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This contribution presents the results of investigations performed on monolayer graphene field effect transis-
tor-based (GFET-based) terahertz detectors. We have implemented three different types of planar antennae: a bow-
tie, a bow-tie with transmission lines and a slot-disc, allowing us to realize different conditions for high-frequency
impedance matching. We present a semi-empirical model which uses physical parameters derived from electrical
characterization results of devices and electrodynamic characteristics of antennae, allowing us to predict THz re-
sponsivity. Model predictions have been compared with the responsivity measurements performed at room tempera-
ture in a frequency range from 50 to 1250 GHz. Good agreement between the model predictions and experimental
results implies the eligibility of a distributed resistive mixing approximation for GFET. In addition, the device stabil-
ity, the temperature dependence and the origin of noise in the transistor channel have been investigated. Finally, to
the best of our knowledge, we demonstrate the record performance values for room temperature graphene-based
terahertz detectors: 80V/W optical responsivity without the normalization to the antenna effective area and a noise
equivalent power of 111 pW/VHz at 336 GHz.
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1. Introduction

Graphene is a two-dimensional allotrope of car-
bon consisting of a single layer of atoms. Due to its
distinguishing characteristics, such as linear ener-
gy dispersion and a zero band gap, charge carriers
can achieve room temperature mobility of up to
4.-10*cm?/V-s [EI] together with an extraordinary
saturation velocity, which can get much higher
values than that of silicon []. Thus, graphene field
effect transistors (GFETs) are considered to be-
come serious contenders in the field of terahertz

(0.1-10 THz range) electronics. Furthermore,
the exceptional ratio between the surface area and
volume makes graphene-based devices a promis-
ing technology for gas sensing [H, E], or as biosen-
sors in non-ionizing medical imaging or security
screening [B].

The technology of GFET-based detectors has
come a long way during the last decade. The best re-
sults of a single transistor measured at room temper-
ature (RT) so far were published in 2017, reporting
the maximum optical responsivity of 74 V/W and
the noise equivalent power (NEP) of 130 pW/\/ﬁz
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at 400 GHz [E]. Despite already achieved good per-
formance values, GFETs are still heavily outshined
by silicon-based detectors []. This is due to some
serious, still unsolved, issues with GFET detectors.
One is a high contact resistance arising from gra-
phene-metal contact []. It has been an object for
investigation for a while, and there are several strate-
gies for improvements [, ]. However, other as-
pects of GFET THz detectors have been discussed
less because of their not-so-apparent impact. This
includes the drift of GFET characteristics over time
when exposed to air [@], or the influence of tem-
perature on a device performance [].

In this paper, we explore multiple aspects of
the operation of state-of-the-art GFET THz detec-
tors. In order to address the peculiarities of GFET
THz detector operation, we carried out experiments
ondevices connected to three different antenna types.
Further, we discuss applied measurement techniques
and the model employed for the simulation of THz
responsivity. Then we present static detector GFET
characteristics, noise and stability issues, and GFET
THz detector characteristics such as voltage respon-
sivity and noise equivalent power (NEP).

2. Design of detectors

The mono-layer graphene sheets used in this study
were grown by chemical vapour deposition on
a copper foil and processed at VT'T (Finland). Gra-
phene was transferred onto a high-resistivity sili-
con wafer with a 300 nm SiO, layer. ALO,, grown
by atomic layer deposition, is used as a gate die-
lectric. The series of devices with a channel length
from 0.5 to 2.5 ym have been produced. The source
and drain contacts were evaporated using Ti/Au
directly on graphene, whereas another evaporated

100 ym

layer of Ti/Au on Al O, is used as a gate metal.
The height of all metallic layers is 100 nm.

The metalization of contact areas plays a ma-
jor role in the interaction of micrometer and sub-
micrometer scale devices with THz radiation.
Therefore, effective interaction can be achieved
if contact metalization is embedded into the an-
tenna structure. For this study we implemented
three different types of antennas. These antennas
are displayed in Fig. . One is a resonant slot-
dipole antenna (Fig. (c)) designed for optimum
response at 240 GHz frequency. The other two are
broadband bow-tie antennas. Antenna (b) was de-
signed with metal transmission lines to increase
the impedance of the bow-tie so that it could bet-
ter match the impedance of the transistor chan-
nel. In theory, this is supposed to lower the power
transfer losses of the GFET-antenna interface and
increase the detector responsivity (see Section 4).
The antenna characteristics were electromagneti-
cally simulated using the Keysight ADS and Ansys
HESS software. The physical parameters of inves-
tigated samples and their characteristical electri-
cal parameters are summarized in Table 1.

