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Graphene is considered as a promising platform for detectors of high-frequency radiation up to the terahertz
(THz) range due to graphene’s superior electron mobility. Previously it has been shown that graphene field
effect transistors (FETS) exhibit room temperature broadband photoresponse to incoming THz radiation
thanks to the thermoelectric and/or plasma wave rectification. Both effects exhibit similar functional depen-
dences on the gate voltage and therefore it was found to be difficult to disentangle these contributions in
the previous studies. In this letter, we report on combined experimental and theoretical studies of sub-THz
response in graphene field-effect transistors analyzed at different temperatures. This temperature-dependent
study allowed us to reveal the role of photo-thermoelectric effect, p-n junction rectification, and plasmonic
rectification in the sub-THz photoresponse of graphene FETs.

Over the last decade, graphene has attracted a con-
siderable attention in the fields of photonics’ and
optoelectronics?. The interest is motivated by graphenes
unique gate-tuneable physical properties that allow real-
ization of radiation detectors operating in a wide range
of frequencies5.

Electromagnetic radiation in the terahertz (THz)
range deserves a special attention as it allows fast and
non-destructive imaging of objects with a strong poten-
tial in medical and security sectors’. With this potential,
the development of efficient THz generators and sensitive
detectors is an important technological problem.

Recently, it has been shown that graphene field-effect
transistors (FETs) can act as THz detectors exhibit-
ing a dc photoresponse to impinging radiation®813, A
broadband photodetection in the sub-THz range with
the responsivity reaching tens of V/W and noise equiv-
alent power of hundreds of pW/Hz'/2 has been demon-
strated in graphene FETs designed in the configuration
where the incoming radiation is coupled between the
source and the gate terminals®?'2. In this configuration,
the photoresponse is usually attributed to the so-called
Dyakonov-Shur (DS) rectification arising as a result of
the plasma waves excitation in the FET channel®*15.
However, other effects can also impact the photoresponse.
For instance, photo-thermoelectric effect (PTE) arising
from the temperature gradient in a FET can provide an
additional rectification of the incoming high-frequency
signal*®. As we show below, both PTE and DS effects
exhibit similar functional dependence on the gate volt-
age and result in the same sign of the photoresponse,
that makes it challenging to point to the origin of the
observed rectification. Further improvement of graphene-
based THz photodetectors requires a deeper understand-

ing of the rectification mechanisms governing the pho-
toresponse.

In this work, we analyze the sub-THz photoresponse of
graphene-based FET by comparing its responsivity at lig-
uid nitrogen and room temperatures. Such temperature-
dependent measurements allowed us to point to the ef-
fects arising from the heating of electronic system, over-
damped plasma wave photodetection, and diode rectifi-
cation. In particular, we show that the opposite sign of
the Seebeck coefficients in the p-doped graphene chan-
nel and n-doped graphene in the vicinity of the metal
contacts causes a significant PTE photoresponse to in-
coming radiation. When graphene channel is uniformly
n-doped we observe an enhancement of the photorespon-
sivity with increasing temperature that can be explained
by the overdamped DS scenario.

Our FET was made of graphene encapsulated between
two slabs (50 nm thick each) of hexagonal boron nitride
(hBN) by the dry-transfer method as described in Supple-
mentary Material and elsewhere!®. The FET was made
in a dual-gated configuration such that the carrier density
n in the channel was controlled by the global back gate
electrode (located at a distance d = 500 nm) whereas the
top-gate as well as the source terminals were extended to
a millimeter scale and served as sleeves of a logarithmic
spiral broadband antenna, see Fig. 1la-b and Supplemen-
tary Material.

Photoresponse measurements were performed in a vari-
able temperature optical cryostat allowing coupling of
the device under study to electromagnetic radiation via
a polyethylene window. A silicon hemispherical lens fo-
cusing the incoming radiation to the device antenna was
attached to the bottom of the device. The radiation was
further funneled into the channel of our FET by its cou-



pling to the source and the top gate electrodes yielding
the modulation of the top gate-to-channel voltage differ-
ence, Fig. la. The sub-THz radiation was generated by
two backward wave oscillators allowing us to tune the fre-
quency between f = 0.13 THz and 0.45 GHz. The power
delivered to the device was measured using the Golay cell
and recalculated accounting for the losses and size of the
cryostat optical window and silicon lens!”.
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FIG. 1. (a) Schematics of a dual-gated graphene-based field
effect transistor (b) An optical micrograph of our device.
Scale bar is 6 um (c) Two-terminal resistance as a function of
Vig measured at T'= 77 K and 300 K. Inset: examples of the
I(V)— curves measured in the dark and under illumination
with 0.13 THz. V4, = —20 V, T = 300 K.

