ref. [45]. 

 

  
Figure 2.5 Optical pictures of two different top contact configurations for LPA4. The first 

one (left) was done by simply aligning the mask on top of a previously deposited first layer 

of metal and then overexposing the photo-resist to UV. Final gap size and effective CNT 

length achieved was ~1 µm. The second configuration (right) was done using a step mask 

process. The final gap size and effective CNT lengths obtained ranged from 3 to 4 µm. 
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2.1.2 CNT Placement: Dielectrophoresis 

 Dielectrophoresis (DEP) is the process in which a force, due to a non-uniform electric 

field, is applied on a dielectric particle [46]. Most particles exhibit dielectric forces 

independent of the presence of charge in them. However, the strength of this force is greatly 

dependent on the geometry of the particle, strength of field, frequency of oscillating field, 

dielectric properties of the particle and of the medium, among other things. DEP has been 

used extensively for manipulation of bacteria, other biological organisms [47], nanoparticles, 

nanowires, and even CNTs [48]. Several of the CNT DEP studies concentrate on a variety of 

issues: Calculating and predicting DEP forces [49], reproducibility of CNT placement [50], 

electrode shape influence [51], separating metallic from semiconducting CNTs [52], 

influence of other DEP related variables (substrates, CNTs with or without surfactants, 

different metals for electrodes, thickness of SiO2, etc) [53], real-time control of DEP process 

[54], and large scale assembly of CNT based devices [55]. In this project an extensive survey 

of the literature, and even more extensive experimentation have been done, in order to define 

DEP parameters that were optimum for our ultimate objective: To be able to place quickly, 

cleanly, and well contacted, a few individual CNTs across the smallest gap of our LPA's.  

 Metallic SWCNTs used in this work were obtained from two vendors: Cheap Tubes 

[56] and Brewer Science [57]. Different DEP parameters, as well as solution preparation 

procedures and concentrations were used for CNTs from each company. In general, CNTs 

were suspended in de-ionized water (DIH2O) and then diluted to the desired concentration 

(from mgs/ml to ngs/ml). Subsequently, CNTs in solution were centrifuged for 2 – 4hrs at 

5000RPM, in order to rid the solution of larger impurities and to decrease the CNT 

concentration even further. Afterwards the supernatants, which still contained CNTs, were 

removed, sonicated, and used in the DEP process.  

 The DEP process, shown in figure 2.6, consisted in applying an AC voltage (typically 

1-10Vpp and 5-50MHz) across the LPA. A small drop of CNT solution (usually b/w 0.1 – 

1μl) was then deposited across the smallest gap of our LPA's. The DC current and resistance 

were monitored in real time by applying a small bias through a bias tee, in order to determine 

when a CNT or a few CNTs had bridged the LPA gap (Fig. 2.7); typical values for a well 

contacted single CNT was in the range of hundreds of KΩ at room temperature [35]. After 
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the desired resistance was reached, the AC voltage was halted, and the remaining drop blown 

away with nitrogen gas. CNTs remained attached to the metal contacts due to strong Van der 

Waals forces, which also cause them to easily entangle and form thicker ropes or bundles. 

Throughout the duration of this project hundreds of CNT devices were contacted. Most of 

these served to simply refine several different DEP related parameters: Tubes from different 

vendors, solution concentrations, AC voltage amplitude and frequency, DC bias, DEP time, 

etc. Additionally, we extensively used SEM and AFM in order to characterize our results 

from DEP (Fig. 2.8). In general the values of resistance obtained ranged from a few KΩ ,for 

thickly dense bundles of tubes, to hundreds or even thousands of KΩ for some single CNT 

devices. 

 Finally, the devices were annealed at 200˚C for 2 to 4 hours. Annealing has been 

shown to improve the quality of the metal-CNT interface [25] and it almost always reduced 

the resistance of the devices. As fabricated per the procedures described above, typical 

resistances measured for devices ranged from 10 – 200 KΩ. A more complete description of 

the resistance of the measured devices at several temperatures will be presented in the next 

section: 2.2 Device Characterization. 

 After all fabrication steps were completed, wafers were scribed into individual 5 x 5 

mm chips and then proceeded to be tested at DC, MW, and THz frequencies. On occasion, 

such as for some DC and MW measurements, the testing could be done on-chip by using a 

probe station, but usually in order to proceed with cryogenic tests, individual devices were 

mounted in a metal block and placed inside an IR-Labs cryogenic dewar (Fig. 2.9). 

Connections between the chip, block, and dewar were made using indium wires, SMA 

connectors, and coaxial cables respectively.  

 
Figure 2.6 Simple DEP schematic.  
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Figure 2.7 Example of DC current being monitored over time. The ‘base-line’ resistance 

corresponds to the medium (drop of solution), the big step-like jump corresponds to some 

CNTs bridging the gap; subsequent steps corresponds to addition of more CNTs. 

  

 
Figure 2.8 SEM and AFM pictures of various CNT based devices made by DEP. Top left: 

Thickly dense mat of bundles of CNTs. Top right: Entanglement of CNT bundles and single 

CNTs. Bottom left and right: Single CNT bridging the smallest gap of an LPA.  
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Figure 2.9 Metal block (left) and cryogenic dewar (center and right) where 5 x 5 mm chips 

were mounted for testing.  

 

2.2 Characterization of CNT Devices  

  

 We now proceed to describe the experimental setups and present and analyze the 

results obtained from our testing of several CNT based devices; measurements were done at 

DC, MW, and THz frequencies. The DC testing consisted in measuring the IV characteristics 

at fixed temperatures (290K, 77K, and 4.2K) and occasionally, at several more temperature 

intervals. The MW testing consisted of two main measurements, direct detection experiments 

and S-parameter measurements. Finally, the THz testing consisted of direct detection THz 

experiments at fixed temperatures and as a function of increasing temperature. 

    

2.2.1 DC Characteristics 

2.2.1.a Experimental Setup 

 The DC testing was done using the two-wire, and in some cases the four-wire 

measurement configurations, of a source meter (Keithley 2600) controlled by a LabView 

program. The four-wire setting was used in order to obtain more accurate and steady values 

of very small currents (in some cases nA). Additionally, an Omega temperature sensor (Fig. 

2.10) was attached to the metal block and interfaced with the source meter through LabView. 

This setup allowed us to record accurately the IV characteristics of our CNT devices as a 

function of temperature (4.2 – 300 K).  
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Figure 2.10 Diagram of Omega temperature sensor attached to metal block 

 

2.2.1.b Results and Analysis  

 In this section the results and analysis of the DC testing of several CNT devices are 

presented. First, the IV curves of two devices (C4 and 3D3), representative of the two kinds 

of IV results obtained for all the others, are shown and analyzed in Figures 2.11 and 2.12. 

Four graphs are presented for each device as a function of bias voltage: current, resistance, 

differential conductance (dI/dV), and the second voltage derivative of the current (d2I/dV2). 

Second, the IV characteristic of all the other devices which were also measured at MW 

and/or THz frequencies are also shown here. Table 2.2 lists all the tested devices in this work 

and their resistance at operational temperatures of 300K, 77K, and 4.2K.  

 As mentioned earlier, two kinds of IV results were obtained through-out this work; 

device C4 (from the LPA2 generation) and 3D3 (from the LPA4 generation) were 

representative of each type. The difference in these two lies in the quality of the contact 

between the CNT-metal interfaces. Depending on how well the nanotube is contacted, one 

can have large energy barriers, which translate to high contact resistance values. This contact 

resistance adds to the inherent CNT resistance and in some cases it affects the transport 

properties of the device. This kind of device (i.e. C4) with 'bad contacts' will be referred to 

through-out this work as 'nonlinear'. The case in which current saturation, a distinct property 

of the nanotubes themselves, is observed in the devices will be referred to as 'ohmic.''  These 

two terms thus describe the type of contacts that was obtained to the SWCNTs.  

 Furthermore, analyzing nonlinear device C4 (Fig. 2.11), it is evident from the current 

and differential conductance plots, that its non-linear behavior arises from the presence of a 

ZBA [38]. Then, the rising current with increasing voltage characteristics can be interpreted 

as being due to tunneling through an energy barrier generated by the metal-CNT interface. At 

higher bias voltages, the tunneling current increases and the resistance decreases, and at 
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lower temperatures, fewer electrons are able to tunnel for a given voltage and as a result the 

current decreases and the resistance increases. Additionally, from the second voltage 

derivative of the current (d2I/dV2). one can start predicting how the diode mode detection 

would behave as a function of voltage and temperature. We should expect high MW 

detections at low bias voltages and low temperatures. Device C4 did not behave as a diode 

detector, as will be shown later; nonetheless, its d2I/dV2 is representative of other devices 

which did.    

