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Abstract

The recent demonstration of the electric field effect in graphene, a two-dimensional
carbon lattice, and the measurement of its extraordinary room-temperature prop-
erties have sparked enormous interest in graphene as a material in electronics.
Atomically thin and conductive, graphene has many options for integration with
existing electronic devices and opportunities for the development of new devices.
Graphene has a high carrier mobility and high carrier saturation velocity at room
temperature, two properties which give it the potential for use in high-speed,
high-frequency applications. Technologies operating at terahertz (1×1012 Hz) fre-
quencies are becoming more numerous as an effort is made to close the so-called
terahertz gap, and graphene has recently emerged as a viable terahertz material.

This thesis presents terahertz (THz) direct detectors based on antenna-coupled
graphene field effect transistors (GFETs). These GFETs were fabricated using
both mechanically exfoliated graphene and graphene grown by chemical vapor
deposition (CVD) and integrated with split bow-tie antennae. These direct detec-
tors are capable of room-temperature rectification of a 0.6 THz signal and achieve
maximum optical responsivities of 13.0 V/W and 9.1 V/W and minimum noise-
equivalent power (NEP) of 530 pW/Hz0.5 and 490 pW/Hz0.5 for the CVD and ex-
foliated detectors, respectively. These results are a significant improvement over
previous work done with graphene direct detectors and are comparable to other
established direct detector technologies. This is the first time room tempera-
ture direct detection has been demonstrated using CVD graphene, and because
large-area graphene can be produced by CVD growth, scalable graphene detector
production is now a possibility.
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1
Introduction

T
he recent explosion of research related to the novel two-dimensional
material graphene suggests that the possibilities for graphene-based ap-
plications are enormous [1, 2]. More specifically, there has been great
interest in exploiting the unique electronic properties of graphene for

next-generation electron devices. Graphene’s remarkable intrinsic properties have
attracted researchers from a diverse range of fields, the high-frequency electronics
community included.

A multitude of applications rely on the use of the high-frequency portion of
the electromagnetic spectrum, specifically the microwave (300 MHz – 30 GHz),
submillimetre (30 GHz – 300 GHz) and, increasingly, the terahertz (THz) (loosely
defined as 0.3 THz – 3 THz) frequency regions of the spectrum [3]. However, until
recently, a lack of technologies capable of operating at THz frequencies led to
this region between the optical and microwave regions being referred to as the
terahertz gap due to the few, niche applications using THz radiation. As the use
of the microwave region increases, the push to develop technology to fully utilize
the THz region also increases. While traditional applications in the THz were
limited to specialized materials operating under extreme conditions, lately the
development of devices operating at room temperature has increased. Already,
THz applications are found in radio astronomy [3], security imaging [4], explosives
detection [5, 6], medical imaging [7, 8], and even anthropology [9].

A challenge thus far in the widespread implementation of THz technology has
been a lack of both sources (emitting THz radiation) and detectors (receiving THz
radiation) operating at room temperature [10]. In the realm of room-temperature
THz detectors, semiconductor materials have dominated the field [11, 12, 13] due
to their ready integration with CMOS processing technologies. However, given
the recent interest in graphene and its compatibility with CMOS processing, THz
detectors based on graphene are emerging [14, 15, 16]. Direct detection is the
read-out of a voltage or current response from a detector with THz radiation in-
cident on it. Direct detection is desirable from an application perspective because
of the straightforward operation of a direct detector. A large amount of research
focuses on direct detection at room temperature and a wide variety of materials
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2 CHAPTER 1. INTRODUCTION

and frequencies are studied, making it difficult at times to compare various tech-
nologies. Often, the figure-of-merit used to evaluate the sensitivity of a detector
is the noise-equivalent power (NEP). The NEP is the ratio of the detector noise
to the incident power (THz radiation) it receives and represents the lower limit
of the power of the signal that the detector is capable of rectifying without being
dominated by the detector’s voltage noise. The lower the NEP, the more sensitive
the detector. Some representative results of the state-of-the-art are reported in
Table 1.1. For graphene, the goal is to demonstrate that it could be competitive
with the existing technologies at THz frequencies as has been hoped.

Table 1.1: Comparison of values reported in literature for room-temperature THz
detectors.

Technology Frequency (THz) NEP (pW/Hz0.5) Source

250-nm Si CMOS array 0.65 300 [12]

150-nm Si CMOS 0.58 42 [13]

InGaAs Schottky diode 0.1–2 20–30 [17, 18]

YBCO bolometer 0.4 200 [19]

Bilayer graphene FET 0.38 ∼2000 [16]

Until this thesis, room-temperature direct detection in graphene had not been
studied at frequencies above 0.38 THz or using CVD graphene. Room-temperature
rectification of a 0.6 THz signal using detectors based on CVD and exfoliated
graphene has been successfully demonstrated and record-low NEP has been achieved
for graphene detectors, bettering the graphene detector NEPs in 1.1 by an order
of magnitude. The scalability of the CVD graphene process implies that the pro-
duction of sensitive, graphene-based detectors could also be scaled, a viable option
for expanding the use of THz technology.

1.1 Thesis outline

Chapter 2 describes the properties of graphene and its potential for use in high-
frequency applications. Chapter 3 explains the device design and fabrication and
measurement setup. Chapter 4 presents the results of DC and terahertz measure-
ments and discusses the implications of those results. Finally, Chapter 5 recapit-
ulates the important conclusions of this work as well as the prospect for future
research.



2
Theoretical Background

G
raphene was described theoretically in 1947 [20] but thought to be
thermodynamically unstable until it was successfully produced by mi-
cromechanical cleavage from bulk graphite in 2004 [1]. Graphene is a
single, two-dimensional (2D) layer of its parent material, graphite, and

graphene sheets are held together by weak van der Waals forces to form the three-
dimensional (3D) graphite structure. The weak interactions between layers of
graphene make it possible to separate graphite into single graphene sheets. Single-
layer graphene (subsequently referred to as simply graphene) has unique properties
that are a result of its 2D structure. The transport properties of graphene, pre-
dicted long ago and more recently experiementally verified, make it a promising
material for electronic applications.

2.1 Electronic properties of graphene

2.1.1 Band structure

Graphene is a two-dimensional, honeycomb lattice of sp2-hybridized carbon atoms
as depicted in Figure 2.1. To derive the electronic band structure of graphene
using a quantum mechanical approach, a tight-binding Hamiltonian is used. This
approach accounts only for nearest-neighbor electron hopping and results in an
energy dispersion relation described by Equation 2.1,

E±(k) = ±t

√√√√3 + 2 cos
(√

3kya
)

+ 4 cos

(√
3

2
kya

)
cos

(
3

2
kxa

)
, (2.1)

where t is the hopping energy and a is the lattice constant. In graphene, the lattice
constant is simply the carbon-carbon interatomic distance between nearest neigh-
bors, so a ≈ 1.42 Å. The positive solution corresponds to the energy dispersion
(band structure) of the conduction band, while the negative solution corresponds
to the valence band. A diagram of the graphene band structure is shown in Figure
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4 CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.1: Representation of the graphene lattice structure.