3. Measurement setups

The quasi-static (dc) detector performance was
evaluated at room temperature, atmospheric pres-
sure and in an electromagnetically shielded room
to reduce the effect of external noise sources.
The channel resistance and electrical transfer char-
acteristics were measured with a Keysight B1500A
semiconductor analyzer. Furthermore, the electrical
characteristics have been measured over a wide
temperature range from 77 to 295 K in a tempera-
ture-controlled, nitrogen-cooled cryostat.

100 ym 100 ym

Fig. 1. GFET detector antennas: (a) broadband bow-tie antenna (marked as S1.x); (b) broadband bow-tie an-
tenna with transmission lines (S2); (c) resonant slot-dipole (S3).
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Table 1. Parameters and physical characteristics of samples derived by fitting the measured static channel

resistance.
Sample Channel Gate Gate oxide | Contact re- Whzeioslldl | Mieloiliiyy of
code LRI (752 length, ym | width, ym | height, nm | sistance, Q voltage Vi electrons,
? ? ? ’ \% cm?/V-s

S1.1 Bow-tie 2.5 20 1314 -0.16 3315
S1.2 Bow-tie 2.5 20 2863 -0.46 2237
S1.3 Bow-tie 2.5 20 1157 -1.31 1450

$2 Bow-tie with 2 2 20 2247 -0.52 2506

transmission lines
S3 Slot-disc 0.5 4 30 1048 -1.24 1918

The device packaging procedure included sev-
eral steps. In the first, the dies with six THz detec-
tors were glued to 0.5 mm thick high-resistivity
silicon wafers. Then the silicon carrier was glued to
a PCB, and the devices were ultrasonically bonded
to bonding pads using a 25 ym diameter Al wire.
This packaging strategy was selected to form a slid-
ing contact between the die with electrically con-
nected devices and the hyper hemispheric silicon
lens. It allowed us to align each detector on the die
into the focus of the incoming THz beam. Two dif-
ferent sources of THz radiation were employed:
an electronic frequency multiplier from Virginia
Diodes Inc. and a broadband photomixer-based
source from the Toptica GmbH Terascan 1500 sys-
tem. The detector module and THz source were as-
sembled into a 4-F optical system shown in Fig. .
The Gaussian THz beam was first collimated with
a 4 inch off-axis parabolic mirror (OAP) and then
attenuated by two thin films coated with chrome

when an electronic multiplier was used to avoid de-
tector saturation and suppress standing waves. Fi-
nally, another OAP focused the beam onto the sub-
strate lens, which was then used to tighter focus
the beam on the detector antenna. This setup al-
lowed us to characterize devices in several frequen-
cy sets, partially covering the 170-750 GHz range
(and seamless covering from 50 to 1250 GHz using
a Toptica GmbH photomixer). We used a large ap-
erture detector from Thomas Keating Ltd. to cali-
brate available THz power. A low-noise voltage
preamplifier was used to condition the signal and
protect samples against electrostatic discharges.

To obtain detector voltage responsivity (R,),
the obtained detector voltage response (V, ) was
divided by the incident power (P, ) measured with
the reference detector:

R, =L

in

(1)

Fig. 2. The setup used for calibrated measuring device response to THz

radiation characteristics.



257 D. Vizbaras et al. / Lith. J. Phys. 62, 254-266 (2022)

The second important detector optical perfor-
mance parameter is the noise-equivalent power or
NEP. It is calculated by dividing noise spectral den-
sity by responsivity:

J4k, TR,
NEp=N_"E"d (2)

A%

Here R, is the static GFET channel resistance,
T is the ambient temperature, and k; is the Boltz-
mann constant. For NEP calculations, the John-
son-Nyquist noise spectral density approximation
was applied. The validity of this approximation is
discussed in Section 6.

