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ABSTRACT

Thermoelectric readout in a graphene terahertz (THz) radiation detector requires a p-n junction across the graphene channel. Even without
an intentional p-n junction, two latent junctions can exist in the vicinity of the electrodes/antennas through the proximity to the metal. In
a symmetrical structure, these junctions are connected back-to-back and therefore counterbalance each other with regard to rectification of
the ac signal. Because of the Peltier effect, a small dc current results in additional heating in one and cooling in another p-» junction, thereby
breaking the symmetry. The p-n junctions then no longer cancel, resulting in a greatly enhanced rectified signal. This allows simplifying the
design and controlling the sensitivity of THz radiation detectors.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0117818

Graphene-based terahertz (THz) detectors can be fast and
sensitive devices in a wide frequency range."” There are several
readout mechanisms in graphene detectors, such as bolometric,’
thermoelectric (TEP),” and ballistic readout mechanisms’ and those
based on noise thermometry,® ratchet effects,”” and electron-plasma
waves,”'" also called the Dyakonov-Shur (D-S) mechanism.'""
Detectors with the TEP readout mechanism are simple, do not
require electrical bias, and therefore have no 1/f noise, allowing
for scalable fabrication using chemically vapor-deposited (CVD)
graphene, and have undemanding electrical contacts. The high
efficiency of such detectors stems from a large radiation-induced
increase in the electronic temperature T. because of the weak
electron—phonon (e-ph) coupling in graphene'”'* and a large value
of the Seebeck coefficient (S ~ T./3 uV/K)."”'®

A p-n junction across the graphene channel must be formed to
fully realize the TEP readout in a graphene-based radiation detector
[see Fig. 1(a)]. It can be done either chemically or electrostatically
by using a split top gate.!” Without p-n junctions, the TEP signal is
usually insignificant."”

However, there can be latent p-n (or p-p’ or n-n') junctions
in the vicinity of the electrodes/antennas through the proximity to
the metal."” ' These junctions do not normally contribute to rec-
tification®® of the ac current induced by THz radiation because the
junctions (diodes) are connected back to back, i.e., symmetrically in
the opposite directions [see Fig. 1(b)]. Here, we show experimen-
tally and by numerical simulations that a small dc current breaks
the symmetry and the ac current gets rectified, which considerably
increases the signal. This allows for effective control of sensitivity of
the THz-radiation detector.

We fabricated the devices from a chemically vapor-deposited
(CVD) graphene grown on a 2 in. large copper foil 25- or
60-ym thick in a commercial cold-wall CVD system (AIXTRON
Black Magic II). Pure Ar and H, were used as a buffer- and
nucleation-controlling gas, respectively. The precursor gas was
CHy diluted in Ar (5%). The nominal temperature was regulated
by using a thermocouple in contact with the graphitic heater.
Many patches of two- and three-layer graphene were seen in
the majority of samples. The resulting charge-carrier mobility u
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(b)

FIG. 1. (a) Model geometry of a sym-
metric graphene detector. Graphene is
outlined by the dashed line. The arrows
mark two latent p-n junctions in the
vicinity of the electrodes (log-periodic
antenna in this case). (b) Schematic
doping profile in a device. The regions
under the electrodes are assumed to
be n doped because of the proximity
to the metal. The latent p-n junctions
(diodes) are connected back to back
(the inset). (c) Schematic cross section
of the graphene channel with two metal
electrodes. Red arrows show a current
flow and its distribution (crowding). (d)
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of such graphene transferred to ordinary office lamination foil
[ethylene vinyl acetate(EVA)/polyethylene terephthalate (PET)] was
nonetheless surprisingly high, reaching 9000 cm?/(Vs).”**

THz detectors were fabricated in many ways, with graphene
both under and on top of the metal electrodes/antennas. We also
chose different metals for the electrodes—Au, Pt, and Pd—which
were expected to have different proximity-doping effects on
graphene.'” CVD graphene was either transferred to a SiO,/Si sub-
strate by using the PMMA- or paraffin-assisted technique” or
simply glued to a substrate using an epoxy-based adhesive. Bow-
tie or log-periodic antennas were lithographically patterned to have
better coupling to THz radiation [see Fig. 1(a)]. However, the anten-
nas appeared to only play a minor role in the frequency range of
our measurements because of a relatively high graphene-to-metal
contact resistance, resulting in a significant impedance mismatch.
This leaves spacey room for uncomplicated improvement of detec-
tors in the future, promising a much better performance than that
demonstrated in this work.