Figure 2.2: The electronic energy dispersion of graphene calculated using a nearest-
neighbor hopping energy of t = 2.7 eV. The zoom shows the energy dispersion near
a Dirac point.

2.2 (from [21]). At the edges of the Brillouin zone, represented by the points K
and K ′ in k-space, the conduction and valence bands meet at a single point. These
points are called the Dirac points and near them the energy dispersion is linear,
such that Equation 2.1 simplifies to

E±(K) = ±vF |K|, (2.2)

where K is the momentum relative to the Dirac points and vF is the Fermi velocity,
given by vF = 3ta/2 ≈ 1 × 106 m/s. This linear energy dispersion has important
implications for the electronic properties of graphene. The effective mass of elec-
trons is defined as the second derivative of E(k) near the band edges. Because
E(k) is linear where the conduction and valence band meet, this results in an
effective electron mass of zero, which means that electrons in graphene behave as
massless particles, called massless Dirac fermions.

2.1.2 Carrier transport in graphene

The massless Dirac fermions in graphene should behave, then, as relativistic parti-
cles. A consequence of this is a high carrier mobility (for both electrons and holes)
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and high carrier saturation velocity. The saturation velocity is the maximum speed
at which a charge carrier (a hole or electron) can move through a material when
a high electric field is applied. Mobility is related to the saturation velocity in
that it is the proportionality constant relating the velocity of the carrier to the
electric field by vd = µE, where vd is the drift velocity of the charge carrier. In
the case of graphene, near the intersection of the conduction and valence bands,
the charge carriers move at the Fermi velocity vF , which leads to a high mobility
µ even at low applied fields. It has been shown experimentally that the charge
carriers can propagate micrometer distances without scattering [1] which should
lead to ballistic transport in very short devices.

While the calculated values of mobility are high, many factors can act to de-
grade the mobility, including impurities, lattice defects, and substrate interac-
tions [22]. The mobility of graphene on SiO2 has been shown to be temperature-
independent and as high as 10,000 cm2/V s [1], but in practice this is difficult to
achieve. Residues left on graphene as a result of processing act as scattering centers
for carriers, reducing mobility [23]. Surface phonons from the substrate also scat-
ter carriers, even at low temperatures and on various substrate materials [24]. On
substrates with better lattice-matching to graphene, like hexagonal boron nitride,
graphene mobility can be as high as 25,000 cm2/V s [25]. Suspended graphene has
also been studied in an effort to eliminate substrate effects altogether [26]. The
advantage of SiO2 as a substrate is that graphene is visible on SiO2 in an optical
microscope while it is transparent on other substrates [27].

2.2 Graphene FETs

The energy band structure of graphene makes it an interesting channel material
in an FET. In unbiased graphene, the Fermi level lies at the Dirac point, with
the conduction band completely filled and the valence band empty. This makes
graphene a zero-gap material and results in an electric field effect with both elec-
trons and holes as charge carriers [2]. By applying a bias to the graphene via
a gate, the Fermi level can be lowered into the conduction band (negative gate
voltage) or raised into the valence band (positive gate voltage). A Fermi level in
the valence band results in holes as the charge carriers; conversely, a Fermi level
in the conduction band results in electrons as the majority carriers. Figure 2.3
shows the resistivity of a graphene FET and the position of the Fermi level on
either side of the Dirac point. The demonstration of the electric field effect in
graphene and graphene’s compatibility with CMOS processing techniques allows
the straightforward fabrication and operation of graphene FETs (GFETs).

The carrier mobility and high carrier saturation velocity in graphene translate
to a high cut-off frequency fT at radio frequencies. This has allowed GFETs to be
successfully implemented in high-frequency electronics [28, 29, 30, 31]. However,
while GFETs have been demonstrated at microwave frequencies, the carrier transit
time limits the cut-off frequency that can be achieved, since fT scales roughly as
the inverse of transit time. In order to use GFETs as detectors at THz frequencies,
the transit-time limit must be overcome.
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Figure 2.3: Resistivity of graphene at a temperature of 1 K and zero applied
magnetic field. Representations of energy bands show how the position of the Fermi
level changes as a function of gate voltage (from [2]).

2.3 Terahertz direct detectors

2.3.1 Resistive self-mixing

Detection of high-frequency radiation by a FET is based on frequency mixing in
the FET channel [32]. Mixing a radio-frequency (RF) input signal with a local
oscillator (LO) signal at the ports of the transistor generates a drain current. The
time-dependent input voltage (of the RF signal) is taken to be

vRF(t) = VRF sin(ωt) (2.3)

where ω is the frequency of the RF signal. By taking advantage of the nonlinear
properties of a transistor, specifically the transconductance gm, the FET can act as
a mixer. When the DC gate bias VG is near the point where the transconductance
is zero, the nonlinearity of the transconductance means that a small change in
gate voltage causes a large change in transconductance. Applying a LO signal
to the gate when the gate bias is such that the transconductance is almost zero
allows the FET to be switched between high and low transconductance states,
with switching occurring at the LO frequency. Knowing the transconductance
and the signal voltage, the channel current can be calculated as the product of the
two as

iDS = vRF(t)gm(t). (2.4)

The transconductance is time-dependent because it switches at the LO frequency.
In general, the transconductance can be expressed as a Fourier series of the har-
monics (integer multiples) of the LO signal as in Equation 2.5.

g(t) = g0 + 2
∞∑
n=1

gn cosnωLOt (2.5)
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Figure 2.4: FET circuit used in conceptualization of resistive mixing (from [12]).
The inductor at the gate acts as an RF choke so that DC gate bias may be applied,
and the corresponding capacitor Cblock blocks shorts the RF signal and blocks the
DC signal, resulting in both a DC and RF voltage at the gate.