4. GFET simulation

The high-frequency modelling of the detector was
performed using an in-house developed physics-
based analytic model. It is grounded on a kernel
describing the rectification process in the FET with
the help of a distributed transmission line channel
model [, ]. The voltage responsivity R, of GFET-
based detectors can be predicted from the electron
branch of transistor channel resistance R, depend-
ence on the gate voltage V. and modelled high-fre-
quency parameters,

_10lnR,
4 o,

A%

x{l—i—

with R, = R, - R - R, where R, R, R, are
gate, source and drain contact resistances, re-
spectively. Z, is the antenna impedance, w is
the angular frequency of the THz wave, and 7 is
the electron momentum scattering time. # com-
bines the antenna efficiency factor and other pos-
sible THz radiation coupling loss mechanisms.
f(@,7)=1+2w7 /\J1+(w7)* is the efficiency
factor firstly introduced in Ref. []. For a nonres-
onant case, when s7/L_ < 1 (L_is the gate length,
s is the electron plasma velocity), f describes the
device ablity to convert THz power to signal rela-
tive to that of low-frequency resistive mixing [].
The voltage attenuation factor H accounts for
the mismatching between the antenna impedance
Z, and the transistor channel impedance Z :

207

8Re(Z,)H’
1+(a)r)2} I ®

|z |
H_|Zch+ZA+hRg+RS|‘ @

Equations (3) and (4) are derived for the detec-
tor which involves a single transistor architecture.
Almost all detectors presented here are based on this
architecture except one sample with a slot-disc anten-
na (S3). In this device, antenna leaves are connected
with two transistors to achieve the asymmetric pow-
er coupling into channels, which is an essential con-
dition for an efficient plasma-wave rectification [@].
For this case, Eq. (4) must be modified, chang-
ing the term Z, to Z, /4, which reflects the fact that
the high-frequency current flows in series through
transistor channels whereas the rectified signal cur-
rents are added.

The analytical model is partly based on quasi-
static device parameters and fundamental physical
quantities: the channel resistance R, the imped-
ances R and R_ representing the parts of the chan-
nel not controlled by the gate electrode, and the re-
laxation time 7. These characteristics can be derived
from the measured transistor channel resistance
R, dependence on the gate voltage V using the fit
model based on a description of the gate-voltage de-
pendent carrier density in the gated channel region
of the FET derived from the unified charge-density
control model [@, @].

The fitting procedure gives the mobility of elec-
trons y instead of the relaxation time 7 which is
needed for the analytical model. For field effect tran-
sistors based on classical semiconductors, these two
physical parameters are linked by a simple equation

T=m"yle, (5)

where m* is the effective mass of electrons and e is
an elementary charge. Although the linear energy
dispersion implies that quasiparticles are massless,
an ensemble of electrons still moves with inertia hav-
ing an equivalent role as effective mass m* = hk /v,
where k,, v, are the Fermi wave vector and Fermi ve-
locity, respectively [@, @]. In this case, m* depends
on the density of charge carriers, i.e. gate voltage in
FET, and our analytical model (3) must be revised.
For the estimation of detector performance we used
a simpler approach - an experimentally derived ef-
fective mass of monolayer graphene m* = 0.012 m,,
where m_is a free-electron mass [@].
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Fig. 3. The drain-source resistance of the GFET versus
the gate voltage. The symbols show the fit of the meas-
ured electron branch of resistance with a drift-diffu-
sion model. S1.1-S1.3 are the samples with the bow-
tie antenna, S2 is the bow-tie with transmission lines,
and S3 is the slot-disc.

Figure H shows the results of the dc resistance
measurements at a low source-drain voltage of
1 mV (solid lines) and the fitted curves (symbols).
Only electron branches of the resistance curve (the
right downward sweep direction) are fitted; how-
ever, the other sweep directions are included in
the figure for completeness. The main parameters
extracted from the fitting procedure are presented
in Table 1 and are in good agreement with previous
results obtained for similar samples [E].