Moving on to describe the 'ohmic' device 3D3 (Fig. 2.12) we also note the presence 

of a non-linearity on the IV curve at high voltages; however, in this case the overall curvature 

is opposite (concave down). This non-linearity is evidence of current saturation at high 

voltages; as described earlier, OP-electron scattering processes becomes present after around 

160mV for a single CNT. Oppositely, for small bias voltages the current increases linearly 

(i.e. therefore named 'ohmic') until it reaches the saturation point. Additionally, taking into 

account the theoretical current saturation for a single SWCNT (~25μA [12]), it can be 

deduced that more than one nanotube is present across the gap. In fact, AFM images (Fig. 

2.13) reveal that device 3D3 had a single CNT and a three-CNT bundle across its gap. AFM 

analysis was very helpful in general in order to determine the number of tubes present and 

their diameters; nonetheless, this information did not clarify which one (the single tube or the 

bundle), if any of these two, dominates in transport.  

 Finally, the current saturation of device 3D3 is evidence of the intrinsic properties of 

the CNT, instead of the contacts; this suggests that the energy barriers at the contacts have 

been greatly reduced or even disappeared. Such performance can be attributed to a better and 

higher quality metal-CNT interface. It is also important to notice, from the resistance and 

conductance plots, that at low bias voltages and low temperatures, electrons do not have 

enough energy to tunnel through the much smaller contacts barriers. As a result a decreased 

current  and conductance presents themselves as an increased resistance and a dip in the 

conductance, respectively near the zero bias. This ‘barrier’ at low temperatures and low bias 

voltages will have an effect on how the device behaves detecting in the diode mode at MW 

or even THz frequencies.  
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Lastly, from the d2I/dV2 plot, a measure of the device's nonlinearity is obtained. In 

this plot it is evident that higher values of d2I/dV2 are obtained under low bias and low 

temperature conditions. This effect is attributed to the presence on the same barriers present 

in nonlinear devices (i.e. C4).  

 

  

  
Figure 2.11 ‘Non-linear’ device C4-LPA2 DC characteristics at 4.2K (black), 77K (red), and 

300K (blue): Current (top left), resistance (top right), conductance (bottom left) and d2I/dV2 

(bottom right) as a function of bias voltage.  
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Figure 2.12 ‘Ohmic’ device 3D3-LPA4 DC characteristics at 4.2K (black), 77K (red), and 

300K (blue): Current (top left), resistance (top right), conductance (bottom left) and d2I/dV2 

(bottom right) as a function of bias voltage. 
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Figure 2.13 Ohmic device 3D3 from the LPA4 generation which only had a bottom layer of 

metal. Notice the two branches of CNTs across the gap. The one in the middle (inside green 

circle) is a single CNT of 1.5nm diameter, while the one towards the right (inside red circle) 

is a 5nm diameter CNT bundle.  

 

 Having described the nature of the DC characteristics of nonlinear and ohmic 

devices, we move on to present devices tested at MW and THz also. IV and RV curves at 

their respective operational temperature are shown in Appendix 2.; in this section a summary 

(Table 2.2 and 2.3) of their resistances −at very low voltages (i.e. 5 -20 mV)− and the tests 

performed on each one are presented. Also, note the legend below Table 2.2; it describes 

other specifics about each device, such as whether a device behaves as nonlinear or ohmic, or 

whether it had a top layer of Pd in addition to the Au regular bottom layer. A total of 42 

devices' resistance are shown below; 25 from the LPA1 generation, 3 from LPA2, 8 from 

LPA 3, and 6 from LPA4. Resistances at room temperature vary from a few tens of ohms 

(i.e. device D3A2) to hundreds of KΩ. Amongst all these devices, a wide variety of CNT 
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configurations was obtained, from a single SWCNT to dense and complicated networks of 

tubes. The resistance provides an insight into the CNT configuration (i.e. lower resistance 

means more nanotubes in parallel) of each device; however, it can also be misleading since it 

describes the 'quality' of the contact as well (i.e. different values of contact resistances). With 

this in mind it is important to look at the legend when attempting to draw conclusion from 

Tables 2.2 and 2.3.   

LPA 
Generation Device 

Resistance at V=0* [KW] 
Measurement 

300K 77K 4.2K 

1 

D4A3 0.47     

S-Para / MW Sv 

A2A1 10.5     
A1B1 15     
A5C2 15     
B5B1 27     
A6A3 40     
D3A2 0.05     

S-Para 

D3A3 0.05     
D3A1 0.09     
D3C2 0.11     
D3B3 0.15     
D3B1 0.20     
D3C3 0.20     
B7C1 0.66     
D2C1 0.70     
D2C2 0.83     
B2B1 0.90     
B2C3 1.00     
C6C2 1.20     
B7A3 1.30     
A3C3 1.50     
B7C3 1.65     
C3C3 6.7     

Table 2.2 Summary of DC characteristics and measurements performed of all devices tested 

from LPA 1 generation. 

  Legend: Bold Text   - Ohmic Device 
    Non-Bold Text  - Nonlinear Device 
    Blue Text    - Top layer of Pd added 
    Black Text    - Bottom Au layer only 
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LPA 
Generation Device 

Resistance at V=0* [KW] 
Measurement 

300K 77K 4.2K 

2 
C1 8.1 24 40 

THz Sv C4 17 36 162 
C5 58 124   MW Sv 

3 

4A1 24 47   

THz Sv 

4C4 20 31   
1C4 85 190   
3C3 54 117   
4B2 42 110   
4A2 10 22 200 
4A3 50 97 870 
2B1 16 28   

4 

F2 360 20 000 150 000 

MW Sv 
C2 130 135   

F2-R 140 140 10 000 
C3 24   90 

3D3 36 32 40 DC 
Table 2.3 Summary of DC characteristics and measurements performed of all devices tested 

from LPA 2, 3, and 4 generation. 

 

2.2.1.c Temperature Dependent Results 

The DC characterization and the analysis presented in the section above only shows 

three selected temperatures (4.2K, 77K, and 300K). However, in order to obtain a more 

accurate and complete description of how the devices operated, and to predict their behavior 

at MW and THz frequencies, temperature dependent IV characterization of nonlinear and 

ohmic devices, also took place. The current-voltage and resistance-voltage characteristics, 

both as a function of temperature, are shown in Figures 2.14 and 2.15. Additionally, in Figure 

2.16, three resistance-voltage-temperature three dimensional plots are shown. The curves in 

Figures 2.14 - 2.16 are from devices from the LPA2 (C1, and C4) and the LPA4 (3D3, and 

F2) generations.  

Among the nonlinear devices, the previously discussed contact resistance based 

nonlinearity can be observed. Some of them exhibited a greater non-linearity than others. 
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This is due to the inability to reproduce identical CNT-metal contact interfaces. This issue 

was addressed with the addition of an extra top layer of metal. The top contact layer helped 

with better contact reproducibility. It is important to note that for devices C1 and C4, the IV 

curves appear to level-off or curve downwards at high voltages; this effect is not due to any 

CNT based property, but simply indicates that the compliance of the source meter was 

reached.  

For the ohmic devices, the ZBA presents itself in both cases (3D3 and F2) only at the 

low bias; this effect can be observed from the drastic resistance increase (Fig. 2.14 and 2.15). 

As mentioned earlier, at the low bias and low temperature, electrons do not have enough 

energy to tunnel through the contact barriers. For device 3D3, the ZBA becomes apparent at 

temperatures lower than 200K and it gradually increases. On the other hand, for F2, the ZBA 

does not show up noticeably until about 40K (see Fig. 2.16), after which it drastically 

increases. This sudden resistance increase is attributed to the fact that F2 is a single CNT 

device (Fig. 2.22) with different contacts and number of tubes than the ones of 3D3. Besides, 

neither of these two devices had a top layer of Pd, thus making contact resistance effects hard 

to predict and compare.  Finally, for reference we emphasize here (and in Table 2.2 and 

2.3) which measurements were performed on devices presented in Figures 2.14 - 2.16.  

Devices C1 and C4 were used for THz direct detection measurements, F2 was measured at 

MW for direct detection also, while 3D3 was simply measured at DC; the latter simply 

served to refine DEP parameters. Nonetheless, measuring its DC characteristics as a function 

of temperature will allow us to predict the theoretical performance of similar devices as 

detectors.  
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Figure 2.14 IV characteristics as a function of temperature for three LPA2 devices –C1 (top 

left), C4 (top right), and C3 (middle) – and two LPA4 devices – 3D3 (bottom left) and F2 

(bottom right).  
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Figure 2.15 RV characteristics as a function of temperature for three LPA2 devices –C1 (top 

left), and C4 (top right)– and two LPA4 devices –3D3 (bottom left) and F2 (bottom right). 
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Figure 2.16 Current-voltage-temperature graphs for 3D3 (top), F2 (bottom left), and C4 

(bottom right). Note opposite trend for resistance as a function of voltage between nonlinear  

(C4) and ohmic (3D3 and F2 at higher temperatures) devices, and a similar trends at low 

voltage and decreasing temperatures.  
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2.2.2 Microwave Direct Detection 

2.2.2.a Experimental Setup 

 The direct MW response was measured by recording changes in current across a 

100KΩ resistor −connected in series with the CNT based device− as an RF signal was turned 

ON and OFF. This current difference, ∆I, or v oltage, ∆V, along with the known amount of 

power delivered to the device was used to experimentally calculate the detection 

responsivity. The setup below (Fig. 2.17) shows the components used in this technique: A 

Keithley source meter, a lock-in amplifier, a bias tee, a MW generator, a lock-in amplifier, 

and a function generator. 