For a FET, the first Fourier coefficient (n = 1), gm, can be written in terms of the
RF voltage and the transistor characteristics of channel width W , channel length
L, mobility µ, oxide capacitance per unit area Cox, and threshold voltage Vth as

gm(t) =
W

L
µCox[vRF(t)/2 + VG − Vth]. (2.6)

Then, combining Equations 2.4 and 2.6 the current depends on the square of the
input voltage as in Equation 2.7.

iDS =
W

L
µCox[vRF(t)2/2 + vRF(t)(VG − Vth)] (2.7)

Direct detection of terahertz radiation has been demonstrated in silicon FETs
and explained by the principle of resistive self-mixing in the FET channel [12].
The description is based on the circuit shown in Figure 2.4, where the source is
grounded and the gate and drain are connected by a gate capacitance Cgd,ext. In
terms of high-frequency electronics, the drain is the RF port and the gate is the
LO port. The gate capacitance couples the THz signal to the gate and drain
simultaneously (hence the term self -mixing), and it is the coupling of the RF and
LO ports that allows for the mixing to take place. This configuration results in
homodyne detection, meaning that the LO signal is at the same frequency as the
RF signal. By the assignment of gate and drain as LO and RF ports, it is possible
to say then that

vDS = vRF (2.8)

and
vGS = vRF + VG. (2.9)

A DC drain-source current IDS is generated, given by Equation 2.10, where

IDS =
W

L
µCox

V 2
RF

4
(2.10)
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and the input voltage vRF is given by Equation 2.3. Dividing IDS by the DC
channel conductance Gm (where the vRF-dependence in gm drops out) gives the
drain-source voltage VDS generated as a function of the input voltage

VDS =
IDS
Gm

=
W
L
µCox

V 2
RF

4
W
L
µCox(VG − Vth)

=
V 2
RF

4(VG − Vth)
. (2.11)

The current response given by Equation 2.7 and the voltage response given by
Equation 2.11 are a result of the incident radiation, which is the basis for detection
of high-frequency signals in a FET. Dividing the response by the power that the
detector receives gives the responsivity. The responsivity is a good metric for
comparing the performance of different detectors because system-specific incident
power does not have an influence.

2.3.2 Plasma wave generation

The theory of detection of THz radiation by plasma waves (instead of resistive
mixing) in a FET was put forth by Dyakonov and Shur in 1996 [33] based on the
behavior of the two-dimensional electron fluid in a FET. Their explanation is based
on earlier theoretical work describing the mechanism for plasma wave generation
in a ballistic FET [34] in that the electrons act not as individual particles but
instead as an electron fluid in a ballistic FET. Here, the designation that the FET
is ballistic is important because it implies that the electrons do not experience
collisions in the FET channel. This electron fluid can be analogously described
by the hydrodynamic equations for shallow water, where the waves in the analogy
refer to the plasma waves of the electron fluid.

FETs in which plasma waves are generated in the channel can operate at
higher frequencies than conventional devices because the plasma waves in the
channel propagate much faster than electrons. This means that these devices are
not limited by electron transit time. Detection of THz radiation in these devices
is possible through the constant drain-source voltage that is generated by the
incident THz radiation. The THz radiation causes plasma wave excitation at the
source, which induces an ac current, which is then rectified and measured as a
dc signal at the drain. It follows that there must be some asymmetry introduced
in the coupling of the source and drain to the channel for plasma waves to be
preferentially generated at only one of the channel boundaries (in the absence of
an applied source-drain bias). Because the THz radiation modulates both the
carrier drift velocity and the carrier concentration in the channel, the drain-source
voltage detected can be further tuned at a given incident frequency by adjusting
the carrier concentration by gating the channel [35].

As with any wave confined between fixed boundary conditions, at certain fre-
quencies a standing wave will form. In the context of THz detection, this is
referred to as resonant detection because at the resonant frequency (and its odd
harmonics) the drain-source voltage will reach its maxima. To establish criteria
for resonant detection, both the frequency of the plasma waves in the channel as
well as their propagation must be examined. The frequency of the plasma waves is
taken as the frequency of the incident radiation, called ω. The factor governing the
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plasma wave propagation in the channel is the scattering relaxation time τ , which
represents the average time between carrier collisions with phonons or impurities.
The scattering time depends on the mobility µ as

τ =
µm

e
(2.12)

where m is the electron mass and e is the elementary charge. This theory assumes
that the mobility is constant, but in reality the mobility is dependent on the gate
voltage [36]. However, for the sake of simplicity the mobility will be assumed to
be a constant, material parameter. The behavior of the plasma waves in the FET
channel falls into different regimes, determined by the quantity ωτ . If ωτ � 1,
then the plasma waves will experience only weak damping, and resonant detection
will occur if the channel is short. The condition for channel length is defined
by sτ/L, where s is the plasma wave velocity and is determined by the applied
gate bias, and L is the channel length. If both ωτ � 1 and sτ/L � 1, then
resonant detection will occur at the fundamental plasma frequency ω0 and its odd
harmonics n, given by

ω0 =
nπs

2L
. (2.13)

If the length condition is not satisfied, meaning that L� ωτ , the plasma waves
will decay before they reach the end of the channel, and no standing wave will
form. These plasma waves are underdamped and the detection will be broadband.
For the case where ωτ � 1, the plasma waves are overdamped and will decay at
the source. The detection will also be broadband. Therefore, in order for resonant
detection to be possible, either the channel mobility must be high or the frequency
of the signal must be high. Due to the limited availability of high-frequency sources
operating above 1 THz, the search for room-temperature resonant detection has
focused on maximizing the mobility of the channel material. Graphene’s room-
temperature mobility has made it a candidate for resonant detection, but as of
yet a conclusive demonstration of resonant detection at room temperature has not
been observed in any material, although work with GaAs has come close [37].

2.4 Prospects of graphene

Graphene’s unique electronic structure has made a variety of novel electronic de-
vices possible, but there are still significant obstacles to overcome. In theory, the
mobility of carriers and the carrier velocity in graphene are extremely high, but
when implemented in a device these properties are rarely seen at room temper-
ature. Already, respectable results have been obtained for graphene detectors,
and as graphene processing techniques and mobility manipulation continue to im-
prove graphene has the potential to be competitive with other state-of-the-art
high-frequency materials.



3
Fabrication and measurement

3.1 Graphene preparation

A number of methods to produce single-layer graphene have been developed [1,
38, 39] and two have been used in this thesis work. The most straightforward
method is mechanical separation of graphene flakes from multilayer graphite. The
second method used was graphene growth by chemical vapor deposition (CVD)
on a copper foil catalyst.

3.1.1 Mechanical exfoliation

Because the forces between layers of graphene are weak, individual layers can be
separated from graphite and transferred to a desired substrate using minimal force
and standard laboratory tape. This micromechanical cleavage of graphene layers
is referred to as the mechanical exfoliation of graphene. Although graphene is
nearly optically transparent (absorbing only 2.5 % in the visible range), when
single layer graphene is placed on top of silicon dioxide of the appropriate thick-
ness, interference with white light causes sufficient contrast to identify single-layer
graphene in an optical microscope. In white light, oxide thicknesses of either 90
or 300 nm allow identification of single layer graphene on SiO2 [27]. In this work,
high-resistive silicon wafers with an oxide thickness of 300 nm were used for all
samples.