The analytical model used the extracted para-
meters for further device simulation. The main

results are presented in Fig. H The 1 mV ampli-
tude of THz radiation, typical of the THz sources
in the 250-1000 GHz band, was used for the cal-
culations. The intrinsic responsivity (a) is calcu-
lated using Eq. (3) by replacing the incident power
with the power directly absorbed in Z . In this
case, the term 8Re(Z,)H’4/R, is substituted by
(2Re(1/Z, )R ). The model does not predict any
plasmonic-related enhancements in device perfor-
mance because the transistor channel is comparative-
ly long despite short scattering time (plasma waves
damping condition s7/L_ < 1 is satisfied for all meas-
ured samples). In reality, any transistor has several
parasitic elements, such as contact resistance. These
parasitics dissipate a part of the power entering the
detector. When it is taken into account together with
the impedance mismatching between the FET chan-
nel and antenna, the device performance character-
istics are reduced significantly (compare (a) and (b)
panels in Fig. H). The antenna coupling factor # is
assumed to be 0.074 (having simulated antenna ef-
ficiency =0.3, a Gaussian beam coupling efficiency of
0.7, a transmission at the Si surface of 0.7 and a scat-
tering factor 0.5). The frequency-dependent antenna
impedances Z, were electromagnetically (EM) sim-
ulated using the commercially available method of
moments solver [@].

The model predicts the best optical responsivity
(Fig. H(b)) for samples S2 and S3 due to the much
higher impedance of the antenna (the bow-tie with
transmission lines and the slot-disc, respectively).

Fig. 4. Modelled voltage responsivity versus radiation frequency for the GFET samples used in the experiment.
(a) Intrinsic responsivity does not account for the intrinsically absorbed power and the antenna coupling. These
effects substantially change the optical responsivity dependence on the frequency (b). S1.1-S1.3 are the samples
with the bow-tie antenna, S2 is the bow-tie with the transmission lines antenna, and S3 is the slot-disc antenna.
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Samples S1.1, S1.2 and S1.3 have the simple bow-
tie antenna, but their performance is determined
by the contact resistance and the change in chan-
nel conductivity versus the gate voltage dR,/V..
The last one can be visually estimated as a channel
resistance difference between the Dirac point and
a fully opened state (the maximum and minimum
point on the right branch of the curve, Fig. H). From
this perspective, sample S1.2 looks the most prom-
ising in its category.

5. Influence of temperature and vacuum on
channel resistance

A known issue with GFETs is their hysteretic
behaviour depending on the voltage sweep di-
rection, e.g. due to charging of defect states in
the used materials [@, é]. The device stability
can be improved by putting samples in a vacuum
environment and treating them with low tempera-
tures. The measured source-drain resistance tem-
perature dependences for one sample (S1.2) are
displayed in Fig. E The coloured part of the graph
shows how the GFET channel resistance changed
while warming the detector from 77 K to room
temperature. For comparison, the gray and black
curves show the resistance measured before cool-
ing, at RT, in air and in a vacuum, respectively.
An immediate improvement in the GFET char-
acteristics can be seen. After cooling the detector
to liquid nitrogen temperatures and returning it
to RT, the Dirac point of the GFET shifts closer
to the zero gate voltage. This and the reduction
in resistance hysteresis show that when cooled,

Fig. 5. Measured GFET channel resistance depend-
ence on temperature. The sample is S1.2 (with bow-
tie antenna).

the GFET loses its doping by substrate and air ad-
sorbates [@]. When warming to RT in a vacuum,
the detector can only get doped by the substrate
and no longer by the adsorbates in the air. This re-
sult is like those achieved by annealing GFET THz
detectors while heating them in a vacuum [].

6. GFET channel noise

One factor that impacts the responsivity of GFET-
based detectors is low-frequency noise. Most in-
vestigations found that a 1/f* noise dominates in
GFETs at any bias, and Lorentzian type spectra
are not observed usually [@, @, ﬁ, 31-33]. It is
shown that the 1/f* noise intensity is proportion-
al to the number of defects and impurities [@].
Therefore, the 1/f* type noise is caused by the su-
perposition of many charge carrier trapping-
detrapping processes. However, a certain defect-
formed trapping centre can be more active than
other processes and cause the Lorentzian noise
spectrum [H]. This is inconvenient when making
high responsivity detectors. Since thermal noise
is the lowest possible noise level, reducing other
noise sources should be the priority.