 As can be seen in the schematic, the DC bias and the MW signal were fed to the 

device through a bias tee. Additionally, the MW signal was modulated by a function 

generator, while the DC bias also passed through a 100KΩ resistor. This passive component 

was connected in series with the DUT, and thus changes in the DUT's IV characteristics 

(produced by the RF) could be measured across it. For this purpose, both ends of the resistor 

were connected to a lock-in amplifier, whose reference signal was the one modulating the RF 

pulse. Therefore, any voltage measured across the 100KΩ resistor was a direct response to 

changes in the DUT's characteristics caused by the incoming RF signal. The 'detected' lock-in 

voltage was recorded for several RF frequencies and powers, as well as device temperatures 

and bias voltages. Finally, in order to calculate the experimental responsivity, the previously 

introduced expression (Equations 12 and 14) was used.  
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 Furthermore, like in the DC characterization setup, the source meter and lock-in 

amplifier were interfaced through LabView; this allowed for fast and accurate recording of 

responsivity as a function of DC Bias. The direct MW responsivity measurement was done 

with devices either mounted in the block and dewar (Fig. 2.10) or directly probed. Both 

configurations had different advantages and challenges. For example, in-dewar 

measurements allowed us to cool devices to cryogenic temperatures (300K, 77K, 4.2K) 
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which decreased scattering and increased important nonlinearities; however, MW power was 

lost through the indium wires, and parasitic reactances in the block configuration had an 

effect on the frequency response at the higher MW frequencies. Therefore, these 

measurements were limited to a maximum frequency of 3 GHz. On the other hand, the 

opposite situation affected the probed measurements. In this case, good impedance matching 

through out the entire cascade (from the source generator to the chip) of components was 

achieved; however, we were limited to performing experiments at room temperature only.  

The maximum frequency in the probe measurements was 26 GHz.  

As will be presented next, direct response decreased drastically at higher temperatures, 

therefore the responsivity of probed devices (measured at 300K only) was small.   

 

 
Figure 2.17 Schematic of experimental setup used for MW direct detection.  

 

2.2.2.b Responsivity Results  

 Several devices (see Table 2.2 and 2.3), mainly from the LPA1 and LP4 generations, 

were tested for direct MW responsivity. The first ones (from LPA1) were measured on a 

probe station, while the latter ones (from LPA4) inside a cryogenic dewar (These devices 

will be referred to as 'in-dewar'). The recently discussed advantages and disadvantages of 

each testing configuration were evident in the results. Moreover, AFM images of these 

devices (Fig. 2.18 - 2.21) allowed us to identify the type of CNT arrangements obtained from 

DEP. Height analysis of the AFM data revealed that in several cases, such as for devices F2 



 
44 

and C3, single CNT deposition was  achieved. More details about the CNTs in each device 

are provided in the caption of each figure.  

 Overall, MW responsivity was measured as a function of RF frequency (Fig. 2.22 and 

2.23), RF power  (Fig. 2.24),  and  bias  voltage  (Fig. 2.25 and  2.26). In  this section, the 

results and general discussion are presented; more in depth analysis as well as evidence of 

diode and bolometer model behaviors, will be shown in Chapter 3. Once again for details on 

the LPA generation to which devices belonged, their resistance at certain operating 

temperatures, and to correlate results with the type of device (i.e. nonlinear, ohmic, or 

whether a top metal layer was present) refer to Tables 2.2, 2.3 and Appendix 1.  

 First, we discuss the MW detection as a function of frequency. For the devices tested 

inside the dewar (Fig. 2.22), the measured response was fairly flat up to 3GHz. Maximum 

responsivity values ranged from 1000 to 3000 V/W at 4K, 10 to 1000 V/W at 77K, and 100 

to 300 V/W at room temperature. The wide range and high fluctuation of these peak 

responsivity values at each temperature was due to the different IV characteristics that arise 

from different CNT configurations. The contacts also take an important role in this process. 

For example, by simply improving the contacts of device F2 through an additional 2-hour 

annealing session, IV characteristics with lower contact resistance (Rc) were obtained, and 

responsivity then increased by a factor of 10 at 77K and almost 100 at 4.2K. This annealed 

device has been treated as a 'different' device and throughout Chapters 2 and 3 has been 

referred as F2R. Moving on to examine the probed devices (Fig. 2.23), it is evident that the 

response was also fairly flat up to about 15GHz, after which in some cases it gradually 

increased or decreased. This high frequency responsivity behavior is not well understood. S-

parameter measurements have also been done on these same devices in an attempt to 

understand how the CNTs and contacts behave along this frequency range. These 

measurements will be discussed in the next section. Furthermore, the responsivity values 

from the probed devices, only measured at room temperature, ranged from almost 100 to 200 

V/W below 1GHz. This range of response values is consistent with the responsivity of 'in-

dewar' devices measured under similar conditions (i.e. at 300K and low frequencies). 

Comparisons between results at cryogenic temperatures and those at room temperature are 

difficult to make since the IV characteristics changed drastically.    
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 Next, we proceed to qualitatively analyze the responsivity of devices as a function of 

MW power (Fig. 2.24). This measurement was done in order to confirm that the devices 

remained in their linear regions of operation while testing. All plots from Figure 2.24 showed 

the clear saturation of responsivity as MW power was increased. Note that the equations 

employed to predict the responsivity are valid only in the small signal range. Thus we expect 

the responsivity to saturate as the microwave power is increased beyond the value for which 

the microwave voltage swing exceeds that required by the small signal approximation. 

Subsequently, the power used for frequency and bias dependent measurements was set such 

as to keep devices in their linear regions.  Additionally, we examine the point at which device 

responsivity starts to decrease (i.e. roll-off). For the 'in-dewar' devices the roll-off point 

varied from -25 to around -5 dBm while, for all probed devices responsivity started to 

decrease at around 0 dBm. The different roll of points from the 'in-dewar' measurements 

were mainly due to their lossy and parasitic nature already mentioned. A particular situation 

where clear evidence of varying roll-off points between devices can be observed is between 

devices F2 and F2R. On these plots in Figure 2.24 the response of device F2 barely begins to 

decrease at -5dBm, while the one of F2R does so at around -20 dBm. Additionally, from 

these same two plots, the already mentioned drastic improvement of responsivity (by factors 

of 10 and 100 at 77K and 4K respectively) can be clearly seen.  

 Finally, we analyze the responsivity of all devices as a function of bias voltage (Fig. 

2.25 and 2.26). The 'in-dewar' devices results at three temperatures, 300K, 77K, and 4.2K are 

shown at the top, middle and bottom of Figure 2.25 respectively. In all of these cases, but 

particularly for those at cryogenic temperatures (77K or lower) there is a sharp responsivity 

peak near the zero bias. This peak also rapidly diminishes to near the noise level of the 

measurement when a small bias is applied in any direction (i.e. positive or negative). 

However, as the voltage keeps being increased, a steady but small increase of the 

responsivity signal is observed (see logarithmic plots). This response at the high bias voltages 

does not reach the same level of the first sharp peak; however, its presence hints  
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Figure 2.19 AFM image of device C5 from the LPA2 generation. Several CNTs and bundles 

bridge the gap and the smallest teeth of the antenna. Gap size is about 300nm.  

 

  
Figure 2.20 AFM images of device C2 from the LPA4 generation. Note two branches of 

CNTs (inside green circles) across the gap. Two layers of metal are also visible here. 
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Figure 2.21 AFM images of device C3 from the LPA4 generation. Single CNT (inside green 

circle) has an effective length of about 1µm and measured diameter of around 1.5nm. Note 

the two overlapping layers of metal (Au and Pd) used in order to obtain all around contacts.  

 

 
Figure 2.22 AFM image of device F2 from the LPA4 generation. This device was the first 

occasion when single CNT (inside green circle) deposition was achieved by using DEP in our 

lab. Only Au bottom layer was used. Effective CNT length of about 1µm and diameter of 

1.52nm. 
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Figure 2.22 MW responsivity vs. frequency for LPA2 and LPA4 generation devices: C5 

(top), C2 (middle left), C3 (middle right), F2 (bottom left), and F2R (bottom right). 
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Figure 2.23 MW responsivity as a function of frequency for LPA1 Generation devices: 

D4A3, A1B1, A2A1, A5C2, A6A3, and B5B1. All measurements done at 300K. 
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Figure 2.24 MW responsivity vs. increasing MW power for all devices tested at MW 

frequencies.  
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Figure 2.25 MW Sv vs. voltage at three temperatures: 300K (top), 77K (middle), and 4.2K 

(bottom).  Plots shown in linear scale (left column) and logarithmic scale (right column) 
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Figure 2.26 MW Sv vs. voltage at room temperature at two different frequencies: 0.5GHz 

(top) and 26 GHz (bottom). Note that plots are shown in linear scale (left column) and 

logarithmic scale (right column). 