Prior to photoresponse measurements, we character-
ized the transport properties of our graphene FET. Fig-
ure lc shows a two-terminal resistance R as a function
of back gate voltage Vj, measured at T' = 77 and 300
K. At RT, R exhibits a peak of 7 k) located around
Vbg = —2 V corresponding to the charge neutrality point
(CNP). Away from the CNP, R remains above several
kQ. At lower T, we observed an increase of the device
resistance. Such behavior is opposite to that expected
for doped graphene. This is not surprising as all our
measurements were carried out in a two-terminal geom-
etry and, therefore, R also accounts for a temperature-
dependent contact resistance. For the same reason, the
RT field effect mobility u, extracted from the slope of
R(Vhg) dependence, of our graphene device was only of
3.2 x 10® cm?V~1s7!: two-terminal measurements pro-
vide the lower bound for i, the latter is usually higher in
encapsulated samples? . Nevertheless, at liquid nitrogen
temperature we observed a two-fold increase of p indicat-
ing the suppression of electron-phonon scattering leading
to the increase of the scattering time 7.

The inset to Fig. 1c provides examples of the RT
I(V)-curves of our photodetector measured in the ab-
sence (black) and in the presence of incoming radiation
(brown). Both curves demonstrate linear dependence of
the source-drain current Isp on the bias voltage Vsp.
The I(V)-curve measured under illumination is notably
shifted to the right from the origin so that it intercepts
the zero-current level at AU = 2.8 mV, which we further

refer to as the photovoltage.
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FIG. 2. (a) Photovoltage as a function of V,, measured at
varying power of incoming 0.13 THz radiation. T = 300
K. Inset: Photoresponse as a function of incoming power for
different V4. The solid grey line represents AU « P scal-
ing. (b) RT responsivity versus back gate voltage for different
P. Black: Gate dependence of room-temperature FET-factor
F = —¢~'do/dVi,, where o is the channel conductance.

Figure 2a shows the results of the RT measurements
of AU as a function of V44 acquired at different power P
of incoming 0.13 THz radiation. A finite AU is observed
at all experimentally accessible Vp, except CNP where
the sign of the photoresponse changes in agreement with
ambipolar transport in graphene. The detected signal is
highly asymmetric with respect to V34, such that it tends
to zero at large positive Vg4, whereas it remains nearly
constant with decreasing V34 below CNP.

As the power of impinging radiation changes, the pho-
toresponse voltage scales linearly with P, as shown in
Fig. 2a. In Fig. 2b we plot the photoresponsivity
R, = AU/P as a function of V;, corresponding to AU
shown in Fig. 2a. All the dependences fall onto the
same line and do not depend on the power of incom-
ing radiation indicating that the device remains in the
linear-response regime for the experimentally accessible
power-range. The maximum value of R, and the min-
imum noise equivalent power, NEP, of our device were
20 V/W and 0.6 nW/Hz'/2? (see Supplementary Mate-
rial) respectively that is comparable to the performance
reported previously®?12. For further characterization of
our photodetector, we have also measured its responsivity
at higher frequencies and found that our device exhibits
a broadband photoresponse at all experimentally accessi-
ble gate voltages away from the CNP. The results of such
measurements are presented in Supplementary Material.
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FIG. 3. (a) Responsivity as a function of V,y measured at
T = 77 K for different power of incoming 0.13 THz radiation
(b) Ra(Vig) at different temperatures measured at P = 0.06
mW. Arrows indicate the difference in R, between the data
acquired at T' = 77 and 300 K

Figure 3a shows the responsivity as a function of V,
measured at T = 77 K for varying power of incoming ra-
diation. Similarly to the RT measurements, R, is highly
asymmetric with respect to positive and negative gate
voltages. The photoresponse measured away from the
CNP on a hole-doping side exhibits power-independent
R, slowly varying with V;,. For n-doping, R, rapidly
tends to zero with increasing V44. Interestingly, at pos-
itive Vig, the responsivity measured at T' = 77 K was
found to be smaller than that obtained at RT, Fig. 3b.

The gate dependence of R, at 77 K peaks slightly to
the left from the CNP, and for the lowest power of ra-
diation reaches 30 V/W. In this gate voltage range, the
R(Vhg) dependence can be represented as a superposition
of two bell-shaped curves. Usually, such a double-peak
structure of the R(V4,) dependence is caused by the p-n
junction formed at the boundaries between the regions
with slightly different doping. In our device, those re-
gions correspond to the areas not covered by the top-gate
and the part of graphene under the top-gate in which a
build-in electric field produces an unintentional doping.
Thus, the spike in R, can be attributed to the recti-
fication of the high-frequency signal by this p-n junc-
tion'8. The peak disappears with increasing P which is
in agreement with p-n junction rectification scenario, as
hot electrons pass over the junction barrier freely which
suppresses rectification.