Figure 3.1 shows an optical microscope image of a typical graphene flake pro-
duced by mechanical exfoliation. The lightest blue area on the right side of the
flake is a single layer, while the darker blue areas are a few or even tens of lay-
ers. While there is contrast between the single-layer graphene and the SiO2, it
is faint and makes identification of single-layer graphene difficult. Before exfolia-
tion, 10 mm × 10 mm Si/SiO2 substrates were cleaned in acetone, methanol, and
isopropanol and then an oxygen plasma ash to remove any organic contaminants.
Wafer dicing tape was pressed onto bulk graphite and then gently pressed onto
the clean substrates. By repeated pressing and sticking, the graphite should sep-
arate into thinner and thinner stacks of layers until some single-layer graphene

10
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Figure 3.1: Optical microscope image of exfoliated graphene flake showing single-
and multi-layer areas.

is deposited on the substrate. Careful examination under white light in an op-
tical microscope allowed identification of single-layer graphene. The position of
single-layer flakes on the sample was recorded for later patterning steps. While
mechanical exfoliation of graphene allows optical identification of flakes poten-
tially useful for applications, because the position and size of the flakes cannot be
controlled it is a low-yield process.

3.1.2 Chemical vapor deposition and transfer

The growth of graphene on copper foil by chemical vapor deposition (CVD) allows
the possiblity for large-area, single-layer graphene. Following the recipe in [40], a
thin copper foil (50µm) is used as a catalyst for growth. Prior to graphene growth,
the copper foil is cleaned in isopropanol and acetic acid to remove contaminants
and native oxide. Graphene growth is carried out in a cold-wall, low-pressure CVD
reactor (Black Magic, AIXTRON Nanoinstruments, Ltd.). The clean Cu is heated
to 1000 ◦C inside the reactor and annealed for 5 minutes in a flow of 20 sccm H2

and 1000 sccm Ar gases. This annealing increases the copper grain sizes, which
ultimately improves the graphene quality. After annealing, the precursor gas,
high-purity methane diluted to 5 % in argon, is introduced to the chamber at a
flow rate of 30 sccm for 5 minutes. Because the solubility of carbon in copper is
low, the CVD reaction is nearly self-limiting to a single graphene monolayer.

After growth on the Cu catalyst, the graphene is transferred to an Si/SiO2

substrate via the H2 bubbling transfer method depicted in Figure 3.2 (from [41]).
First, a PMMA polymer photoresist film is spin-coated onto the graphene on cop-
per foil. A plastic frame is glued to the PMMA surface using additional PMMA
photoresist. The entire stack is submerged in an electrochemical cell with a plat-
inum anode and NaOH/H2O electrolyte solution. A 1 V potential is applied be-
tween the platinum anode and copper cathode, driving the hydrolysis of water.
The water hydrolysis causes H2 gas bubbles to form at the surface of the Cu foil,
and the bubbles gently separate the graphene/PMMA/frame stack from the Cu
foil. After the graphene/PMMA/frame is separated from the Cu, it is rinsed in
deionized water and placed on a clean Si/SiO2 substrate. Once dry, the frame
is cut away using a scalpel and the remaining PMMA on top of the graphene is
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Figure 3.2: Schematic of the hydrogen-bubbling method used to separate CVD
graphene from the Cu catalyst and transfer it to the desired substrate.

dissolved in acetone. In this work, the Si/SiO2 substrates were 10 mm × 10 mm
and graphene films were successfully transferred without significant tears or wrin-
kles, indicating that this frame-assisted transfer process is suitable for large-area
samples.

3.1.3 Verification of single-layer graphene

While examination with an optical microscope is a fast way to find single-layer
graphene, because of the low resolution of the microscope and the low contrast
between the graphene and the SiO2, it can be difficult to distinguish single-layer
graphene from bilayer or few-layer graphene. To confirm that the graphene is
indeed a single layer, Raman spectroscopy was performed. Figure 3.3 shows the
Raman spectra of the exfoliated and CVD graphene. The D peak in the spectra
corresponds to the disorder in the graphene lattice, and the absence of the D
peak in the exfoliated sample indicates that the graphene is structurally highly
ordered. The G peak is the result of the interaction of the incoming light (in the
Raman setup) with the sp2-hybridized carbon atoms of the graphene. It is the
2D peak that indicates that the graphene is a single layer [42] as it is a narrow
peak, not showing any splitting. The more graphene layers present, the wider the
2D peak becomes because the incident Raman photons interact with a greater
number of energy bands as more layers are added. The narrow 2D peaks in the
spectra of Figure 3.3 (full-width at half maximum of 30 cm−1 and 34 cm−1 for the
exfoliated and CVD graphene, respectively) show that the graphene used in the
GFET fabrication is in fact a single layer.
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Figure 3.3: Raman spectra of the exfoliated and CVD graphene with the key peaks
labeled, with the D peak at 1350 cm−1, the G peak at 1590 cm−1, and the 2D peak
at 2650 cm−1.

3.2 Antenna and GFET design

Split bow-tie antennae were designed by Maris Bauer (Physikalisches Institut, Jo-
hann Wolfgang Goethe-Universität) to couple radiation at a frequency of 0.6 THz.
The designs were based on previous work done by the Roskos group at Johann
Wolfgang Goethe Universität [43] using bow-tie antennae, but never before had
these antennae been integrated with a GFET for direct detection. The antenna
bows act as the GFET electrodes, simultaneously applying gate bias as well as
allowing read-out of the rectified signal at the drain. Figure 3.4 shows a drawing
of the antenna design, including the contact pads used for electrical probing. In
their previous work, Bauer et al. had success with the bow-tie antenna when they
used a double-gate transistor design. However, for the present work, it was de-
cided that a single transistor would be used. In order to have THz rectification by
plasma waves, there must be asymmetric coupling to the transistor feeds (source
and drain). This means that a single transistor with a conventional bow-tie an-
tenna would not rectify THz signal because the coupling to each of the antenna
bows is symmetric. To create the asymmetry required for rectification, the split
bow-tie design (one antenna bow is split into gate and drain) was implemented.

An advantage of the bow-tie antenna is its broadband characteristic. This
means that the detectors should have a response over a relatively wide range of
frequencies, instead of resonant detection around a single frequency. The overall
dimension of the antenna was designed for measurement at a frequency of 0.6 THz.
Roughly, the diameter of a bow-tie antenna should be half the wavelength of the
incident radiation for good detection. Additionally, impedance matching with
the graphene channel was considered, based on the impedance of CVD GFETs
previously studied [30] and an antenna impedance of 100 Ω. Two different designs
were studied, referred to from here on as the simple and finger designs. The
simple design, shown in the lower left corner of Figure 3.4 was fabricated in two
variations: the first had a gate width Wg of 2µm and the second had a gate width
of 5µm. Both had a gate length Lg of 2.5µm.
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Figure 3.4: Bow-tie antenna designs for the simple (lower left) and finger (lower
right) layouts. In both layouts, the source is colored green, the gate is in blue,
and the drain is in red. Probing pads for measurement are grey. Relevant device
dimensions are indicated, with Lg as the gate length and Wg as the gate width.