Low frequency (10 Hz - 100 kHz) fluctuations
of GFETs were investigated at room temperature.
The measured samples have 1/f* electrical fluc-
tuations when current flows through the chan-
nel (Fig. H(a)). As seen in the figure, the 1/f* noise
does not depend on the flowing current or its
direction. Nevertheless, when no current flows
through the channel, only thermal fluctuations
are observed at the zero bias (Fig. E(b)). This fea-
ture is important as GFETs can be employed as de-
tectors without bias [@], and the absence of noise
sources other than thermal shows their potential
as sensitive THz detectors.

In the general case, 1/f* noise spectra are ob-
served when there are a lot of charge carrier trap-
ping centres of similar activity with widely dis-
tributed characteristic times. The in-depth study
of the peculiarities of 1/f* type noise can be used
to determine the source of resistance fluctuation,
which, in the case of graphene at cryogenic tem-
peratures and magnetic fields, recently reopened
a discussion of fluctuating mobility as a resistance
determining parameter %@]. The noise spectra,
measured in our devices at room temperature
conditions, indicate the presence of traps with
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Fig. 6. The voltage noise spectral density dependence on the frequency for the graphene-based transistor when
the drain current is 0.19 mA (a) and zero (b). The sample is S1.2 (with bow-tie antenna).

times from tens of microseconds to hundreds of
milliseconds (Fig. E(a)). However, the directly
measured resistance variations in time show that
much slower charge carrier trapping-detrapping
processes are also present (Fig. [1). A different dy-
namic of resistance is observed at different bias

voltages (their values and polarities) when mea-
surements are performed in the air and vacuum.
Such instabilities of characteristics indicate defects
in the investigated structures with different time
constants that can be quite large: from a few sec-
onds to minutes and hours. Similar instabilities

Fig. 7. The resistance variation in time at different biases at room temperature. The sample is S1.2 (with bow-tie

antenna).
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with long characteristic times were observed in
AlGaN/GaN heterostructures [@, @]‘ The resist-
ance variations calculated from the measurements
performed in the air atmosphere differ from when
the device was in a vacuum. It suggests that impu-
rities from the air are an important source of these
instabilities.

7. Optical performance of detectors

This section discusses GFET THz detector NEP
parameters and their dependences on frequency,
transistor gate voltage and antenna types. For a bet-
ter comparison, the NEP of simulated devices is
presented.

The NEP-frequency dependence of a detec-
tor S1.2 with a bow-tie antenna is displayed in
Fig. B(a). We measured the detector response using
two setups with different source types: an electronic
multiplier (blue line) and a broadband photomixer
(red line). Equations (1) and (2) and static chan-
nel resistance measurement results were used to
calculate device performance characteristics. Two
major valleys near 220 and 350 GHz and the po-
sition of one minor minimum near 800 GHz go
well with the modelled ones (a grey dashed line).
Low-frequency parasitic valleys below 100 GHz
are shifted by 20 GHz towards lower frequencies
than expected ones. Discrepancies can be caused
by an inaccurate device optical alignment and
the setup peculiarities, which are discussed further.
Since the used antenna has much lower imped-

ances than the GFET at major frequencies except
resonant peaks, it is expected that even though
the detector is broadband, it will work better where
the modelled impedance is highest. Another inter-
esting characteristic is observed where GFET THz
detector gate voltage changes affect its responsiv-
ity and, consequently, the noise equivalent power.
The measurement at V.= 0.8 V (a blue curve) re-
veals better NEP values and a slightly better agree-
ment with the modelling results. Since the terms H
and dR/V_are the functions of the gate voltage,
the changes of GFET biasing conditions turn into
changes of the channel impedance, which can affect
the frequency-dependent behaviour of the device.

Figure H(b) shows the NEP dependence on
the frequency for the detector with a bow-tie with
transmission lines antenna. Three major valleys are
observed near 112, 240 and 350 GHz (a red line).
The semiempirical model predicts a similar quali-
tative behaviour but differs in positions of minima,
numbers and absolute values. It can be explained
by a higher antenna geometrical complexity. When
the substrate Si lens and the antenna are aligned at
different frequencies, the broadband characteristics
of the device also change (compare red and black
lines in Fig. E(b)). This phenomenon must be ex-
amined more rigorously in the future.

