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We report on the observation of a nonlinear intensity dependence of the terahertz radiation
induced ratchet effects in bilayer graphene with asymmetric dual grating gate lateral lattices. These
nonlinear ratchet currents are studied in structures of two designs with dual grating gate fabricated
on top of boron nitride encapsulated bilayer graphene and beneath it. The strength and sign of
the photocurrent can be controllably varied by changing the bias voltages applied to individual
dual grating subgates and the back gate. The current consists of contributions insensitive to the
radiation’s polarization state, defined by the orientation of the radiation electric field vector with
respect to the dual grating gate metal stripes, and the circular ratchet sensitive to the radiation
helicity. We show that intense terahertz radiation results in a nonlinear intensity dependence caused
by electron gas heating. At room temperature the ratchet current saturates at high intensities of
the order of hundreds to several hundreds of kWcecm™2. At T = 4 K, the nonlinearity manifests
itself at intensities that are one or two orders of magnitude lower, moreover, the photoresponse
exhibits a complex dependence on the intensity, including a saturation and even a change of sign
with increasing intensity. This complexity is attributed to the interplay of the Seebeck ratchet
and the dynamic carrier density redistribution, which feature different intensity dependencies and
a nonlinear behavior of the sample’s conductivity induced by electron gas heating. The latter is
demonstrated by studying the THz photoconductivity. Our study demonstrates that graphene-based
asymmetric dual grating gate devices can be used as terahertz detectors at room temperature over
a wide dynamic range, spanning many orders of magnitude of terahertz radiation power. Therefore,
their integration together with current-driven read-out electronics is attractive for the operation

with high-power pulsed sources.

I. INTRODUCTION

The terahertz (THz) frequency range is one of the fron-
tiers of physics, holding great promise for progress in
diverse fields, such as solid-state physics, biology, and
astrophysics. It also has tremendous potential in high
data rate wireless communications, security applications,
environmental monitoring, spectroscopy of various mate-
rials, etc. The vast majority of these applications de-
pend on the availability of THz detectors and sources.
Most recently the asymmetric comb-like dual-grating-
gate (DGG) graphene-based field-effect transistor struc-
ture has been suggested as a promising room tempera-
ture detector for the use in 6G- and 7G-class high-speed
wireless communication systems [1]. Direct currents (dc)
excited by THz electric fields in graphene-based asym-
metric DGG structures have been intensively studied in
a wide range of frequencies from hundreds of gigahertz
to tens of terahertz [2-11]. Experiments performed in
DGG formed by periodically repeated metal stripes of
different widths deposited on mono- and bilayer graphene
have revealed several different sources of the rectified cur-
rent namely electronic ratchet effects [2, 10-15] and plas-

monic ratchet effects [1, 2, 7, 8, 10, 11, 16-24], and the
photothermoelectric effect [1, 25-29]. It is worth noting,
that the two former effects have recently been shown to
be the hydrodynamic and drift-diffusion limits of a mech-
anism controlled by the ratio of the electron-impurity and
electron-electron scattering rates. While dc currents ex-
cited in graphene-based DGG structures by low-power
THz radiation have been actively studied, measurements
at high power excitation have not been performed so far.
At low intensities the dc¢ current in DGG THz devices
scales linearly with the radiation intensity I, at high in-
tensities it can be driven in a nonlinear regime, which
has not yet been addressed, either experimentally or the-
oretically. The study of the photocurrent nonlinearity
is important because, on the one hand, such results pro-
vide new insights in the mechanisms of current formation
and, on the other, allow to define the detector’s dynamic
range, an important figure of merit, and to obtain pa-
rameters controlling it.

Here we report the observation and detailed study of
the nonlinear dc current excited by intense THz radiation
in DGG devices at room and liquid helium temperatures.
Our findings show that in most cases the photocurrent



saturates with an increase in the radiation intensity. The
saturation intensity depends on the potentials applied to
DGG subgates, the back gate voltage, and the temper-
ature. It can be tuned in a wide range from fractions
of kWem™2 to MW cem™2.  Furthermore, at low tem-
peratures and for specific sets of voltages applied to the
gates, the photocurrent shows a nonmonotonic intensity
dependence, first saturating but then reversing its sign
at higher intensities. Our analysis demonstrates that the
observed nonlinearities are mainly caused by electron gas
heating. We show that a complex intensity dependence
results from the interplay of two microscopic mechanisms:
the Seebeck ratchet caused by an inhomogeneous electron
heating due to the near field E(x) formed by the diffrac-
tion of the radiation incident on the lateral superlat-
tice [2, 13, 30| and dynamic carrier-density redistribution
(DCDR) [13, 31]. Most of the experiments have been per-
formed using conventional structures with a DGG formed
by metal stripes deposited on top of graphene (top DGG).
Additionally, we fabricated and studied devices of novel
design with asymmetric DGG structures fabricated be-
neath the graphene (bottom DGG), in which the radia-
tion directly enters the graphene layer without having to
pass through the metal grid. We show that both kinds of
DGG devices exhibit similar behavior, however, the top
DGG structure has a higher room temperature respon-
sivity than the bottom DGG. Thus, in the main body of
the paper we focus on the results obtained for the top
DGG structures, and in the Appendix B we present and
discuss the data for the bottom DGG.

