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Detectors of terahertz radiation based on field-effect transistors (FETS) are among most promising candidates
for low-noise passive signal rectification both in imaging systems and wireless communications. However, it
was not realised so far that geometric asymmetry of common FET with respect to source-drain interchange
is a strong objective to photovoltage harvesting. Here, we break the traditional scheme and reveal the
optimally-asymmetric FET structure providing the maximization of THz responsivity. We fabricate a series
of graphene transistors with variable top gate position with respect to mid-channel, and compare their sub-
THz responsivities in a wide range of carrier densities. We show that responsivity is maximized for input gate
electrode shifted toward the source contact. Theoretical simulations show that for large channel resistance,
exceeding the gate impedance, such recipe for responsivity maximisation is universal, and holds for both
resistive self-mixing and photo-thermoelectric detection pathways. In the limiting case of small channel
resistance, the thermoelectric and self-mixing voltages react differently upon changing the asymmetry, which

may serve to disentangle the origin of nonlinearities in novel materials.

Sensitive detection of sub-terahertz and terahertz
(THz) radiation is vital for security applications, defect
inspection, radio-astronomy, and medical imagingt. Cur-
rently, the main application niche for sub-THz detectors
is wireless communications, where increase in carrier fre-
quency promises a proportional increase in data transfer
rates?. Recently, antenna-coupled field-effect transistors
(FETSs) have emerged as prospective candidates for pas-
sive sub-THz and THz detection®2. Compared to ac-
tive systems based on high-frequency amplifiers and fol-
lowed by rectifiers, passive FET-based systems feature
low power consumption and can operate above the cut-
off frequency®. Compared to passive systems based on
diodes?, FETs are compatible with planar CMOS tech-
nology and do not require complex three-dimensional de-
signs. The presence of extra control electrode in FETs
simplifies the phase coherent (homodyne® and hetero-
dyne?) detection. These advantages stimulate a booming
research on THz FET detectors, including those based on
novel materials!® 14, alternative mechanisms of current
manipulation!®1¢, and exploiting plasmonic effectst? 12,

It has been scarcely realised that most FETs operat-
ing as THz detectors have an intrinsic deficiency lying in
symmetry of the structure with respect to the interchange
of source and drain. Once the signal is fed between
source and drain, the photovoltage may build up only
at finite bias?®2!, which results in large Flicker noise.
Finite zero-bias response for source-drain signal coupling
appears also if a lateral p—n junction is introduced in the
channel which, however, requires extra “doping gates”22.
Coupling the THz signal between source and gate, known
as Dyakonov-Shur scheme??, introduces an asymmetry of
signal feeding, and thus results in the desired zero-bias

photovoltage between source and drain??.

Source

Top Gate

FIG. 1. Antenna-coupled graphene FET as terahertz detector
(a) Optical image of the antenna-coupled device. Scale bar
is 200 um (b) Zoomed-in photograph of the gated channel.
Scale bar is 10 pm. (c) Schematic of the FET-based detector
with asymmetric gate location. Numbers indicate five gate
positions used in our study.

To date, most research on THz FETs blindly copied
the proposal of Dyakonov and Shur with geometrically
symmetric channel®11:24°27 Tt was not attempted to
enhance the responsivity by introducing extra geometric
asymmetry that is achieved, most simply, by displace-
ment of antenna-coupled gate electrode away from mid-
channel. The necessity for geometric asymmetry was re-
cently realised for THz emission applications?®22 but its
role in detection process remain largely unexplored.

In this paper, we find an optimal geometric asymmetry
of a FET-based antenna-coupled detector of THz radia-
tion. We fabricate a series of graphene-based transistors
with variable position of signal gate (Fig. ). Measure-
ments of sub-THz photoresponse at room and liquid ni-
trogen temperatures show ~ 5-fold responsivity enhance-
ment of a structure with proximized source and gate,
compared to that with proximized drain and gate.