Both detector types display deep valleys in
the low-frequency range (near 70 GHz for S1.2
sample and 110 GHz for S2). They result from
an interaction of THz radiation with metallic
wires connected to antenna and contact pads (see

Fig. 8. The noise equivalent power vs the frequency of a GFET THz detector with the (a) bow-tie antenna and
(b) bow-tie with transmission lines. The modelled values are depicted by a grey dashed line. In (a), the NEP
calculation is based on measurements with two different sources: an electronic multiplier (a blue line) and

a broadband photomixer (a red line).
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the micrograph in Fig. (a)). The resonant frequen-
cy of parasitic dipoles can be estimated by taking
the half-length of wires and the dielectric constant
of a Si substrate (¢, = 11.9). For example, sample
S1.2 has a dipole with a length of 700 ym, corre-
sponding to the 72 GHz frequency.

For determination of the maximum detector
responsivity and the minimum NEP, detector re-
sponses were measured while sweeping detector
gate voltage. Figure E presents the NEP vs detector
gate voltage characteristic of the best-tested GFET
THz detector. Since NEP calculation involves de-
tector channel resistance, it also has a hysteresis
loop (compare with a black line in Fig. B). Since
the smallest NEP is very close to the zero-gate volt-
age, just as suggested in Section 6, GFET THz de-
tectors could be used without bias and have the po-
tential for high-sensitivity applications.

Fig. 9. The noise equivalent power dependency on
the detector gate voltage. The sample is S1.1 (with
bow-tie antenna). The numbers in brackets indicate
the direction of the voltage sweep. The radiation fre-
quency 336 GHz is the main resonant responsivity
maximum of this sample. The grey dashed line shows
the results of simulation based on the electron branch
of resistance.

8. Discussion

The summary of the results from our studied de-
vices is displayed in Table 2. The table also includes
the state-of-the-art results on the GFET detectors
performed with a similar methodology, i.e. using
the total power of the beam. Regarding the overall
results of our work, the so far achieved responsiv-
ity of 80 V/W and NEP of 111 pW/VHz at room-

temperature and 336 GHz are comparable and even
slightly better than for the best reported GFET THz
detectors. Our best device and both Refs. [E, @]
share the same antenna geometry and, therefore,
the better performance could be only attributed to
better impedance matching at a lower (336 GHz
instead of 400 or 600 GHz) frequency. However,
other our devices demonstrate responsivity and
NEP values that are just about 10-50% of the best-
reported results. This discrepancy could originate
from the peculiarities of GFET fabrication which
are responsible for the high spread of transistor
electrical parameters.

The applied model shows that the transis-
tor impedance starts a strong decrease for most
samples before reaching the THz frequency limit
(which loosely starts from 100 GHz, Fig. @(a)). It
is a consequence of the long channel of a few mi-
crometres. It leads to a decrease in the responsiv-
ity of the detectors. Future applications would re-
quire GFETs with much shorter channels. A good
example is sample S3 with a slot-disc antenna and
a 0.5 ym long gate. Its simulated channel imped-
ance remains high up to 200 GHz (see a red curve
in Fig. {(a)).

All tested GFETs demonstrated the hyster-
esis behaviour in the channel resistance mea-
surements (Fig. H). The analytical model uses two
physical parameters of the transistor, the mobil-
ity and the resistance, which were obtained by
fitting only the first electron branch of the I-V
characteristics. This branch is obtained by sweep-
ing the gate voltages toward the positive values. If
we apply the same fitting procedure to the branch
of reverse biasing direction, it results in different
transistor parameters due to residual effects. For
sample S1.1, the resistance drops from 1314 to
988 (), and the mobility drops by a factor of two
(from 3315 to 1688 cm?/V-s). The analytical mod-
el with these parameters gives approximately 50%
lower responsivity values, which better agree with
the experimental results. Considering the hys-
teresis of I-V characteristics when modelling
the GFET impedance response is necessary. As
a first approximation, one can try to take the aver-
age of the physical parameters, but a solution that
better deals with the physics of device operation is
still required.