The second design, the finger design, is shown in the lower right corner of
Figure 3.4 and has a wider gate width and shorter gate length than the simple
design. Three variations on this design were fabricated, all with the same gate
width of 20µm. The gate lengths studied were 250 nm, 500 nm, and 1µm. In order
to prevent a large capatitance that would arise from increasing the metal area,
the narrow source and drain fingers were designed so that the gate width could be
increased without a large increase in parasitic effects. Simulations showed that the
simple design had good antenna characteristics but a large impedance mismatch
to the device, so the finger design was made in an attempt to more closely match
the device impedance while maintaining good antenna characteristics.

Before fabrication, the antenna designs were studied using ADS simulation
software. From these simulations, the reflection coefficient S11 was estimated and
is plotted in Figure 3.5 for both the simple and finger designs. The simulations
assumed a device impedance of 50 Ω. Knowing that the available measurement
source was at a frequency of 0.6 THz, it was important that S11 was minimized
near that frequency (indicating that a minimum of incident radiation would be
reflected). The wide minima indicate broadband antenna characteristics, which
are typical of bow-tie antennas. The finger design with a gate length of 250 nm
was predicted to give the best results based on these simulations.
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(a) Simple design

(b) Finger design

Figure 3.5: S11 reflection coefficients from simulations performed in ADS.
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3.3 Process flow

The antenna designs were patterned on either CVD or exfoliated graphene using
electron beam lithography. Figure 3.6 shows the cross-sectional visualization of
the process steps performed to fabricate the antennae. Because the size of the
antenna bows is large compared to the transistor structure, the diagram is not to
scale and is intended only as an illustration of the process steps and layers. The
first lithography step is the patterning of the source and drain antenna bows. A
bilayer positive resist stack is used (MMA EL 10 and SX/ARP 6200 2:1 in anisole)
to give high resolution and ease metal liftoff. After patterning the resist, the source
and drain are metallized with 1 nm Ti/15 nm Pd/300 nm Au. The Ti acts as a
sticking layer, as Pd and Au make poor contact with graphene. Pd is used to
minimize contact resistance, and Au is used as the top layer for it inertness and
high conductivity. The gate oxide Al2O3 is grown by first evaporating 1 nm Al and
then baking on a hotplate at 170 ◦C for 5 minutes. This is repeated to create a
thin (approximately 2 nm) layer of natural oxide, as it adheres well to graphene. A
second lithography step is performed to create an etch mask, and then the natural
oxide outside the channel is etched in an HCl bath. The graphene outside the
channel area is etched in oxygen plasma. Then, 15 nm of Al2O3 is grown by atomic
layer deposition (ALD) to create the remainder of the gate oxide (Oxford FlexAl
Atomic Layer Deposition system) with a final thickness of approximately 17 nm.
Following ALD, the gate was deposited with 1 nm Ti/300 nm Au. After the final
lithography step, oxide was etched from the source and drain and probing pads
were evaporated (1 nm Ti/300 nm Au). The gold thickness of 300 nm was chosen
to be much larger than the skin depth of gold at 0.6 THz, which is approximately
100 nm. This ensured that no losses would result in the metal.

Figure 3.6: Schematic of process steps for the patterning of the bow-tie antennae
on graphene.

An SEM image of a device with the simple design (gate width Wg = 2µm and
gate length Lg = 2.5µm) with a detail showing the GFET between the antenna
bows is shown in Figure 3.7.

Figure 3.8 shows an SEM image of a device with a finger design with a gate
length of 250 nm. The area where the graphene was protected from plasma etching
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Figure 3.7: Scanning electron microscope (SEM) image of a simple-design device
at a magnification of 1250x.

Figure 3.8: Scanning electron microscope (SEM) image of a finger-design device
with the graphene visible as a shadow on the substrate at a magnification of 1250x.

is clearly visible as the graphene appears as a dark shadow in the scanning electron
microscope. Because graphene is conductive, incident electrons are conducted
away through the graphene sheet instead of being trapped and scattering other
electrons (which would make the appearance lighter).
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Figure 3.9: Diagram of measurement setup used to characterise the graphene
detectors. The silicon wafer on top of which the sample is mounted is on a stage
that can be moved by micrometer screws in the x and y directions.

3.4 Measurement setup

DC measurements were made at Chalmers using a Keithley 4200 semiconductor
characterization system. Probes were contacted directly to the chip on the contact
pads. High frequency measurements were made at the Physikalisches Institut of
the Johann Wolfgang Goethe-Universität in Frankfurt, Germany. The sample
was placed on a silicon lens and illuminated from below while probes were in
contact with the contact pads for read-out. An all-electronic source was driven at
16.385 GHz by an amplitude-modulated synthesizer with a rectangular time signal
and a modulation frequency of 333 Hz. This frequency was the reference for lock-in
detection. The output of the source is upconverted by a frequency multiplier to an
output frequency of 0.6 THz. The output beam was collimated using a Picarin lens
and then focused using an off-axis parabolic (OAP) mirror. Further focusing was
achieved throught the use of an aplanatic hyper-hemispherical lens underneath
the probe station where the sample is mounted. The sample is placed on top of
a 440-µm thick silicon wafer on the probe station, which can be moved in the x
and y directions to illuminate individual detectors on the sample. A diagram of
the measurement setup is shown in Figure 3.9.

The THz beam power was measured using a photo-acoustic Thomas Keating
power meter, and the beam power incident on the detector was measured to be
290µW excluding losses from the silicon lens. When measuring voltage and current
responsivity, the beam was attenuated by 10 dB by placing cardboard sheets in its
path. This was done to prevent standing waves from forming between the beam
source and the detector.
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Results and Discussion

4.1 DC Characterization

In order to characterize the GFETs before THz measurements were made, DC
measurements were performed. Plots of the drain-source resistance RDS (shown
in blue) as a function of the gate-source voltage VG for the simple design are shown
in Figure 4.1 and in Figure 4.2 for the finger design.