 

at the existence of at least more than one mechanism which gives rise to the MW detection. 

Furthermore, all of this bias dependent measurements were done applying a MW signal of -

20dBm and frequencies that ranged from 40 to 600 MHz. Moving on to describe the  probed  

devices responsivity  as a function of voltage results (Fig. 2.26), it is 

clear that sharp responsivity peaks are not present. In this cases, a steadier increasing 

responsivity signal is observed which after a certain voltage is reached, similar to that for the 

'in-dewar' devices, decreases gradually. Furthermore, the bias dependencies shown in Figure 

2.26 were measured by applying a MW signal of -10dBm at 0.5GHz (top) and 26GHz 
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(bottom). Finally, both slightly different bias dependent behaviors observed for the 'in-dewar' 

and probed devices are explained in more detail in Chapter 3. 

 

2.2.3 S-Parameter Characterization  

2.2.3.a S-Parameter Measurements and De-embedding Process 

In the introductory chapter of this thesis, it was mentioned that nanotubes can be 

treated as transmission lines composed of a kinetic inductance (Lk), a quantum capacitance 

(CQ), and an electrostatic capacitance (CE) [28]. Also, it was mentioned that contact effects 

needed to be considered. Therefore, a contact resistance (RC) and a capacitance (CC) were 

added to the Burke TL model. This new model was named Modified TL Burke Model and 

was first introduced (Fig. 1.7) in section 1.2.2. Furthermore, the devices presented have been 

shown -through the DC characterization and MW responsivity results- to be deeply affected 

by the quality of the contacts. As such, S-parameter measurements were performed to find 

the parameters of the proposed circuit and therefore obtain a better understanding of the 

CNT-metal interfaces. 

For this purpose, an Agilent vector network analyzer and microwave probes from 

Picoprobe® [58] were used. The probes were designed with the ground-signal-ground (GSG) 

configuration, operation range from DC up to 40GHz, and a 200 µm pitch. Their insertion 

loss was less than 1dB to 40GHz, and their return loss was greater than 20 to 26dB to 

26GHz. Furthermore, in order to eliminate the effects from the cables and probes in our 

measurements, a SOL (short-open-load) one port calibration was performed using on 

substrate calibration standards. Figure 2.27 shows Smith charts of the un-calibrated setup, the 

SOL standards, and some typical devices of various resistances. Finally, the S-parameters of 

approximately one hundred and fifty devices, with a top layer of metal from the LPA1 

generation, were measured. Figure 2.28 shows an example of the measurements obtained for 

a 1 KΩ device. The results for all devices measured will not be shown in this section; instead 

they will be presented as additional data in Appendix 2. This section simply includes the 

already discussed measurement setup, the de-embedding techniques used, and the results 

from our circuit simulations. 
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Next, in order to obtain an accurate description of the S-parameters of the CNTs 

themselves, the LPA1 structures were considered. For this purpose, devices with and without 

nanotubes were measured in an attempt to isolate the MW reflections due to the LPA1 

structure from the ones due to the CNTs. Devices were arranged in 18 quadrants (Fig. 2.29), 

throughout the 3 inch high resistivity wafer, each containing 9 antennas. The middle antenna 

in each square was purposely left without CNTs, and as such it acted as the localized on-

wafer open 'standard' used for de-embedding.  

Furthermore, our devices could be treated as a capacitive reactive lumped element 

(LPA1) in parallel with the nanotubes  (Fig. 2.30). As such, it was logical and convenient to 

use the Y-matrix representation for the de-embedding of the CNT data. From the circuit 

shown in Figure 2.29, it can be deduced that the Y-matrix of the CNTs can be obtained by 

simply subtracting the LPA Y-matrix from the measurement. Thus we have  

 

  (26)  [ ] [ ] [ ]LPAmeasCNT YYY −=  

 

where the LPA Y-matrix was obtained from the measured S-parameters of open devices (i.e. 

without any CNTs) and the 'measured' Y-matrix from the devices with CNTs. YLPA was very 

small and it varied slightly within different regions of the wafer; therefore, it was important 

that localized measurements of LPA devices with no CNTs were performed. This overall Y-

matrix de-embedding technique has satisfactorily been previously used with similar CPW 

structures and CNT based devices [37].  

 Finally, we look at the measured and de-embedded Y-matrices obtained (Fig. 2.31) 

for a sample device. Note that the Y11 (or in Fig. 2.28, the S11) data for the devices with and 

without SWCNTs clearly are very distinct, and that calibration noise effects are quite small 

compared with this difference. Both of these factors reinforced the accuracy of the de-

embedding process. For all analyzed devices, the magnitude of the admittance and 

impedance were calculated, as well as the phase of the latter. These extracted data (shown in 

Appendix 2) was then compared with simulated values obtained from the circuit model 

previously introduced.  
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Figure 2.27 Smith charts showing the un-calibrated measurement setup at the end of the 

probes (top left), the measured SOL calibration standards (top right), and  the measured S11 -

after calibration- of several devices with different DC resistances (bottom). 
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Figure 2.28 Measured S-11 for a device with CNTs (blue) and without CNTs (green). 

 

 
Figure 2.29 Example of a quadrant of LPA1 devices on the wafer. Note that middle device 

was left without CNTs to serve as localized open standard for de-embedding of CNT data. 
 

 
Figure 2.30 Circuit model of lumped elements for an LPA1 without CNTs (left) and with 

CNTs (right). From ref. [37]. 
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Figure 2.31 Magnitude of Y-parameters for a measured device with CNTs (blue), and 

without CNTs (green). Also, de-embedded admittance data for CNTs by themselves (red).  

 

2.2.3.b Circuit Model Simulations 

 The Modified TL Burke Model (Fig. 1.7) was once more adjusted for the more 

experimentally realistic situations of our measurements. Effects of a small quantum 

capacitance (CQ) and an even smaller electrostatic capacitance (CE) will be too small to 

properly identify. Therefore, these two parameters were removed from the circuit model. The 

circuit model used in the simulations is shown in Figure 2.32. It basically consists of a kinetic 

inductance in series with the CNT resistance and contact resistances and capacitances added 

at each end.  

Based on each device’s IV characteristics, CNT configuration, and MW response the 

impedance data for 23 devices were fitted to the circuit model shown below. By simulating 

the model in ADS and varying the circuit parameters, a best fit with the experimentally data 

was obtained. An example of a typical fit is shown in Figure 2.33; the complete set of such 

fits is given in Appendix 2. In general, good fits to the model are found up to frequencies of 

about 10-15 GHz. Above these frequencies, there exists a discrepancy between the model 

and the measured data, well outside the calibration noise. This issue has previously been 

observed in similar measurements [59] and it was attributed to inhomogeneous scattering 

between tubes within bundles and at CNT-CNT contact points. The best fit parameters 

obtained are summarized in Tables 2.4 through 2.9.  The devices are presented in two groups: 
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One in order of their total resistance, and a separate group with the devices for which MW 

responsivity measurements were also performed. For each group, the total resistance found 

from the de-embedded S11 measurements was compared with that measured at DC. Overall 

general agreement was found, demonstrating that the model fits are consistent at DC, and by 

implication also at low MW frequencies. Note also that, in order to provide further details 

about the devices characteristics, Tables 2.4 - 2.9 use a similar legend to the one in shown for 

Tables 2.2 and 2.3. This legend is shown for reference once again below Figure 2.32. Finally, 

the values obtained for the circuit parameters (i.e. RC, CC, RCNT, and LK) will also be 

discussed further in Chapter 3. 

 

 
Figure 2.32 Circuit model used simulation of CNTs behaving as TL's. 