Internal plasmonic mixing is not the only
mechanism responsible for the detector response
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to THz radiation. There is much experimen-
tal evidence that a thermoelectric process can
contribute to the device signal [@]. This effect can
be one possible explanation for better NEP values
in the hole branch of GFET (compare the right
and the left side of Fig. E). The signal below
the zero gate voltage falls more slowly or not at all
compared to the electron branches of the curve.
A more comprehensive hydrodynamic transport
description must be included in the analytical
equations to model thermoelectric signal contri-
bution to detection signals. It is out of the scope
of this paper.

EM simulation and modelling of GFET detec-
tors with a bow-tie with transmission lines and
slot-disc antennae have shown high-performance
characteristics. However, in the experiments, de-
vices based on the new design proved worse than
the reference design with the bow-tie. One pos-
sible explanation can be linked to the different
hysteresis behaviour of detectors. The best sample
demonstrated the strongest hysteresis both in I-V
and THz response measurements (see Figs. E and
E). More rigorous experimental and theoretical
investigations of the role of gate dielectric quality
must be performed in the future. It is worth not-
ing that new antenna designs with higher imped-
ance did not result in devices with the best perfor-
mance. However, because of considerably lower
contact resistances achieved in these designs, we
report decent performance despite the worse
GFET characteristics of our tested devices. There-
fore, these new designs still seem to be a promis-
ing step toward GFET THz detector performance
optimization.

9. Conclusions

This work presents a comprehensive investigation of
the electronic and optic characteristics of new tera-
hertz detectors based on mono-layer graphene field
effect transistors on a silicon oxide layer. In particu-
lar, we have implemented three different types of an-
tenna: a bow-tie, a bow-tie with transmission lines
and a slot-disc, allowing us to apply different high-
frequency impedance matching conditions. A semi-
empirical model that predicts the THz responsivity
based on physical parameters derived from electri-
cal characterizations and electrodynamic character-
istics of the antenna was employed. The predictions
of modelling results have been carefully compared
with the experimental measurements, which in-
clude the determination of optical responsivity and
noise equivalent power. The good agreement be-
tween modelling and experimental results implies
the eligibility of a distributed resistive (in the limit of
overdamped plasmonic excitation) mixing approxi-
mation for GFET. In addition, the device stability,
the temperature dependence and the origin of noise
in the transistor channel are investigated. Finally,
to the best of our knowledge, the record values for
room temperature graphene-based THz detectors
graphene-based terahertz detectors: 80V/W optical
responsivity without the normalization to the an-
tenna effective area and a noise equivalent power of
111 pW/\/I—TZ at 336 GHz were achieved.
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Santrauka

Siame darbe pateikiami terahercy detektoriy su vie-
no sluoksnio grafeno lauko tranzistoriumi (GLT) tyri-
my rezultatai. Itirti detektoriai su trimis skirtingomis
pavir$inio tipo antenomis: peteliske, peteliske su perda-
vimo linijomis ir disku su plysiu. Pasialytas sprendimas
leido sukurti skirtingas aukstadaznés pilnutinés varzos
suderinimo salygas. Skaic¢iuojant jtaisy jautrj buvo pri-
taikytas pusiau empirinis modelis, kuriame panaudoti
fizikiniai parametrai, gauti i$matavus jtaisy elektrines
charakteristikas, ir sumodeliuoti anteny elektrodina-
miniai parametrai. Modeliavimo rezultatai palyginti su

kambario temperataroje 50-1250 GHz dazniy ruoze is-
matuotomis jautrio vertémis. Geras eksperimentiniy ir
teoriniy rezultaty sutapimas rodo, kad paskirstyto var-
zinio maiSymo artinj sékmingai galima taikyti ir vieno
sluoksnio grafeno lauko tranzistoriams. Taip pat istirtas
detektoriy stabilumas, parametry priklausomybé nuo
temperatdros bei jvertinta tranzistoriaus kanalo triuks-
my kilmé. Darbe pateiktas rekordinis GLT terahercy
detektoriy optinis jautris ir efektiné triuk§my galia: ati-
tinkamai, 80 V/W ir 111 pW/VHz ties 336 GHz dazniu
kambario temperataroje.
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