The overall resistance level is determined by the dimensions of the graphene
channel. The resistance is dependent on the resistivity ρ of the graphene (a mate-
rial property) and the ratio of channel length to width L/W as RDS = ρ L

W
. This

means that for a given gate length, a wider channel will have lower resistance as
is seen in the comparison between Figures 4.1(b) and 4.1(c). Both the 5µm-gate-
width GFET and the 2µm-gate-width GFET have a gate length of 2.5µm, but
the wider GFET has a lower RDS. For a given gate width, a longer channel will
have larger resistance, a trend which is illustrated by the resistances shown in Fig-
ure 4.2. All devices have a gate width of 20µm, the shortest device (Lg = 250 nm)
has the lowest resistance, and the longest device (Lg = 1000 nm) has the largest
resistance.

The green data points in Figures 4.1 and 4.2 are the calculated transconduc-
tance gm, which is defined as

gm =
∂IDS
∂VG

∣∣∣∣
VDS

(4.1)

and describes how the drain-source current IDS varies with the gate voltage VG
at constant drain-source voltage VDS. The better the RDS modulation, the higher
the transconductance. For THz detection, it is necessary to have sufficient channel
modulation ability to see a significant THz response [44].

4.1.1 Model and extracted parameters

From the RDS data it is possible to extract useful parameters for the GFETs.
As previously discussed, for resonant detection to be possible, the mobility of the

19
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(a) Exfoliated graphene, gate width 2 µm.

(b) CVD graphene, gate width 2 µm.

(c) CVD graphene, gate width 5 µm.

Figure 4.1: Drain-source resistance of simple-design GFETs.
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(a) CVD graphene, gate length 250 nm.

(b) CVD graphene, gate length 500 nm.

(c) CVD graphene, gate length 1000 nm.

Figure 4.2: Drain-source resistance of finger-design GFETs.
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Table 4.1: Summary of dc parameters for the simple-design devices with VDS =
100 mV.

Graphene Wg (µm) VDirac (V) µe, µh (cm2/V s) max. gm (µS)

exfoliated 2 −2.60 1900, 1400 1.8

CVD 2 −0.40 2100, 1800 7.0

CVD 5 −0.12 1600, 1900 12.5

FET channel material must be sufficiently high such that the condition ωτ � 1
is fulfilled at a given frequency. For the measurements made here at 0.6 THz, the
mobility necessary for resonant detection (not taking into account the influence of
the channel length) must be larger than 2900 cm2/V s for an effective carrier mass
of 9.11×10−31 kg. Extracting the mobility of the graphene also gives insight into
the graphene quality, as defects and impurities degrade the mobility [22].

Following the method in [45], Equation 4.2 is fit to the DC measurement of
RDS (in units of Ω) as a function of VG, where the mobility µ and residual carrier
concentration n0 are fitting parameters. The residual carrier concentration was
between 7×1011 and 1×1012 cm−2 for these GFETs, indicating that the graphene
was reasonably impurity-free since n0 of clean graphene on SiO2 is ∼ 1010 cm−2

[22].

RDS =


(Rs +Rd) + Lg

Wgqµe
√
n2+n0

2
for electrons

(Rs +Rd) +Rext + Lg

Wgqµh
√
n2+n0

2
for holes

(4.2)

Rs and Rd are the source and drain contact resistance and Rext is an extra resis-
tance that arises from the fact that some level of doping in graphene is unavoidable
during processing (meaning that VDirac 6= 0) and so the electron and hole branches
of the RDS curve are not symmetric. For the devices presented here, Rs = Rd be-
cause the source and drain have the same contact area with the graphene channel.
The gate length Lg and width Wg as well as the elementary charge q are con-
stant, and the dependence of RDS on the gate voltage VG comes into the charge
concentration n, given by Equation 4.3.

n =
Cgate

q
(VG − VDirac) (4.3)

The gate capacitance Cgate is taken to be 310 nF/cm2 based on the oxide thickness
and dielectric constant of Al2O3 [46]. A representative fit to the RDS data is
shown in Figure 4.3. The extracted parameters from the fit as well as the Dirac
voltage and maximum transconductance are summarized in Tables 4.1 and 4.2 for
the simple and finger detectors, respectively.
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Figure 4.3: Model fit (in red) to source-drain resistance data of a finger-design
device with gate length 1000 nm.

Table 4.2: Summary of dc parameters for the finger-design devices with VDS =
100 mV.

Graphene Lg (nm) VDirac (V) µe, µh (cm2/V s) max. gm (µS)

CVD 250 −0.69 700, 1200 69

CVD 500 −0.14 1900, 1800 114

CVD 1000 −0.07 2300, 1800 72

4.1.2 Reliability of GFETs

It is a known problem in GFETs that the DC characteristics display hysteresis
[47]. This is seen in a gate-voltage shift of the peak resistance depending on the
direction, rate, and range of the gate voltage sweep. This hysteresis is believed to
arise from changes in the carrier density of the GFET channel caused by either
charge transfer (transferring a carrier from the graphene to a substrate charge trap)
or capacitive gating (where charged ions between the graphene and the substrate
pull opposite charges onto the graphene from the contacts). The more extreme
the gate voltage applied, the more pronounced these effects and the larger the
hysteresis observed. It is thought that an adsorbed water layer on the graphene
and between the graphene and the substrate contributes to hysteresis, and removal
of this adsorbate layer by current annealing has been shown to reduce hysteresis
in graphene [48]. Some hysteresis was observed in measurements of the GFETs of
every design. To reduce the hysteresis as much as possible the gate voltage was
swept in a narrow window and at a moderate rate. For consistency when fitting
data and making comparisons, the sweep down data, from positive to negative
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gate voltage, was always selected.

Figure 4.4: Resistance data of a finger-design device with gate length 1000 nm. The
triangles represent measurements made at Chalmers, and the circles measurements
made in Frankfurt two weeks later. The magenta points are a gate voltage sweep
from negative to positive (sweep up) and the blue points are a gate voltage sweep
from positive to negative (sweep down).

In addition to the issue of hysteresis, GFETs also suffer from problems with
stability over time. The GFETs were first characterized with dc measurements
made at Chalmers and then additional dc measurements were made in Frankfurt
two weeks later. Between measurements the GFETs were stored in a nitrogen-
atmosphere storage box, and still a significant shift in the Dirac voltage was ob-
served in the later measurements. Figure 4.4 is an example of a typical GFET
device showing both hysteresis and Dirac voltage shift over time.

The hysteresis and instability of GFETs over time are obstacles that must be
overcome in order for GFETs to be more widely used in applications. For the sake
of comparison, in this thesis the data considered for all devices is the sweep down
data measured in Frankfurt.

4.2 High-frequency measurements

To assess the THz response of the detectors, the devices were individually irradi-
ated with the 0.6 THz beam. A signal was read out at the drain while sweeping
the gate voltage in the vicinity of the Dirac voltage.