   
 
  Legend: Bold Text   - Ohmic Device 
    Non-Bold Text  - Nonlinear Device 
    Blue Text    - Top layer of Pd added 
    Black Text    - Bottom Au layer only 
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Figure 2.33 Example of how simulated data -obtained from circuit shown in Fig. 2.32- was 

fit to the de-embedded results. There are four plots shown in each fit: S-parameters (top left), 

admittance magnitude (bottom left), impedance magnitude (top right) and phase (bottom 

right). The de-embedded data is shown in red for all plots, while the measured data for 

devices with CNTs and without are shown in blue and green respectively for the S parameter 

and admittance plots. Finally, the simulated data are shown in black lines with circles. Note 

the clear and well defined difference between the measured devices with and without CNTs. 
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Devices Rcnt     
[Ω] 

Rc        
[Ω] 

Rc1       
[Ω] 

Cc       
[fF] 

Cc1      
[fF] 

Lk       
[nH] 

D3A2 22.1 10.8 16.9 215 170 0.33 
D3A3 21.2 10.9 16.6 210 35.0 0.28 
D3A1 36.1 18.7 42.45 204 114 0.47 
D3C2 65.0 35.3 24.5 180 198 0.56 
D3B3 74.1 35.1 50.1 162 96 0.74 

D3B1 86.1 73.0 59.0 51.0 93.0 0.62 
170 12.39 34.07 292 316 0.37 

D3C3 121 50 50 151 105 0.52 
D4A3 159 120 191 31 22 1.25 
B7C1 240 70.1 430 17 17 0.81 
D2C1 358 270 200 23 83 0.50 
D2C2 430 410 170 23 74 0.19 

Table 2.4 Circuit parameters obtained from fitting of simulated to measured S-

parameters for devices of resistances ranging from 50 to around 800 Ω. 

 

Devices 
DC Impedance [Ω] Good Fit 

up to: 
[GHz] Measured Simulated % Diff. 

D3A2 50 49.8 0.4 15 
D3A3 50 48.7 2.6 15 
D3A1 90 97.3 7.7 15 
D3C2 110 125 12.6 15 
D3B3 150 159 6.0 10 

D3B1 200 218 8.7 15 
200 216 7.9 15 

D3C3 200 221 10.0 15 
D4A3 470 470 0 15 
B7C1 660 740 11.5 15 
D2C1 700 828 16.8 15 
D2C2 825 1010 20.2 15 

Table 2.5 Comparison of measured vs. calculated DC impedance. The ''Measured' 

column refers to values obtained from IV curves, while the 'Simulated' column simply adds 

the values of Rc1, Rc2, and Rcnt from table 2.4.  

 

 



 
61 

 

Devices Rcnt     
[KΩ] 

Rc        
[KΩ] 

Rc1       
[KΩ] 

Cc       
[fF] 

Cc1      
[fF] 

Lk       
[nH] 

B2B1 0.373 0.254 0.435 45 13.0 1.1 
B2C3 0.55 0.361 0.248 44 30 0.907 
C6C2 0.401 0.867 0.14 11.9 30.7 0.12 
B7A3 0.85 0.262 0.37 50 20.0 0.16 
A3C3 0.54 0.85 0.56 23 14 0.65 
B7C3 0.84 0.433 0.64 37 12 0.141 

Table 2.6 Circuit parameters obtained from fitting magnitude and phase of simulated 

and measured (obtained from S-parameters) impedance. Devices of resistances close to 1 

KΩ. 

 

Devices 
DC Impedance [KΩ] Good Fit 

up to: 
[GHz] Measured Simulated % Diff. 

B2B1 0.90 1.062 16.5 20 
B2C3 1.00 1.159 14.7 15 
C6C2 1.20 1.408 16.0 15 
B7A3 1.30 1.482 13.1 15 
A3C3 1.50 1.95 26.1 15 
B7C3 1.65 1.913 14.8 15 

Table 2.7 Comparison of measured vs. calculated DC impedance. The ''Measured' 

column refers to values obtained from IV curves, while the 'Simulated' column simply adds 

the values of Rc1, Rc2, and Rcnt from table 2.6.  

 

Devices Rcnt     
[KΩ] 

Rc        
[KΩ] 

Rc1       
[KΩ] 

Cc       
[fF] 

Cc1      
[fF] 

Lk       
[nH] 

D4A3 0.159 0.12 0.191 31 22 1.25 
A2A1 8.1 2.674 2.08 4 8 35 
A1B1 5.2 7.463 4.08 2.4 2.7 74 
A5C2 0.4 6.67 4.8 6 4.4 2 
B5B1 7 15.09 11.09 1.7 0.8 56 
Table 2.8 Circuit parameters obtained from fitting of simulated to measured 

magnitude and phase of the impedance for devices which were also measured for MW 

responsivity. Resistances range from 0.47 to 27KΩ. 
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Devices 
DC Impedance [KΩ] Good Fit 

up to: 
[GHz] Measured Simulated % Diff. 

D4A3 0.47 0.47 0.0 16 
A2A1 10.5 12.854 20.2 15 
A1B1 15.0 16.743 11.0 15 
A5C2 15.0 11.87 23.3 15 
B5B1 27.0 33.18 20.5 15 

Table 2.9 Comparison of measured vs. calculated DC impedance. The ''Measured' 

column refers to values obtained from IV curves, while the 'Simulated' column simply adds 

the values of Rc1, Rc2, and Rcnt from table 2.8.  

 

2.2.4 Terahertz Direct Detection 

 

2.2.4.a Experimental Setup 

 The principle behind the experimental setup used for THz detection experiments was 

similar to the one employed for the MW measurements. Basically devices received some 

THz power at certain frequencies, and the difference in voltage when the THz signal was 

modulated from ON to OFF was measured. However, this measurement was more complex 

due to the difficulties and limitations when dealing with THz signals. The THz source used 

was a CO2 pumped far infra-red (FIR) gas laser (Fig. 2.34). Our group has vast experience 

dealing with this particular source (named SIMON), and other THz lasers. This particular 

laser, is capable of emitting up to 20mW of THz power for some of the strongest and most 

stable transitions levels of the CO2 laser.  

Furthermore, coupling the THz radiation to the CNT based device also required more 

planning than for the MW experiments. Quasi-optical techniques were used in order to 

deliver the THz power to the CNTs. A high resistivity silicon focusing elliptical lens was 

glued with bees was to the back side of 5 x 5 mm device chip (Fig. 2.35). The matching of 

dielectric constants between the lens and the substrate, the appropriate thickness of the latter, 

and the THz transparency of the bees wax, were critical factors for this scheme to work. In 

order for the THz to strike the antenna at the focal point of the lens, the substrate needed to 

be 350 µm thick. Our group has done extensive studies on this technique and has found that a 
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loss of about 3 dB is to be expected when THz are coupled in this manner [42]; nonetheless, 

our source was powerful enough that a 3dB loss would still allow more than enough power to 

go through. The THz radiation that did manage to go through the lens would be picked up by 

the teeth of the LPA, which would convert it into THz currents. These currents would then 

travel along the edges of the metal, according to other groups’ HFSS calculations, and go 

into our CNTs placed as loads in the middle of the gap. This technique was strongly reliant 

on a nicely focused Gaussian THz incoming beam that hit the lens. In order to do so, a 

variety of off-axis parabolic (OAP) focusing elements (Fig. 2.36) were used. This THz beam 

was then carefully aimed at the window of the dewar, behind which the CNT based device 

with the lens, had been carefully placed. At this point, we encountered again another optical 

loss (1dB) due to the Zitex window. In general, since the THz power that reached the antenna 

was reduced by at least a factor of two, optical losses (~ 4dB) needed to be accounted for 

when calculating the intrinsic detected responsivity of the devices.  

Finally, once all the optics and quasi-optical schemes had been properly configured, 

the setup (shown in Fig. 2.37) to measure THz direct detection was very analogous to the one 

previously employed at MW. The same lock-in amplifier technique was used to measure the 

difference in voltage across the 100KΩ resistor in series with the CNT device, and the THz 

source was also modulated ON and OFF at 1 KHz. This modulation of the FIR beam was 

achieved by using an acoustical-optical modulator (AOM). Similarly, just as for the MW 

responsivity experiment, the modulation signal also served as the reference for the lock-in 

amplifier, thus only measuring voltage differences in phase with the THz power.  
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Fig. 2.34 CO2 pumped FIR gas laser used as THz source.  

 

 
Figure 2.35 Elliptical lens design (left) and THz beam path through the elliptical lens with 

respect to LPA chip (right). 
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Figure 2.36 THz beam path used for THz detector measurements. The straight and sliced 

arrows represent the beam path at two different heights, 240 and 100mm respectively. The 

dotted lines represent a change in height.  
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Figure 2.37 Schematic of experimental setup used for THz detection experiments. 

 

2.2.4.b Responsivity Results  

 Using the experimental setup described above several LPA2 and LPA3 devices were 

tested for THz responsivity. The response was calculated using expression (12), where the 

voltage difference -caused by the change in resistance of the CNT device when heated by 

THz- across the 100KΩ resistor was divided by the applied THz power. Measurements were 

primarily taken at 77K and 4.2K for a variety of frequencies ranging from 0.694 to 2.56 THz. 

Before presenting and describing the results from the THz detection experiments, some of the 

devices are introduced through SEM pictures (Fig. 2.38 - 2.40). It is clear that all of these 

devices were composed of several bundles of CNTs, and in some cases, even complicated 

networks. These types of CNT configurations made it difficult to isolate individual CNT 

effects, and also challenging to understand and predict their ideal performance. Lastly, all of 

these devices showed the previously described nonlinear contact behavior, and as such 

heavily are reliant on contact effects. Refer to Tables 2.2 and 2.3, as well as to Appendix 2 

for the more detailed description of the IV characteristics of these devices.  