Further improvement of the THz detection efficiency

requires a deeper understanding of the possible pho-
toresponse mechanisms in graphene FETs which we dis-
cuss in detail below. Since graphene is characterized by
the large optical phonon energy, hot electrons created
by the Joule heating can remain at a higher tempera-
ture than that of the lattice and therefore may affect
the photoresponse by the PTE3%. Due to the asym-
metric design of the antenna (Supplementary Material),
the high-frequency current flows predominantly between
the source and the gate terminals. This leads to the
asymmetric temperature distribution across the graphene
channel. Therefore, the electron system in the vicinity of
the source remains at a higher average temperature Ts
compared to that near the drain Tp, as shown in Fig.
4a. For a uniformly doped channel, the emerging photo-
voltage is given by

AUPTE = —/SdT ~ S(TS — TD) (1)

where S & To~ldo/dEF is the Seebeck coefficient, o is
the conductivity of graphene and do/dEF is its deriva-
tive with respect to the Fermi energy Er. Within a fac-

tor of a slowly varying function dVi,/dEp o Vblg/ 2, the
Seebeck coefficient and therefore AUptg depend on the
ratio between the 2D channel transconductance and its
conductivity which we further refer to as the FET factor
F = —07'do/dV,y. In Figs. 2b and 3a we plot F (V)
obtained by numerical differentiation of the data in Fig.
lc. The experimental photoresponse follows F'(V4,) for
positive gate voltages however strongly deviates from it
when Vp, < 0.

This asymmetry can be understood within the PTE
model by taking into account n-doping of graphene near
the gold contacts'?2°. Considering the piecewise distri-
bution of the Seebeck coefficient, S.,,; near the contacts
and S¢, in the remaining part of the channel, as shown
in Fig. 4a, one obtains a modified expression for AUprg:

AUptr = (Seh — Scont)(Ts — Tp). (2)

Equation (2) readily explains the asymmetry of the de-
tector characteristics R,(Vsg) shown in Fig. 2b and 3a.
Indeed, S, is controlled by the gate voltage and changes
sign at the CNP while S, is dictated only by the built-
in field at the graphene-metal interface. The n-doping of
graphene by contacts'®2" implies that Seon; < 0. This
increases the absolute value of the photovoltage for p-
doped channel and decreases it for n-doped . At high
positive voltage V44 > 20 V, the observed response ap-
proaches zero, which hints on the equal doping of channel
and contacts. At this point, the electron Fermi energy in
the channel is estimated as Ep ~ }‘wF(WCbngg)1/2 ~ 0.1
eV (where vp is the Fermi velocity and Cy, is the gate-
to-channel capacitance), which is close to the value of
contact doping at graphene/metal interface?!.

An alternative view on the photodetection processes in
2D FETs is the so-called DS scenario which predicts the
rectification of the ac signal by the field effect and hydro-
dynamic nonlinearities possibly enhanced by the resonant
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FIG. 4. (a) Distribution of the Seebeck coefficient S, dissipated heat ¢ and temperature T in a FET with the radiation coupled
between the source and gate terminals. (b) Normalized photo-thermoelectric responsivity as a function of V44 calculated for
T =77 and 300 K. (¢) Normalized DS photoresponsivity as a function of V44 calculated with eq. (3) for given 7 and f = 0.13
THz. Inset: Rq/Z as a function of 7 calculated at Vyg = —5 V. V343 = 0 V corresponds to the CNP.

plasma wave excitations'#. Though the conditions of the
hydrodynamic transport are usually fulfilled in encapsu-
lated graphene??23, the plasmonic enhancement of the
nonlinearities in our device looks hardly possible as the
plasma waves are overdamped. Indeed, for our device,
we estimate the scattering time with respect to momen-
tum non-conserving collisions 7 to hundreds of fs so that
wt < 1, where w = 27 f. In this non-resonant regime,
the DS photodetection yields a broadband photoresponse
(also referred to as resistive self-mixing) with the photo-
voltage given by®':

U2 1 do

AUps = ——2 =2

o) < F )

3)
where U, is the ac gate-to-source voltage, L is the
channel length, g(w) = [sinh? kL — sin® kL] /[sinh® kL +
cos? kL] is the form factor depending on the wave num-
ber k = (w/27)'/?/s of the overdamped plasma wave,
s = +/€|Vig|/m is the plasma wave velocity, e is the elec-
tron charge, and m is the cyclotron mass of charge car-
riers. Importantly, AUpg is also proportional to F', that
makes it difficult to distinguish the PTE and DS mech-
anisms by studying the gate-voltage dependences only,
see equations (1) and (3). We also emphasize, that these
two mechanisms yield the same sign of the photovoltage
(see Supplementary Material). As we show below, the
role of each effect in the photovoltage can be revealed by
studying the photoresponse at different temperatures.