We substantiate the obtained results theoretically, as-
suming two common rectification mechanisms: photo-
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FIG. 2. (a) Dependence of structures’ channel resistance on bottom gate voltage for devices with different gate position. All

curves are shifted such that charge neutrality voltages Vonp coincide. (b) Dependence of photovoltage on bottom gate voltage,
obtained for the same devices upon illumination with sub-THz radiation (f = 130 GHz). (c¢) Dependence of photovoltage on
top gate voltage for the same devices at temperature of liquid nitrogen. (d) Photovoltage swing upon variation of charge carrier

density vs gate position obtained at 7'= 77 K and 7" = 300 K

thermoelectric (Seebeck) effect at metal-graphene junc-

tions?%3! and resistive self-mixing in the gated chan-
nelt%32. Once the graphene channel resistance Ry, ex-

ceeds the ac gate impedance |Z¢|, both rectification
channels benefit from source-shifted asymmetry, in accor-
dance with experimental data. Our result has a simple in-
terpretation if one assumes thermoelectric origin of pho-
toresponse: co-location of source and gate increases the
power density released at source metal-graphene junc-
tion, and enhances the average thermal gradient across
the structure. The trend for resistive self-mixing does
not admit that simple explanation, and actually changes
for small Re,. In the limiting case |Z¢| > Ren, the
self-mixing signal is reduced with shifting the gate to-
ward the source, while Seebeck signal stays roughly con-
stant. Thus, experiments with variable gate location can
shed light on dominant THz rectification pathways in
graphene?226 and emerging 2D materialstt.

The key challenge toward the quantitative comparison
of photoresponse in CVD-graphene FETSs lies in fluctu-
ations of characteristics from one device to another. To
circumvent this, we have fabricated nominally identical
devices from a single millimetre-scale layer of graphene.
It was grown in a home-made cold-wall reactor on copper
foil2®:3?2, Grapene was wet-transferred onto an oxidized Si
substrate with SiOs dielectric of thickness d; = 500 nm49.
SLG FET channel was patterned to a rectangular shape
with length L = 4 pum and width W = 20 um by
e-beam lithography (PMMA mask) and etching in Og
plasma and then supplied with two small metal contacts.
These source and drain electrodes were made of gold
(40 nm) with vanadium adhesion layer (5 nm). To main-
tain stability of graphene channel with respect to atmo-
spheric contaminants, an aluminum oxide cover was de-
posited using electron-beam evaporation with a thickness
of d; = 100 nm and lift-off technique, which would also
serve as a top gate dielectric. The small source electrode
was coupled by a sleeve of a dipole antenna, and the other
sleeve was deposited over the top gate [Fig. [ (a,b)]. The

top gate for various FETs was placed in five sequential
positions, from that proximized to the source (labelled as
#1) to that in immediate vicinity to the drain (labeled
as #5) [Fig. [ (c)]. For each device, we have performed
electrical DC characterization; the silicon substrate cov-
ered with 500 nm of silica was used as a back gate. The
dependences of the sample resistance on the gate voltage
are presented in Fig. 2la); for all devices there is a max-
imum resistivity corresponding to the charge neutrality
point (CNP) of graphene.

The main experiment consists in measurements of pho-
tovoltage V}, generated in FETs upon their illumination
with sub-THz radiation of frequency f = 130 GHz. In
this experiment, the detector on substrate was mounted
on a holder with silicon lens arranged in a cryostat. Radi-
ation was fed from backward wave oscillator with power
P ~ 1 mW calibrated with Golay cell.

The results of photovoltage measurements for various
gate locations are summarized in Fig. The depen-
dence of V,, on back gate voltage has a well-recognized
anti-symmetric shape. Such shape is typical for both
photo-thermoelectric and resistive self-mixing rectifica-
tion pathways. A remarkable property of the recorded
characteristics lies in their swing. Indeed, the photovolt-
age response for rightmost top gate position is faint and
noisy, while the characteristic responsivity Ry = V,,/P
hardly reaches 0.5 V/W. The swing gradually goes up
upon shifting the gate to the source, and reaches its
maximum value for top gate proximized to the source.
The characteristic responsivity for such geometry already
reaches 2.5 V/W, which is five times larger than for the
rightmost gate position.

To provide a simple figure-of-merit for devices with
various asymmetry, we compare their photovoltage
swings AV}, being the differences between maximum and
minimum photovoltages recorded upon variation of car-
rier density, Fig. Bl(d). Such a figure is insensitive to the
unavoidable shifts of CNP due to large-scale doping fluc-
tuations within CVD graphene layer. The maximum and
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(a,b) Schematic representation of photothermoelectric (a) and resistive self-mixing (b) mechanisms in FETs with

antenna coupled between source and gate. In (a), asymmetric distribution of AC current ITu, leads to overheating of source
side of the junction, and to the thermal diffusion current toward the source. In (b), the transverse component of AC electric
field induces extra charge carriers dn. and enhances the channel conduction. These carriers are subsequently dragged by in-
plane component of the field. The time-averaged current Irsm is directed toward the source. (c,d) Calculated responsivities
of resistive self-mixing (c) and photo-thermoelectric effects in devices with variable gate-to-source separation a calculated for
different channel resistances Rq,. All curves calculated for fixed Fermi energy Er = 100 meV and variable momentum relaxation
times 7 linked to resistivity p via Drude formula p = m(EF)/n.e*r. Inset in (c) shows the dependence of responsivity on back

gate voltage for device with a = 0.5 pm.

minimum are reached at two sides of CNP, correspond-
ing to weak hole/electron doping of the channel. Again,
the trend toward increased photoresponse with shifting
the gate toward the source is recognised in photovoltage
swing data.