 First, the device THz response as a function of bias voltage is presented (Fig. 41 - 

45). In all of these figures, plots of measured responsivity (black dots) versus bias voltage as 

well as theoretical fits (i.e. diode or bolometer model) are shown. In some   
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Figure 2.38 SEM image of devices 3C3. Several nanotube bundles in parallel bridge the 1µm 

gap of the antenna. It will remain unclear which one, if any of these dominates in the 

electrical transport and THz detection process. 

 

   
Figure 2.39 SEM images for device 4A2 from a top (left) and side (right) view. From both 

figures one can see that several thick CNT bundles bridge the gap of this device. Also, CNTs 

are limited to the gap only, with small overlap between CNT and metal. Finally, in the image 

at the right, note suspension of bundles over SiO2 trench.  
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Figure 2.40 SEM images for devices 4A3. Complicated network of CNT bundles with big 

overlap with metal bridges the 1µm gap. 

 

cases one of these theoretical models was a clearer fit to the measured data, while in some 

other the situation was reversed. Details on the nature behind these models and their 

parameters, as well as their physical implication for particular devices will be discussed in 

Chapter 3. In this section, results for THz direct detections are merely presented and briefly 

described.  

 The responsivity of device C4 at 77K (top plot of Fig. 2.41), showed a gradual 

increase which peaked at around 3 V/W at 300mV. This response was kept fairly constant 

even as the bias was increased to 1.5V. For the same device, at a temperature of 4.2 K (also 

in Fig. 2.41), the THz responsivity plots clearly changed patterns. The frequencies tested 

were 0.76, 1.05, 1.40, and 1.63 THz. For all frequencies, a sharp responsivity peak near the 

zero voltage is evident. Furthermore, this response rapidly decreased as the bias was 

increased. Peak THz detection of almost 60 V/W (after accounting for optical losses) was 

measured at 0.76THz; however, this response also rapidly decreased for higher frequencies. 

Additionally, we note that even with the change in responsivity pattern at 4.2K, the 

bolometer model was the one found to be a good fit to all the experimental data.  
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 Similarly, device 4A3 was tested as a function of applied bias and frequency. In 

Figure 2.42 five plots for THz responsivity are shown for frequencies ranging from 0.694 to 

1.63THz. Also, the same two temperatures (77K and 4.2K) were explored. Overall, when 

compared to C4, device 4A3 had similar values of response at 77K -ranging from almost 3 to 

0.1 V/W); however, the response did not increase drastically when the device was cooled to 

4.2K. THz responsivity at this lower temperature and at 0.694THz was around 0.1V/W.  

Once again we note that the model to which the experimental data seems to fit better is the 

bolometer model (based on dR/dT); furthermore, in two of the plots the diode model fit 

(based on d2I/dV2) was also calculated at 77K and 4.2K, and very little resemblance with 

experimental data was found. Next, Figure 2.43 shows the THz responsivity of several other 

devices, all measured at 77K. The responsivity of these was similar to the ones already 

described; therefore, we will not describe them in further detail. It suffices to mention that 

the responsivity of these devices was lower in most cases, than that of the C4 and 4A3. 

 Continuing to describe the results from the several THz detection experiments 

performed, we move on to device 4A2 (Fig. 2.44). This device (shown in Fig. 2.39) had clear 

CNT bundles suspended across the gap of the LPA, and thus was expected to behave 

differently. Primarily, a higher responsivity was anticipated since in principle, the suspension 

should have reduced the overall thermal conductance. Unfortunately, as is evident from the 

plots in Figure 2.44, the response did not drastically increase; actually, it remained within the 

similar 1 to 4 V/W range like in the other devices.  Nonetheless, a different mode of 

operation was found for the first time at THz frequencies: The diode model. In four of five 

instances the diode model was found to be the better fit to the measured experimental data. 

The last case, in which the device behaves as a bolometer, was due to the break of one of the 

main branches of CNTs. Therefore, the resistance of the device and the contact effects of the 

device changed. It was not expected to find agreement with the diode model after this break 

of CNTs. Similarly, the THz response of device 3C3 (Fig. 2.45) was best described by the 

diode model also. Note that the overall responsivity for this last device (3C3), was smaller 

than the one for 4A2.  
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Figure 2.41 THz detection for device C4 (LPA2). Response as a function of bias showed for 

frequencies ranging from 0.76 THz to 1.63 THz and temperatures of 77K and 4.2K. 
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Figure 2.42 THz detection for device 4A3 (LPA3). Response as a function of bias showed for 

frequencies ranging from 0.694 THz to 1.63 THz and temperatures of 77K and 4.2K. 
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Figure 2.43 THz detection for various devices from the LPA3 generation. Response as a 

function of bias shown for frequencies ranging from 0.694 THz to 1.63 THz all at 77K. 
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Figure 2.44 THz detection for device 4A2 (LPA3). Response as a function of bias shown for 

frequencies ranging from 0.760 THz to 1.63 THz and temperatures of 77K and 4.2K. 
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Figure 2.45 THz detection for device 3C3 (LPA3). Response at 77K showed as a function of 

bias for three frequencies: 0.694, 1.40, and 1.63 THz. 

 

 Finally, we present a summary of the peak values for THz direct responsivity, of 

some of the main devices, as a function of both frequency (Fig. 2.46) and temperature (Fig. 

2.47). From the first graph, it is difficult to extract a definite relation on how the THz 

response varies as the frequencies were increased up to 2.56 THz. However, there is an 

overall tendency for the response to decrease when the frequency is increased. The absence 

of any sort of resonance (expected from our "modified Burke model") on the response, 

cannot be clearly explained. Nonetheless, it is important to note that in order to observe any 

resonant behavior, contact effects cannot constitute a major part of the detection process.  
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 On the other hand, from the second graph (Fig. 2.47) the THz response dependence 

on temperature is clear. The overall diminishing responsivity as the temperature is increased 

is consistent for all devices. However, as evident by the many decreasing responsivity curves, 

the rate at which the response disappearance occurs is different from device to device. 

Several parameters (mainly CNT resistance, contact resistance, and thermal conductance) 

change as the temperature increases, and as such, it is difficult  to point to the exact reason of 

the smaller response. Further temperature dependent measurements of the THz response need 

to be done in simpler devices (i.e. single well contacted CNT device) in order to attempt to 

understand the underlying physics behind this signal degradation. More discussion of both 

the frequency and temperature dependencies, and the physical processes involved will be 

presented in Chapter 3. 

 

 
Figure 2.46 Summary of direct THz responsivity vs. frequency for several devices at 4.2K 

(orange) and 77K (blue). 
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Figure 2.47 Summary of direct THz responsivity vs. temperature for several devices at 

several THz frequencies. 
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CHAPTER 3 

UNDERSTANDING THE DETECTION PROCESSES 

 

 In Chapter 1, we thoroughly introduced the diode and bolometer mode detector 

framework. Additionally, all the results for the DC, MW, and THz characterization for some 

of the best devices that have been fabricated by our group over the past two years, have been 

presented in Chapter 2. Even more, the DC temperature dependent characterization, the S-

parameter measurements, and several SEM/AFM images provided us with extra tools in 

order to analyze the device direct responsivity to both MW and THz signals. With this 

theoretical and experimental apparatus in mind we will attempt to understand and explain the 

behavior of each device as a diode or bolometer mode MW/THz detector.  

 

3.1 CNT Diode Mode Detectors 

3.1.1 Physical Implications of Detection: ZBA and CNT based Diode mode 

 As previously mentioned in Chapter 1, the diode mode detection arises from the ZBA 

anomalies characteristic of CNTs. These sharp irregularities on the IV curves are the effects 

of nonlinear contact situations, which are produced when bad quality contacts give rise to 

energy barriers at the CNT-metal interface. Most of our devices, specially those from LPA 

generations 2, and 4, for which MW responsivity results were shown in Figures 2.22, 2.24, 

and 2.25, exhibited the ZBA based diode mode. Furthermore, even though this process is 

slightly different at THz frequencies, some of the devices (4A2 and 3C3) measured for THz 

responsivity -results shown in Figures 2.44 and 2.45- showed diode like responsivity 

operation.  

 

   (27)  
MW

MW
diode P

V
dV

IdRSv
2

2

2

4
1

×××=  

 

 Determination of whether the devices followed the diode or the bolometer model was 

done by calculating the theoretical responsivity of each device. In order to do so, the 
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previously derived responsivity expression for the diode mode from (15), also repeated here 

as (27) for reference, was evaluated individually.  