4.2.1 Optical responsivity

The current response and voltage response were measured for multiple devices
of each design. In the interest of brevity, data from one representative device
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of each design is presented. From the measured current response RI and volt-
age response RV , the optical responsivity can be calculated using Equations 4.4
(current) and 4.5 (voltage).

<I = 2.2
RI

P
(4.4)

<V = 2.2
RV

P
(4.5)

The factor of 2.2 arises from lock-in detection, because the beam is modulated
with a square wave (as opposed to sinusoidal modulation). The beam power P is
the measured beam power (290 µW) without taking losses from the silicon lens
or the antenna mismatch into account. Additionally, the antenna efficiency and
impedance mismatch between the antenna and the device determine how much
of the incident radiation is coupled to the GFET. For this split bow-tie antenna
design the calculation of antenna efficiency is not straightforward and involves
many assumptions. Therefore, the total beam power is used in the calculation
to avoid large uncertainties. This means that the responsivity calculated is a
minimum value, because not all of the beam power is coupled to the GFET.

The optical current and voltage responsivities for each of the detectors are
shown in Figures 4.5, 4.6, 4.7, 4.8, 4.9, and 4.10. Qualitatively, the shapes of
the responsivities match those of the transconductance calculated from DC mea-
surements. As wth the transconductance, the responsivities go through zero and
change sign near the Dirac voltage.

While the magnitude of the transconductance maxima and minima are similar,
the magnitude of the responsivity maxima and minima are not. It is expected that
the responsivity will be symmetric (although with opposite sign) around the Dirac
voltage since the electron and hole branches of the DC resistance data are nearly
symmetric. However, the resposivity maximum at more positive gate voltages
is always larger than the magnitude of the responsivity minimum, indicating a
systematic shift in the measured response. Thermal effects can be ruled out as
causing this shift because it was present independent ofl modulation frequency in
the range 33 Hz–3.3 kHz, but without a more in-depth physical treament of the
results it is difficult to identify the cause of the shift.



26 CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.5: Current and voltage responsivity of the exfoliated graphene detector,
Wg = 2µm.

Figure 4.6: Current and voltage responsivity of a CVD graphene detector, Wg =
2µm.

Figure 4.7: Current and voltage responsivity of a CVD graphene detector, Wg =
5µm.
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Figure 4.8: Current and voltage responsivity of a CVD graphene detector, Lg =
250 nm.

Figure 4.9: Current and voltage responsivity of a CVD graphene detector, Lg =
500 nm.

Figure 4.10: Current and voltage responsivity of a CVD graphene detector, Lg =
1000 nm.
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4.2.2 Noise-equivalent power

In order to compare the sensitivity of direct detectors, the relevant figure-of-merit
is the noise-equivalent power (NEP). NEP is defined as the signal power that
gives a signal-to-noise ratio of 1 in a 1 Hz output bandwidth. Practially speaking,
a smaller NEP means a more sensitive detector, as a smaller signal power can be
detected. In this thesis, NEP refers to the optical NEP, that is, it refers to the
incident power on the detector. In the calculation of NEP, we assume only thermal
voltage noise in our detector, given by Equation 4.6 [49, 50].

N =
√

4kBTRDS (4.6)

In the noise calculation, kB is Boltzmann’s constant, T is temperature, and RDS

is the drain-source resistance. The assumption of thermal noise is valid for zero
drain bias and a very small gate leakage current, which was measured to be less
than 1 nA for the detectors. Measurements were made at room temperature and
the drain-source resistance was taken as the ratio between the voltage and current
responsivities.

The NEP is the ratio of the noise to the responsivity, shown in Equation 4.7.
Although both current and voltage responsivities were calculated, the NEP values
presented were all calculated from the voltage responsivity data.

NEP =
N

<V
=

√
4kBTRDS

<V
(4.7)

For each detector, the NEP was plotted as a function of gate voltage. Figures 4.11,
4.12, 4.13, 4.14, 4.15, and 4.16 show the dependence of NEP on gate voltage. The
NEP diverges near the Dirac voltage, because at this voltage the voltage respon-
sivity <V is zero. The plots of NEP for the finger-design detectors (Figures 4.15
and 4.16 diverge for two values of gate voltage because the responsivity changes
sign twice.

The values calculated from measurements at 0.6 THz are summarized in Ta-
ble 4.3, for the same devices that were characterized with DC measurements (pa-
rameters given in Tables 4.1 and 4.2). Based on the dc measurements, it should
be predicted that the detectors with the highest transconductance would give
the highest voltage responsivity, since these have been shown to be qualitatively
proportional [44]. However, it is not only the transconductance which is an im-
portant parameter but also the overall resistance value RDS. When comparing
the detectors within each design, the simple-design detector with Wg = 2µm and
the finger-design detector with Lg = 1000 nm both have intermediate transcon-
ductance, the largest overall drain-source resistance, and interestingly the largest
voltage responsivity. While the device transconductance is important, the devices
with the largest change in drain-source resistance (the largest difference between
minimum and maximum RDS) are those that show the best voltage responsivity.
This must mean that although both transconductance and drain-source resistance
play a role in predicting the responsivity, the drain-source resistance dominates.

When analyzing the NEP of the different devices, it is not only the voltage
responsivity which is important. Those detectors with low drain-source resistance
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Figure 4.11: NEP of exfoliated graphene detector, Wg = 2µm.

Figure 4.12: NEP of CVD graphene detector, Wg = 2µm.

Table 4.3: Summary of responsivities and NEP for the simple- and finger-design
detectors calculated from measurements taken at 0.6 THz.

Device max.<V (V/W) max.<I (mA/W) min. NEP (pW/Hz0.5)

Wg = 2µm 13.0 5.6 530

CVD 5µm 8.7 6.3 590

exfoliated 2µm 9.1 8.2 490

Lg = 250 nm 1.9 10.1 810

500 nm 2.6 10.5 710

1000 nm 3.0 7.7 840
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Figure 4.13: NEP of CVD graphene detector, Wg = 5µm.

Figure 4.14: NEP of CVD graphene detector, Lg = 250 nm.

have lower noise, which is as important in decreasing the NEP as having a high
voltage responsivity. The simple-design detector made of exfoliated graphene has
a lower voltage responsivity than the same detector design made of CVD graphene,
but also a much lower drain-source resistance, which results in a lower NEP. This
same argument can be made when comparing the finger-design detectors. The
detector with a gate length of 500 nm does not have the highest responsivity,
but it also does not have the highest drain-source resistance. To have a low
NEP, it is necessary to have a high responsivity and a low drain-source resistance.
However, as the responsivity results show, the detectors with the lowest drain-
source resistance do not have the highest responsivities. It is therefore a balance
between drain-source resistance and voltage responsivity that produces the lowest
NEP.
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Figure 4.15: NEP of CVD graphene detector, Lg = 500 nm.