The trend toward increased photoresponse for source-
shifted feeding gate persists upon cooling the sample to
liquid nitrogen temperature, as shown in Fig. [ (¢). The
data for sample with gate position # 1 fall out of this
trend, probably due to sample-to-sample variations. In-
structively, the characteristic responsivity at 7' = 77 K
is almost the same as at "= 300 K. Weak sensitivity of
electrical properties to the temperature in CVD graphene
may be explained by a large number of intrinsic defects3
obtained during growth and wet transfer.

We now turn to theoretical interpretation of the data
assuming the two most common rectification mecha-
nisms in graphene channel, the photo-thermoelectric ef-
fect (PTE) and the resistive self-mixing (RSM), illus-
trated in Fig. Bl (a), (b). The PTE voltage emerges due
to asymmetric heating of the device by ac electric cur-
rent circulating between source and top gate223!, The
metal-graphene junction at the source is strongly heated,
while the junction at the drain remains at lower electron
temperature. The difference in thermoelectric voltages
generated by hot and cold junctions results in overall fi-
nite photovoltage between source and drain. The RSM
emerges upon induction of charge carriers in the channel
by transverse component of ac electric field, and subse-
quent drag of induced carriers by the longitudinal com-
ponent32.

Our quantitative model of photo-response is based
on finding ac electric potential distribution ¢, (z) in
the channel induced by antenna voltage V, coswt =
(e~ 4 ¢i@t)V, /2. This voltage can be bound to incom-
ing THz power P via antenna radiation resistance Z;aq,

P = Vf/SZrad%. In the gated section, the potential is
governed by the telegrapher’s equation

Va

2 )

2 0? Pw _
02

(1)

Yutk

where k = (0/iwC)/? is the wave vector of overdamped
2d plasmons?3, o is the conductivity of graphene sheet,
and C' is the top gate-to-channel capacitance per unit
area. The left ungated section of length a is modelled as
a lumped resistor, ¢, (0) = a¢,(0). The rightmost un-
gated section does not affect the photoresponse as almost
no ac current is flowing into the drain, thus ¢/,(Ly) = 0.
The geometric asymmetry introduced by shift of the top
gate is now reflected in the asymmetry of the boundary
conditions for electric oscillation problem.

The distribution of electric field E,(z) = —0p,/0x
obtained from Eq. () is subsequently used to calculate
the RSM and PTE photoresponse. The respective volt-

ages Vrsm and Vprg are given byd?:23
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VpTE = [Sch (ng) - Scont][Td - Ts] (3)
Above, Sen(Vig) and Scont are the Seebeck coefficients
in the back-gated channel and graphene in immediate
contact with metal. For gold-contacted CVD graphene,
the contacts are generally p-doped (Scont > 0), which re-
sults in overall shift of all responsivity curves to negative
photovoltages. Ts and T, in Eq. ([B) are the electron tem-
peratures at the metal-induced p-n junctions in graphene
located near the source and the drain, these are found by
solving heat conduction equation with ac Joule heating



as a source:
o ( or T-T, )
% (XE%) — CeT—E = 20'|Ew| N (4)

above c. is the electronic heat capacitance, y. is the elec-
tronic thermal conductivity, and 7. is the energy relax-
ation time associated with supercollisions and emission
of substrate phonons. We have assumed 7. = 1 psi!, the
trends in PTE with gate shifts do not depend on specific
value. Equation () was solved assuming fixed tempera-
ture Ty (base cryostat temperature) at source and drain.
The temperatures of interest T and T, are evaluated at
small distance L. = 125 nm from source an drain. This
distance is the typical length of metal-induced p—n junc-
tion acting as a thermoelectric generator3?!.