We stat our analysis from the temperature dependence
of the PTE. To this end, we express the electron temper-
ature in eq. (2) through the incoming radiation power by
solving the heat transfer equation (Supplementary Ma-
terial). This results in the responsivity

R ~ 5| €| Zest| 0L
“ on2 | kg kT L°

(Seont — S >] (1)

where Z.g is the effective resistance relating the power
impinging on the antenna with resulted gate-to-channel

voltage, 0L is the length of doped contact region and L
is the overall channel length. In Fig. 4b we show the
normalized responsivity R,/|Zeg| as calculated from eq.
(4) for different temperatures and realistic estimates of
SL = 100 nm?%. At negative Vj,, both curves saturate
and exhibit temperature-independent response. When
approaching the CNP from the p-doping side, one ob-
serves an increase in responsivity with lowering temper-
ature. Both observations are in accordance with the ex-
perimental data for p-doped graphene shown in Fig. 3b.
The model allows us to roughly estimate |Zog| =~ 100
Q, which is close to that estimated from the equivalent
circuit (see Supplementary Material).

Despite the agreement with data at negative gate volt-
ages, the PTE theory does not provide a complete qual-
itative description of the experiment: in the n-doped
regime, the absolute value of the RT responsivity is three
times higher than that observed at T' = 77 K which con-
tradicts the PTE scenario, because the latter yields the
decrease of the photovoltage with increasing tempera-
ture, Fig. 4b. Indeed, in the case of PTE, the rela-
tive heating Ts — Tp is proportional to the dissipated
heat ¢ = 0E?/2 and inversely proportional to the ther-
mal conductance y. At liquid nitrogen temperatures and
away from CNP, the electric and thermal conductivity
are coupled by the Wiedemann-Franz law, and therefore
Ts —Tp o q/x < T~!. Recalling that in the degen-
erate electron system the Seebeck coefficient grows lin-
early with 7', one obtains the temperature independent
AUprg. In the non-degenerate case S weakly depends
on temperature while the relative heating and therefore
AUptg drop upon increasing T'. Further reduction of
the photovoltage at elevated temperatures occurs due
to electron-phonon cooling?® and interaction with hyper-
bolic phonon-polaritons in hBN26.

The increase of the responsivity in n-doped graphene
at RT can be qualitatively explained by the broadband
DS photodetection scenario. Indeed, although the eq. (3)



does not depend on temperature explicitly, the latter en-
ters the expression for the plasma wave vector k through
the temperature-dependent scattering rate 7'4. The eval-
uation of the DS response with eq. (3) for f = 0.13 THz
including the form factor g(w) for different relaxation
times demonstrates a counterintuitive increase in signal
at shorter 7, as shown in Fig. 4c, that is in qualitative
agreement with data in Fig. 3b. Previously, we men-
tioned that in our device the momentum relaxation time
drops with increasing temperature (e.g. due to electron-
phonon scattering). Moreover, the PTE response is ex-
pected to vanish for highly n-doped device (Fig. 4b).
Therefore, an increase of the experimentally detected re-
sponsivity at RT may be caused by the overdamped DS
photoresponse being the dominant photodetection mech-
anism. We also note that for an accurate evaluation of
the DS photovoltage in such FET, one needs to account
for its dual-gated design, that is the subject of our further
studies.

In summary, we have demonstrated that FETs based
on graphene encapsulated in hexagonal boron nitride
can serve as high-responsivity sub-THz photodetectors
with low NEP. We have shown, how the measurements
of the photoresponse at different temperatures can
provide the information on the rectification mechanisms
governing the photoresponse. Namely, by comparing the
photoresponse at different temperatures, we have found
that the opposite sign of the Seebeck coefficients in the
p-doped graphene channel and n-doped graphene-metal
interface results in the significant PTE rectification of
the high-frequency radiation. For a uniformly n-doped
graphene (where the PTE is minimized), we have found
that the photoresponse increases with increasing tem-
perature that contradicts the PTE scenario and can be
qualitatively explained by the overdamped plasma wave
rectification being the dominant contribution to the pho-
tovoltage at RT. Furthemore, we have found that a p-n
junction, formed in the channel of a FET, provides an ad-
ditional rectification mechanism allowing one to increase
the responsivity of graphene-based THz photodetectors.

SUPPLEMENTARY MATERIAL
See supplementary material for the details of the
device fabrication, photoresponse measurements at
various frequencies, measurements of the device noise
equivalent power, the theoretical model describing
photo-thermoelectric response.
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