For optical excitation, we used Gunn diodes and pulsed THz
laser’®”” optically pumped by a transversely excited atmospheric-
pressure CO; laser.”® The Gunn diode provided linearly polarized
radiation with a frequency of 94 GHz and an estimated incident
power of 1-10 mW. The radiation was modulated using an optical
chopper at a frequency of 37 Hz, allowing measurements of pho-
toresponse using the standard lock-in technique. The THz power
delivered to the samples in the cryostat through the optical windows

introduces significant non-linearity at
high bias. Here, cy is the residual
charge density, and ey is the electron
charge.

is somewhat difficult to reliably estimate because of the multiple
reflections from the metal walls of the cryostat, resulting in light
interference and a complex pattern of maxima and minima of the
light intensity.

The THz laser provides single pulses of monochromatic radi-
ation, with the pulse duration in the order of 100 ns, a repetition
rate of 1 Hz, and the peak power in the order of hundreds of
kW. The peak power was monitored using THz photon-drag detec-
tors.”” The laser operated at frequencies f = 0.61, 1.07, 2.02, and
3.31 THz. The photoresponse to the THz pulses was measured
using a digital oscilloscope as a voltage drop across a 50 Q load
resistor.

Figure 2(a) shows the response signal vs dc current, demon-
strating an initially linear increase in the signal and then a tendency
to saturate and even decrease at the maximum current. The sign of
the signal changes with the direction of the dc current. In the samples
with dissimilar metals on both ends of the graphene channel, there
was usually an offset in the vertical direction common to all curves,
which meant that the signal at low temperature was significant even
at zero dc current.

The signal decreases with temperature [see Fig. 2(b)]; the
shape of this decreasing function is sample dependent. As shown in
Fig. 2(b), the signal changes gradually and survives up to room tem-
perature. However, in several other samples, the signal decayed to
zero at 150-200 K. A couple of devices showed a very abrupt change
in the signal that vanished at ~40 K (see the supplementary material).
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FIG. 2. (a) Output response signal to 94 GHz radiation vs dc current and (b) the
temperature dependence of the signal at the two fixed dc currents marked by the
vertical dashed lines.

The mechanism behind this temperature dependence is unclear and
requires further experiments.

Since the response signal in our devices is due to the ther-
moelectric effects and involves electron heating, the decay of the
signal with temperature should be largely attributed to the increased
cooling of hot electrons. The electrons are cooled by interactions
with phonons. These interactions are generally weak because the
population of optical phonons is exponentially small at low tem-
perature. The cooling efficiency through the acoustical phonons is
impeded because of the momentum mismatch but can be some-
what improved when involving scattering by impurities (supercol-
lisions).'” However, there can be many other modes involving the
out-of-plane direction in multilayer graphene, e.g., the shear mode
at 31 cm™".""’" Many double-layer patches and these phonons can,
in principle, be an effective channel for cooling the electrons.

The heating of electrons can be regarded by simply con-
sidering graphene as a conducting layer with Drude-like
frequency-dependent conductivity o(w) = 0o(1 —iwr)™". The
heating effects are described by the real part of the conductivity,
P(w) ~ v*Re(a(w)) ~ v?0p/(wr)?, for wt > 1. Here, P is the Joule
heating power, v is the ac-voltage amplitude in graphene, oy is
the dc conductivity, 7 is the scattering time, w = 271f, and f is the
frequency.

Figure 3 shows the frequency dependence of the normalized
response signal at room temperature. By rotating the electric field
vector with respect to the line connecting the contacts, we observed
only weak polarization dependence of the photoresponse, which
confirms the anticipated inefficiency of the antennas because of the
large impedance mismatch. The overall responsivity decays with
the frequency as 1/f> (see the dashed line in Fig. 3), in correspon-
dence with the suggested Drude model for Joule heating by THz
radiation.”