 Let us first consider devices F2R and C3, in the low bias (i.e. less than 200mV) and 

low temperatures regimes. The respective IV characteristics (see Appendix 1) under these 

conditions clearly show the presence of a big contact barrier. It is clear than even in the case 

of C3, where a top layer of metal was present, completely ohmic contacts at both metal-CNT 

interfaces were not achieved. As such, nonlinear effects dominated transport under the low 

bias low temperature regions. Furthermore, in order to calculate response from (27), the 

resistance R and the d2I/dV2 factors were calculated from the IV curves at 4.2K for each 

device, while the V2
RF/PRF term was used as a fitting parameter. Theoretically, based on the 

impedance of the LPA at MW (ZMW=50Ω) and THz frequencies (ZTHz=100Ω), this term 

should equal 200 or 400Ω , respectively. In other words, if we had a case where a large 

mismatch would have doubled the RF voltage, the V2
RF/PRF term obtained should have been  

near these values. Theoretical ideal responsivity values of device 4A2 for this 'perfectly 

matched' scenario have been calculated (Fig. 3.1) at 77 and 4.2 K simply for reference. 

 

 
Figure 3.1 Ideal calculated diode like response for device 4A2 at 77K and 4.2K, if the V2/P 

term would equal 400.  This situation assumes that the RF voltage is doubled at the device.  

 

 Finally, the results of the fits are shown in Figures 3.2 and 3.3. In these plots we note 

that the calculated responsivity using the diode model, satisfactorily fits the experimental 
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data measured at 4.2 K (shown in black) for the four devices shown (3C3 was measured at 77 

K). For F2R and C3 at 600MHz the V2
RF/PRF factor was 140 and 1300 Ω  respectively, while 

for devices 4A2 and 3C3 at 0.760 and 0.694THz it was 0.23 and 0.25 Ω.  The diode mode 

was thus much more efficient at MW than at THz. Two additional situations need to be 

addressed from the previous fits. First, the fact that a value greater than the maximum 

expected (200 Ω) for V2
RF/PRF was calculated for MW detection in one device (C3) and 

second, the fact that diode like CNT based detectors work at THz frequencies.  

 The nature of the first issue is important, since it questions the validity of these results 

(i.e. diode mode CNT detection) and the traditional microwave theory used to describe these 

situations.  The answer to this discrepancy could involve a more rigorous reformulation of 

our models or it could even be a hint of other known physical processes in CNTs (i.e. 

Coulomb blockade). Unfortunately, no clear resolution can be provided based on the data 

gathered up to this point. In order to identify Coulomb blockade one typically varies a gate 

voltage, which was not easy to implement in our structure.  We note that no 77 K 

measurements were performed for which V2/P exceeded its expected theoretical value, and 

that the Coulomb blockade effects are not expected to occur at 77 K. 

 The second issue, the explanation of  CNT detection in the diode mode at THz,  is 

also quite complex. Claiming that a complete understanding of these processes has been 

obtained would not be accurate. Here, we simply hypothesize a probable explanation based 

on known contact effects. It has been well documented [37] that CNT-metal interfaces 

exhibit a contact resistance and a capacitance, and both of these have a relation to how much 

overlap there exists between the CNT and the metal. Therefore, by examining the SEM 

pictures of devices 4A2 and 3C3, we note that this CNT-metal overlap is very small. We 

believe these devices had uncharacteristically small contact capacitances, and as a result THz 

currents were not able to go through the contact resistances. If this was the case, this diode 

mode detection would be entirely reliant on the contact resistance nonlinearity, and not only 

in the low voltage low temperature energy ZBA effects. This effect could prove to 

consistently give rise to a new type of diode like detectors. However, at this point this 

possible explanation remains but a hypothesis; more devices with similar configurations need 

to be fabricated and tested in order to properly validate this theory.  



 
80 

 Now, we move on to briefly consider devices from the LPA1 generation, and their 

MW detection characteristics (Fig. 2.26). The first attribute that is important to remember is 

that these devices had very nice ohmic contacts, which at least at room temperature did not 

show any signs of any energy barriers. By examining their IV characteristics (Appendix 1) 

and MW responsivity results it is clear that the effects observed are simply those of the CNTs 

themselves (i.e. no contact effects). The clear current saturation which results in 'concave 

down' IV curves is the one entirely responsible for the MW responsivity. Similar fits to the 

ones described above have also been performed and it is evident that the detection follows 

d2I/dV2 as in the diode model discussed earlier for the contact nonlinearity. Also, the LPA1 

devices show a much higher MW responsivity at 300 K than any other devices. They could 

not be tested at lower temperatures due to limitations of the measurement setup, but are likely 

to be capable (at low temperatures) of similar high responsivities as devices F2R and C3 of 

the LPA4 generation.  

 We will refer to two main types of diode models described in this section as the 'ZBA 

based diode model', and 'CNT based diode mode'. 
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Figure 3.2 Direct MW responsivity vs. voltage in linear (left column) and logarithmic (right 

column) scales for devices F2R (top) and C3 (bottom). Measured responsivity is shown in 

black dots, while diode and bolometer mode fits are shown in red and blue respectively. Both 

of these devices, as confirmed by AFM analysis, consisted of only one single SWCNT. 

Additionally, the MW response for both measurements was measured by applying 600MHz 

signal at 4.2K.  
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Figure 3.3 Direct THz responsivity vs. voltage for devices 4A2 (left) and 3C3 (right). 

Measured responsivity is shown in black dots, while diode and bolometer mode fits are 

shown in red and blue respectively. 

 

3.2 CNT Bolometer Mode Detectors  

3.2.1 Physical Implications of Detection 

 Using similar tools (i.e. the results from the DC, MW, and THz characterization) as 

the ones employed to describe the physical implications of the diode mode sensors, we now 

proceed to describe the bolometer mode CNT detectors. We will examine devices which 

have shown bolometric type detection at MW and THz frequencies. Two different principles 

of operation will be distinguished, and the nature behind each of them will be explained. 

Furthermore, as previously mentioned when describing the bolometer model of detection, the 

direct response either at MW or at THz is mainly the product of a non-linearity present in the 

resistance-temperature (dR(T)/dT)) characteristics. This temperature dependent resistance 

(Fig. 3.4) is what gives rise to the detection.  

 First we start by examining devices F2R and C3 under their high bias and low 

temperature regimes of operation. These two devices detected MW frequencies of up to 

3GHz (limited by the source chosen, not the devices), and their IV curves (Appendix 1)  
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Figure 3.4 Resistance as a function of temperature for various devices. Refer to table 2.2 and 

2.3 for details regarding LPA generation, resistance values at selected temperatures, and tests 

performed on each device.  

 

clearly exhibited the current saturation characteristic of CNTs. As such, it can be deduced 

that at high voltages we have by-passed any contact effects present at the low bias. In other 

words, higher voltages inject more energy into the electrons that move inside the tube and 

therefore they go over any energy barrier present. Consequently, this saturation is clear 

evidence that any detection effect derived or observed will be solely a consequence of the 

CNT itself. 

 Now, in order to describe the detection, just like in the diode mode case, a the 

theoretical responsivity was calculated using   

 

   (28)  
dT
dR

G
I

Sv
th

O
bolometer ×=  

   

For this calculation, the IO and the dR/dT terms were obtained from the DC characteristics at 

4.2K, while the Gth, was the variable fitting parameter. Theoretically and experimentally, 

several values for Gth for a single CNT of different lengths have been carefully calculated 

and measured in [35] and [60]. Furthermore, for temperatures near 4.2K the thermal 

conductance is in general on the order of a few nW/K. However, the empirical values 
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obtained from our fits (shown in Fig 3.2) differ by three orders of magnitude. 

Simultaneously, for our group, the 3.5 - 5µW/K  is one of the smallest thermal conductance 

values obtained for a CNT device fabricated at UMass. This discrepancy (i.e. of almost three 

order of magnitude) can be attributed to different CNT configurations (length, suspended vs. 

supported, etc), major power losses due to mismatch (~21dB load mismatch attenuation), and 

the presence of small barriers at the contacts. Note that the impedance mismatch has a quite 

different effect in the bolometer mode since in this mode power must be absorbed. Once 

again, by looking at the plots from Figure 3.2 it is evident that the CNT based bolometric 

model is the one that describes detection in devices F2R and C3, for the high voltage and low 

temperature regions. This type of bolometric detection has not been observed by our group 

previously at MW frequencies. In conclusion, we have shown that CNT devices 

bolometrically detect MW and THz signals to almost 400 and 60 V/W respectively with 

approximately 3 to 5 µW/K values of thermal conductance. It is also important to note that 

not all the devices measured at MW frequencies exhibited the bolometer-like mode at high 

bias; this was simply the result of more efficient CNT heating due to smaller energy barriers 

obtained by improving the contacts. 