Figure 4.16: NEP of CVD graphene detector, Lg = 1000 nm.

In the calculation of the responsivity as well as the NEP, the total beam power
was used. The consequence is that the NEP values are upper bounds; if the
power in the responsivity equation was corrected for losses and antenna coupling
efficiency, the responsivity would increase and the NEP would decrease. Still,
the NEP values obtained are a signifcant improvement over previous reported
values for single-layer graphene of ∼200 nW/Hz0.5 [14] and bilayer graphene of
∼2000 pW/Hz0.5 [16]. With NEPs as low as 490 pW/Hz0.5 and 530 pW/Hz0.5 for
the 2µm-gate-width detectors on exfoliated and CVD graphene, respectively, our
detectors are competitive with other room-temperature direct detection technolo-
gies, summarized in Table 4.4.

Simulations predicted that the finger design would give better results when
measured at 0.6 THz, especially for the 250 nm-gate length. However, this is not
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Table 4.4: Comparison of minimum NEP for various room-temperature detector
technologies at frequencies near 0.6 THz. The CVD graphene NEP cited is that for
the CVD detector with a gate width of 2µm.

Detector Minimum NEP (pW/Hz0.5) Source

CVD graphene 530 this thesis

Si MOSFET 300 [11]

GaN HEMT 490 [43]

YBCO bolometer 200 [19]

Schottky diode 20–30 [17, 18]

Bilayer graphene FET ∼2000 [16]

the case. The reasons for this discrepancy could be numerous, but it is most
likely due to an impedance mismatch between the antenna and the GFET. When
the antenna characteristics were simulated, the device impedance was taken to be
50 Ω. However, the drain-source resistance measured was instead on the level of
kΩ, orders of magnitude higher than the simulation considered. While it seems
that the finger detectors, which have a lower device impedance, would be better
matched to the antenna, the antenna is capacitive, meaning that the imaginary
part of the antenna impedance is large. When describing the impedance of the
GFET devices, it is assumed that the impedance has only a real component which
is equal to the drain-source resistance, since the drain-source bias was zero. This
means that although the GFET impedance of the finger devices is close to the
100 Ω real antenna impedance, the large imaginary part of the antenna impedance
causes the mismatch. Therefore, it is the simple-design GFETs with higher RDS

which better match the antenna, and this is reflected in the higher responsivities
and lower NEPs measured for these detectors.

4.2.3 Beam profile

Although the calculation of the actual incident radiation coupled to the GFET is
difficult, the focus of the beam on the antenna can be easily determined. By mea-
suring the current response while stepping the detector in x and y, the beam profile
can be calculated. Figure 4.17 shows the current response at various positions x
and y relative to the position of the detector at the highest current response.

A Gaussian fit is made to the data, verifying our assumption of a Gaussian
beam. By taking the full width at half-maximum of the Gaussian fit, the spot size
of the beam can be approximated. This assumes that the beam is focused such
that it is perpendicular to the device and that the origin (at 0 mm in x and 0 mm
in y) is in the center of the beam spot. The beam is therefore an ellipse with a
major axis of 0.2 mm and a minor axis of 0.1 mm. This spot size is confirmation
that the beam was well-focused during measurement and completely intercepted
by the antenna.
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Figure 4.17: Beam profile with Gaussian fit.



5
Conclusions

This thesis demonstrates the first successful room-temperature detection at 0.6 THz
using graphene detectors fabricated with both CVD-grown or exfoliated graphene.
Record-low NEP values were achieved for CVD- and exfoliated-graphene detec-
tors, and these values are conservative estimates of the NEP. Through the inte-
gration of the GFETs with a split bow-tie antenna and more efficient channel
modulation, the responsivity of the detectors was greatly improved over previous
studies [14, 16]. Two transistor designs were studied in an effort to examine the
effect of channel impedance on responsivity. While the finger design had a higher
transconductance and therefore should have had a higher responsivity, the capaci-
tive nature of the antenna resulted in a high imaginary antenna impedance, which
meant that the resistance in the device was too low to properly match the antenna
impedance. The simple design was better matched with the antenna and there-
fore the THz radiation was better coupled to the graphene channel, resulting in a
higher responsivity and lower NEP. While previous work with graphene detectors
used exfoliated graphene, in this thesis both exfoliated and CVD graphene are
demonstrated to be capable of sensitive, room-temperature detection. As CVD
graphene fabrication processes continue to improve, increasingly large-area, high-
quality, single-layer graphene can be easily grown. This creates the possibility for
scale-up of THz detector production.

5.1 Future work

While the results obtained in this thesis represent a significant improvement in
broadband, room-temperature direct detection using graphene, there are a number
of ways that these results could be further improved. The coupling of the radiation
to the device could be improved by matching the antenna impedance to the device
impedance. A wide device with a more ideal antenna could accomplish this aim:
the device would have a higher transconductance and if the gate length is short
it could have a drain-source resistance (device impedance) closer to the antenna
impedance. This would lead to a higher responsivity and lower noise figure, which
would mean a more sensitive detector.
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Broadband detection of THz radiation has now been demonstrated in a wide
variety of materials, but resonant detection at room temperature has yet to be
successful. From a physics perspective, resonant detection in graphene detectors
could be possible at THz frequencies if the mobility of the graphene could be
improved. SiO2 is not an ideal substrate for graphene as surface phonons and
charged impurities strongly reduce graphene mobility, but the advantage of SiO2

is its prevalence in CMOS processing. Improving the mobility of graphene has
been proposed through current annealing [23, 48] to remove impurities from the
graphene as well as using a more favorable substrate. Graphene and hexagonal-
boron nitride have similar lattice constants, which has resulted in mobilities as
high as 25,000 cm2/V s in graphene on boron nitride [25]. Another alternative
has been to avoid the substrate-interaction problem altogether by suspending the
graphene above the substrate surface [26, 51] although this poses problems from
a processing standpoint. If the predicted mobility of graphene could be realized
in a GFET at room temperature, the elusive goal of resonant detection could be
achieved. Another route to resonant detection is to measure at higher frequencies.
Although sources at these frequencies are limited, if the frequency of incident
radiation were increased the mobility requirements could be relaxed.

Measuring responsivity and calculating NEP is important to characterize a
detector, but to see a complete picture noise measurements must also be made. In
this thesis, thermal noise is assumed to be the dominant noise mechanism, but this
is not always the case. The noise parameters of graphene detectors have not been
investigated and could give insight into the ultimate sensitivity that is possible
with these devices. At low frequencies, the noise is expected to be dominated by
1/f noise, which is not seen at the THz frequencies used for measurement.
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