When applying perpendicular magnetic field to graphene, we
observed that the photoresponse substantially decreased. This is
shown in Fig. 4. Overall, the decrease in the signal in the mag-
netic field can be explained by the increased relaxation of elec-
trons, causing a decrease in their temperature and thermoelectric
response. Indeed, it was experimentally observed in graphene with

ARTICLE scitation.org/journall/adv
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FIG. 3. Normalized responsivity 7 for the linear-polarized THz pulsed radiation at
To = 300 K. The normalization constant is 0.072 xV/W. The dotted line is a fit to
the equation 7 = (fy/f)?, with the parameter f, ~ 0.6 THz.

defects that the relaxation of hot electrons would increase in the
perpendicular magnetic field. This was attributed to the super-
collision cooling combined with the presence of mirror-plane-
symmetry-breaking defects in graphene.’” It was suggested that the
defect-electron interaction could activate the out-of-plane phonons
at the T point (I'ZO phonons). Supercollisions involving these
phonons would then allow transitions between the sufficiently
broadened lowest Landau levels in realistic magnetic fields, thereby
opening an additional channel for electron-energy relaxation.*’
Many double-layer patches in our graphene devices could be
symmetry-breaking defects, validating this scenario. Moreover, the
presence of soft shear-mode phonons (31 cm™) in multi-layer
graphene can further emphasize the supercollision cooling in the
magnetic field.’® The shear mode energy roughly corresponds to
40 K when the population of these phonons is expected to dra-
matically increase and provide an additional pathway for elec-
tron energy relaxation. This might be the reason for the sudden

6 '
(a) H ° (b)
4 ; °
()
°.
— )
S "o
E
©
c
g Lo
°
¢
°
0 2 4
B(T)

FIG. 4. (a) Response signal as a function of the dc current in different mag-
netic fields at 1.7 K. Note the overall decrease in the signal as the magnetic field
increases. (b) The signal vs the magnetic field B at two dc currents, indicated by
the vertical dashed lines in (a).
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disappearance of the signal at this temperature in a couple of our
samples (see Fig. S2).

Some wiggles are also seen in the curves at 1.7 K (see Fig. 4).
They are visible even at zero field but not in all samples (see, e.g.,
Fig. 2) and become more pronounced with an increasing magnetic
field. The structures are clearly seen only at negative dc currents.
The nature behind these structures is not known and requires fur-
ther studies. Possible explanations include plasma resonances’ or
some microwave interference effects in the cavity formed between
the metallic sample holder and the electrodes, with graphene and
the dielectric substrate in between. The self-doping effect under the
electrode can, in principle, explain the asymmetry with regard to the
current direction in the latter case.

The ac response resulting from the dc bias in completely sym-
metric graphene-metal structures can be explained in two ways.
One assumes the self-gating effect in the top contacts to graphene.
Another takes into account the non-uniform doping in graphene
because of proximity to metals. It can also be a combination of the
two mechanisms in real devices. Both mechanisms are similar, in
which Joule heating and thermoelectric effects give rise to a rec-
tified signal because of spatially non-uniform doping in graphene.
The difference is in the manner of how the non-uniformity is
created—through self-gating or proximity doping (see Fig. 1). Here,
we outline a general model of thermal balance between electron and
phonon subsystems in graphene that is subject to Joule heating, in
the presence of thermoelectric effects and non-uniform doping.