 Additionally, similar fits were also used in order to account for devices from the 

LPA3 generation which detected at THz. Nonetheless, due to the contact dominated 

situation, the necessary heating of electrons inside the CNT bundles would have been very 

small. Thus, in the cases described below, we hypothesize a different type of bolometer: "the 

two-step bolometer." In this type of bolometer, we propose the existence of heating of the 

bundles due to THz currents that bypass the contact resistances (RC) due to the well 

documented [37] contact capacitances (CC). These CC have been previously measured by our 

group to be between 10 - 40fF. These values, at THz, would be enough in order to effectively 

shunt the contact resistances (RC) also present. In general, it is proposed that as a first step, 

THz currents are absorbed by the CNT bundles with the help of the CC.  In the second step, 

the heated electrons tunnel through the contact barriers into the contact reservoir, where they 

can be measured as a change in the device's DC current (or voltage). It is clear that more 

measurements of CC are needed in order to further justify the validity of the "two-step" 

bolometer. These additional values are now available in Chapter 2 of this thesis, and they 
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serve as evidence of large contact capacitances present in our devices. It is important to 

remember that we are making the assumption that these Cc, present at MW frequencies (up 

to 10-15GHz), will still be relevant all the way up to the THz frequency range., which may 

not be the case. 

 Furthermore, just like in the previous CNT based MW bolometer, thermal 

conductance (Gth) values were empirically calculated from the fits to the THz data. The 

values obtained at 77K and 4.2K ranged from a few hundreds to thousands µW/K.  

 

  
Figure 3.5 THz detection of devices C4 and 4D3 conforming with the bolometer model. Both 

measurements were done at 77K, and at 0.76 and 1.4THz respectively. 
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CHAPTER 4  

FUTURE WORK 

 

4.1 Device Fabrication Techniques: CNT CVD Growth and E-Beam Lithography 

 

 Through-out the duration of this three year long project several fabrication techniques 

have been learned, implemented, and improved in order to obtain the type of devices 

presented. In this thesis alone, several schemes in order to facilitate the placement of CNTs 

on our LPA structures have been outlined. However, the difficulty, time consuming nature, 

and limitations of using several mask steps and placing CNTs using DEP cannot be 

overstated. Currently, there exists new resources available at UMass which will allow our 

group to move away from the fabrication methods used for this work and improve the quality 

of devices drastically. Basically, the new availability of a well equipped nanofabrication 

facility (CHM clean room) in which our group has already been working in for the past few 

months, opens several possibilities on how to improve our devices. Two approaches are 

suggested: CNT CVD Growth and E-Beam Lithography. The first one would require 

extensive initial preparation, but once the setup and the recipes have been worked out, it 

could lead to much better control of the CNTs. Single CNT devices could be fabricated more 

easily than with DEP, and systematic measurements varying the CNT configurations (i.e. 

1,10,20 tubes) could be done. The second proposed idea, has already been in progress for the 

past month or so. Basically, by using e-beam lithography we could deposit metal contacts 

anywhere along a nanotube. In this manner, we could select the effective length of devices as 

well as improve the quality of contact interfaces. Additionally, since the metal layer would be 

deposited on top of the tube, two mask steps or more cumbersome schemes to properly 

contact the CNTs would become obsolete. 

 

4.2 THz Measurements: Heterodyne Experiment  

 For the continuation of the THz explorations of CNTs, we plan to perform heterodyne 

measurements using two lasers. Preferably, these experiments will be done on devices 

obtained using some of the fabrication techniques suggested above. As such, these devices 
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will not have nearly as much contact related effects, and the CNT properties at THz could be 

probed easier. A heterodyne measurement is a standard way of characterizing high frequency 

direct detectors; for this purpose, we explore some hypothetical situations and consequences 

of performing this measurement. First we estimate the conversion gain (GC) in the 

heterodyne mode from the responsivity in the direct detector mode [61]:  

   (29)  
L

LOV
C R

PS
G

22
≈  

Here, PLO is the local oscillator power and RL the load resistance at the IF. Now, if we 

considered even a moderately good SV = 1,000 V/W, PLO = 10-6 W, and RL = 100 Ω, we 

estimate a conversion gain of -17 dB. Furthermore, since the responsivity of our CNTs can 

potentially be much higher (Fig. 4.1) the prospects for realizing a very efficient mixer are 

excellent. Moreover, the predicted temperature dependence of the responsivity (Fig. 4.1) is 

very slow, showing the potential for operation at least up to about 100K. However, Eq. (29) 

assumes that the IF output is matched to the IF amplifier and this would require a matching 

circuit. Alternatively, some IF mismatch may be tolerated, or for example traded against 

using higher LO power.  

 
Figure 4.1 Calculated ideal responsivity for 3µm SWCNT. From ref. [62] 
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4.3 MW Measurements: Cryogenic and Bias Dependent S-parameter Measurements  

  

 In this thesis, results from S-parameter measurements on several CNT devices 

ranging from 50 Ω to 40 KΩ, were presented. These results served to understand better how 

the different CNT resistances and configurations affected the MW reflections at the CNT-

metal interfaces. However, it has also been a recurring theme throughout this thesis that 

contact effects (i.e. energy barriers) affect CNT properties much more drastically near the 

zero voltages. As such, the MW reflections (i.e. S-parameters) could drastically be reduced 

by simultaneously applying a bias voltage and introducing enough energy for electrons to 

tunnel through the barriers. For this purpose, bias dependent S-parameter measurements 

become important. This initiative has already taken place for some of the measured devices 

that were presented in the earlier chapters; however, appropriate de-embedding and further 

analysis of this data needs to be completed. This analysis will constitute a very immediate 

future goal.  

 Furthermore, it was also evident from the DC, MW, and THz measurements that at 

cryogenic temperatures these so-called 'barriers' increase. Therefore, cryogenic probed S-

parameter measurements should also be explored in order to understand better the CNTs 

ZBA's.  
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APPENDIX 1  

BOLOMETER RESPONSIVITY DERIVATION DETAILS 

 

 First, let us recall the circuit model for a typical bolometer, as well as the four main 

equations (8) - (11) that were obtained in chapter 1.  

 

 
Figure AP1.1 Circuit model for a typical bolometer. Note that in this case, the 'incident' RF 

power is represented by a THz source 
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 Our main objective now will be to obtain an expression for the change in current (∆I) 

as a function of the RF power (PRF) and the load resistance (RL). For this, we first proceed to 

write (AP-2) in terms of ∆I, RL, and Ro by substituting (AP-3). Then we have  

 
  (AP-5)  IVVIP ooDC ∆−∆=∆   , from (AP-2) 

  (AP-6)  IIRIIRP oooLDC ∆−∆=∆  , by inserting (AP-3) 

  (AP-7)  ( ) IIRRP ooLDC ∆⋅−=∆  , simply re-writing (AP-6). 

     
We repeat the procedure with equations (AP-1) and (AP-3). We obtain 

 

  (AP-8)  IRRIV oo ∆−∆=∆   , from (AP-1) 

  (AP-9)  IRRIIR ooL ∆−∆=∆   , by inserting (AP-2) 

  (AP-10) ( ) RIRRI ooL ∆=+∆   , simply re-writing (AP-9). 

 

Now, we insert (AP-4) in (AP-10) to obtain a change in RF power ∆PRF. We then have 

 

    (AP-11) ( )RFDCo PPCR ∆+∆⋅=∆       , from (AP-4) 

    (AP-12) ( ) ( )RFDCoooL PPCIRRI ∆+∆⋅=+∆  , by inserting (AP-11) in (AP-10). 

 

Now, we replace (AP-7) for ∆PDC in (AP-12) and we solve for ∆I. Then we obtain,  

 

 (AP-13)    ( ) ( )[ ]RFooLoooL PIIRRCIRRI ∆+∆⋅−⋅=+∆  , (AP-7) in (AP-12) 

 (AP-14)    
( ) 
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ICPI

21

1
, solving for ∆I 

 

Then, we apply the definition of responsivity (12) and obtain  
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  (AP-15) 
RF
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Finally, we ignore the second term (electro-thermal feedback term) of (AP-16) since it will 

only affect our results if the responsivity is very high [40]. Now we substitute (6) for Co to 

obtain 

 

  (AP-17) or (13) 
dT
dR

G
I

Sv
th

o=  

 

Expression (AP-17), also referred as (13) in the main text, will be the main equation 

describing bolometric responsivity that will be used through out this document.   
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APPENDIX 2:  

ADDITIONAL DATA 

 

In this section one can find analyzed data referred to in the previous chapters of this 

document. Specifically this section contains data from two measurements: DC testing and 

MW S-parameters measurements. 

 

- DC Testing: 
 
 IV curves at selected temperatures, 300K (blue), 77K (red), and 4.2K(black) for all 
devices tested in this work not shown in the DC Characterization section.  
 
- LPA2 Generation Devices: C1, C5 
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- LPA3 Generation: 1C4, 2B1, 3C3, 4A1, 4A2, 4A3, 4B2, and 4C4 
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- LPA4 Generation: C2, C3, D1, F2, F2R 
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97 

  

 
 
 
 

- Circuit Model Fits: Measured and simulated impedances from S-parameter meas. 
50 - 900 Ohms Devices 
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1 -2 K Ohm Devices 
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Devices also measured for MW detection 
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