With the developed model, we have calculated the
gate voltage dependences of photoresponse and found
good qualitative agreement with experiment [inset in
Fig. Bl(c)]. Further on, we fixed numerically the value of
carrier density in the channel and inspected the changes
in photoresponse with varying the top gate position
at various momentum relaxation times [Fig. Blc), (d)].
Again, in good agreement with experimental data, the
calculated photoresponse is growing as the position of the
top gate is shifted toward the source for both rectification
pathways. Remarkably, RSM and PTE photovoltages re-
act differently on changes in the relaxation time. While
RSM is weakly sensitive to 7,, the PTE signal benefits
from increasing the momentum relaxation time.

In complement to the developed theory, it is possi-
ble to give a simple and intuitive interpretation of the
measured data. The main dimensionless parameter gov-
erning the detector operation is the ratio of gate-to-
channel capacitor impedance and gated channel resis-
tance p = [WCWLgRg]™' = k*L%. Our detector op-
erates in high-resistance mode wherein p < 1 (indeed,
Rg ~ 1 kQ and (wCLcW)™! ~ 100 Q in our device).
Therefore, the THz voltage generated by the antenna
drops mainly on graphene channel but not on the gate-
channel capacitance. The power dissipated on ungated
section P ~ V2/2R, is growing as its length a is de-
creased. The power density (per unit length) is increased
even faster, ¢ oc =2 which results in an abrupt increase
in junction heating and, hence, PTE voltage with shifting
the gate to the source. The RSM effect should also bene-
fit from left-ward shifting of the gate. Whence kL < 1, it
is possible to estimate the longitudinal electric field under
the gate as V,/a. Reducing a leads to stronger potential
variations in the gated section and stronger self-mixing
effects.

It is instructive that in the other limiting case of large
gate-channel capacitance, R, < |Z¢/|, the behaviour of
RSM and PTE effects with shifting the signal gate is
very different (Fig. d). In such a limit, the amplitude of
current through graphene channel Ity, is fixed by large
gate impedance. The power dissipated in the ungated
section P, ~ 2|Itg,|*R, is proportional to the ungated
length a, while the power density setting the temper-
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FIG. 4. Calculated dependences of resistive self-mixing (a)
and photo-thermoelectric (b) responsivities on gate-to-source
separation a for various ratios of channel resistance R., and
top gate capacitor impedance Z¢ = (iwCig)~'. While for
R > |Zc| both mechanisms are maximised at small a, the
trend is reversed for Rosn < |Zc|. Blue and green curves
plotted for Z¢c = 100 €, red curve — for Z¢ = 1 k2. The
value of R, is 100 €2 for red and green curves, and 1.4 k(2 for
blue curve.

ature is independent of a. The numerically calculated
variations of PTE response in this limit with shifting the
gate are slight and appear due to non-local character of
heat transport equation. Contrary to the PTE, the RSM
signal goes down with reducing a.

In principle, the experiment with variable gate posi-
tion in the limit of large capacitive impedance may help
to conclude whether the dominant THz detection mech-
anism in graphene is RSM or PTE22. Such problem can
be hardly resolved with simple gate-dependtent measure-
ments. Indeed, the dependences of both mechanisms
on carrier density are indistinguishable and follow the
derivative of conductivity with respect to Fermi energy.
The experiment with variable gate position is also appli-
cable to other 2d materials and heterostructure FETSs,
where the origins of photoresponse are debated!-4,

Our interpretation of data was based on specific
boundary conditions for ac current and voltage at the



FET terminals. These imply fixed voltage at the
antenna-coupled terminals, and zero current at the drain.
The latter condition is approximate, as it neglects the
leakage current through the fringing capacitance between
the gate and the drain C,¢27. At the same time, this ca-
pacitance is reduced once we reduce the gate-drain sep-
aration a, and so does the leakage current. This may be
another reason contributing to enhanced photoresponse
of FET's with close source and gate.

To conclude, we have shown that the optimal asym-
metric structure of antenna-coupled terahertz detecting
FET is the one with source proximized to the feeding
gate. Considering the FET as two rectifying contacts lo-
cated at the source and drain junctions, we may say that
placement of the gate near the source concentrates the
electromagnetic energy at one of the rectifiers, leaving
the other intact. Following such arguments, we may sug-
gest that source-shifted asymmetry’ of FET-based detec-
tors would be beneficial also for rectification by hydrody-
namic non-linearities of electron fluid23:3, non-linearities
of Schottky/p — n junctions of the contacts2, and pho-
tocurrent generation by photovoltaic effect37.

Supplementary material. See supplementary mate-
rial for resistance and photovoltage data in a broad range
of gate voltages.
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