A graphene strip of length Jp and width w is subdivided into
p- and n-regions [see Fig. 1(b)]. The p region corresponds to the
graphene channel in between the source and drain contacts, while
n regions correspond to graphene under the contacts because of
proximity doping in graphene.*

The strip rests on a 300 nm thick SiO; layer on top of the Si sub-
strate at constant temperature T. The electrical current with linear
density j flows in the x direction from the source-to-drain electrodes.
Electrons in graphene are heated by the current and cooled by
phonons through the electron-phonon interaction. Phonons escape
into the Si substrate via thermal resistance of the SiO; layer, which
results in an increased lattice temperature Ty > To. The heating and
the temperature distribution T.(x) are highly non-uniform because
the spatially varying doping profile c¢(x) results in non-uniform
conductance and, hence, Joule heating. Moreover, it gives rise to
a non-uniform Seebeck coefficient S = S(x) and the Peltier effect
(jT:0S/0x). This model is described by the coupled one-dimensional
heat-diffusion equations,

o ( 0T\ j* .08 i .
- a(Ke Ox ) = ; —]Tea _al(Te_ Tph)» (1)
82Tph i i
~ten g5 = 6i(Te = Tpn) = xo(Tpw = To), @

where k. = LooT is the electronic sheet thermal conductivity; Lo is
the Wiedemann-Franz constant; Te, Typ, ke, and kyy, are the tem-
peratures and thermal conductivities of electronic (e) and phononic
(ph) subsystems, respectively; and o is the thermal conductivity of
the 300 nm thick SiO; layer. The Seebeck coefficient S in graphene is
assumed to obey Mott’s equation. The heat transfer to the phonon
system is described by the last term in Eq. (1). The exponent

ARTICLE scitation.org/journall/adv

i=3 ori=4 at temperatures above or below the Bloch-Griineisen
temperature Tgg, respectively, and az o< ¢’

Numerically solving Egs. (1) and (2) gives Te(x), Tpn(x), the
TEP voltage, and the total Joule dissipation for any bias current j.
The current in real detectors will be a sum of the dc- and ac com-
ponents: j(t) = j,. + j, sin(wt). For w <« 2m/7, where 7 < 50 fs is the
electron-heating time,” the responsivity can be found by averaging
the TEP voltage and Joule power over one period of the ac bias. The
simulation details can be found in the supplementary material and
Ref. 36.

Simulations were conducted for various sets of parameters, giv-
ing somewhat different shapes of the resulting curves, depending
on the parameters. In Fig. 5, it is seen, e.g., that the signal can
even change sign as a function of dc current. The phenomenolog-
ical fit shown in Fig. 5(b) has no real significance even though it
reveals a T~ factor, which much likely stems from the cooling term
in Eq. (1).

The main parameters that affect the shape of the curves are
doping and residual charge densities. The signal amplitude is at max-
imum when there are p-n junctions at the edges of the electrodes.
In the case of n-n" or p-p’ junctions, the signal is reduced. This
is understandable from the fact that the graphene sheet resistance
(and, hence, Joule heating) is at maximum where the doping is zero.
The current crowding is beneficial because it also results in the Joule
heating that takes place largely at the electrode edges. The maxi-
mum temperature increase in the p-n junctions leads to the large
thermoelectric voltage and an increased signal as well.

In summary, we have shown that in symmetric graphene radi-
ation detectors, the symmetry can be lifted by application of dc
current. This leads to a non-compensated response of the detec-
tors because of nonequivalent thermal conditions for the two p-n
junctions at the edges of the metal electrodes. One p-n junction is
biased in the forward direction while another is biased in the reverse
direction, corresponding to Peltier heating and cooling, respec-
tively. The p-n junctions can be formed because of the proximity
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FIG. 5. (a) Simulated response signal vs dc current at different temperatures. The
following parameters were used: cqy, Cp, and ¢, = 0.5, 1, and -5 x 10'2 cm~2,
Aj=1um, and j,, =1 A/m [see also Fig. 1(b)]. (b) The temperature depen-
dence of the maximum signal and the best fit to the empirical equation
f(T) = a/[1+ (T/t)*], with t = 210 and 264 K for the top and bottom curve,
respectively.
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doping or self-gating effect under the metal electrodes. The sim-
ulations reveal several possible scenarios of the current-induced
response to THz radiation, depending on the metals used and resid-
ual doping of graphene. The thermoelectric effect is at the center of
all the observations. All in all, our work paves the way for design of
graphene radiation detectors with controllable responsivity.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the samples’
fabrication, their characterization, and the results of simulations.
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