The paper is organized as following. In Secs. I1I and 11
we briefly discuss the essential features of our research
methodology and the top DGG sample design. The re-
sults on the THz ratchet currents excited by low-power
and high-power radiation are presented in Secs. IV and V,
respectively. In Sec. VI we show the data on the radia-
tion induced photoconductivity in top DGG structures.
In Sec. VII we discuss experimental data in view of the
microscopic background. The last section summarizes
the work. We complement our paper by Appendices A-
B discussing the DCDR microscopic mechanism of the
ratchet current (Appendix A), and presenting a detailed
description and discussion of the results obtained on bot-
tom gate DGG structures (Appendix B).

II. SAMPLE DESCRIPTION

The devices were fabricated from exfoliated bilayer
graphene (BLG) flakes encapsulated in hexagonal boron
nitride (hBN), which were stacked onto a Si-substrate
covered by 285 nm of SiO5 using the van-der-Waals stack-
ing technique [32]. Figure 1 shows the cross section (a)
and an optical microphotograph (b) of the BLG sand-
wich (the BLG size was ~ 30x11.5 um?, with top and
bottom hBN thicknesses of 40 and 80 nm, respectively)
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FIG. 1. Panels (a) and (b) show a cross-sectional sketch and
top view of the device with top DGG. The BLG structure is
encapsulated in hBN and stacked on p-type silicon covered
by a silicon oxide layer. The dual-grating top gate structure
was fabricated on top of the BLG-hBN-sandwich and con-
sists of Cr/Au gate fingers. The red double arrow in panel
(b) depicts the orientation of the radiation electric field with
respect to the source-drain (S-D) direction, which is defined
by the azimuth angle «. Panel (¢) shows the measurement
configuration. In the experiments with pulsed laser the volt-
age signal was measured across a load resistance Ry = 50 €.
In contrast for measurements with the cw laser the voltage
drop was obtained directly across the sample.

with the DGG on top. The Si-substrate served as a uni-
form back gate to control the carrier density, in the range
(0.6 —7) x 10! cm~2. The DGG is made from two elec-
trically separated top gates, one with wide (DGG1) and
the other with narrow (DGG2) stripes. The lateral lat-
tice consists of six cells of period L each consisting of wide
(narrow) space and width parameters, i.e. 2 pm (0.5 pm)
and 1 pm (0.5 um), respectively. This configuration al-
lows us to apply an asymmetric bias voltage to the sample
to control the lateral asymmetry parameter = by using
unequally biased top gates. The double comb-like struc-
ture was fabricated by using electron beam lithography
(EBL) and the deposition of 5nm Cr and 30 nm Au lay-
ers. To process the contacts, prepared by EBL, the hBN
was etched by reactive ion etching and finally Au and Cr
were deposited.

This types of DGG have been widely used in works on
THz detectors, see e.g. Refs [7, 8, 17, 23]. In addition,
as addressed above, we also designed and investigated
novel bottom DGG structures, see Appendix B for fab-
rication details and experimental results. The periodic
grating structure allows a controllable variation of the



lateral asymmetry parameter [2, 13]

dV
= 2
2= Ey(2))?, (1)

where z is the axis perpendicular to the DGG stripes,
V(x) is the electrostatic potential and Eq(x) is the mod-
ulated electric field due to near-field effects caused by the
diffraction of the THz radiation on the grating. In addi-
tion to the dual-grating gates, the graphene parameters
were varied by a voltage applied to the back gate. Note
that, in graphene-based structures the charge neutrality
point (CNP) may shift due to residual doping within the
BLG, therefore, the applied back gate voltage will be pre-
sented as an effective voltage with Upg,esr = Upc — UBE"
in the following, where Ug&* is the back gate voltage
value corresponding to the CNP.

IIT. METHODS

The THz induced dc current in our devices has been
obtained by using normally incident low power and high
power radiation from optically pumped continuous wave
(cw)- and pulsed molecular lasers [33]. These line-
tunable systems allowed us to generate frequency lines
between 0.6 and 3.3 THz, with corresponding photon
energies between 2.5 and 13.8 meV. Note that the as-
sociated wavelengths are about two orders of magnitude
larger than the period of the DGG structures; a condi-
tion which is characteristic for the ratchet regime. The
beam had a Gaussian shape, which was monitored by a
pyroelectric camera, and was focused onto the graphene
sample using an off-axis parabolic mirror resulting in a
spot size of &~ 1.5 to 2 mm FWHM at the sample’s posi-
tion. Note that the spot is much larger than the sample
size ensuring approximately uniform illumination of the
device. The intensities of these laser systems differ by
several orders of magnitude. While for cw the intensities
reach ~# Wem™2 in the pulsed regime the peak inten-
sities of 100 ns pulses reach a few MWcm™2. The cw
laser with methanol as the active medium operated at
f =2.54 THz. We used a pulsed gas laser with NH3 and
CH3F gases as active media pumped by a transversally
excited atmospheric pressure (TEA) CO; laser [34-36].
It operates at frequencies f = 0.6, 1, 2, and 3.3 THz
with a repetition rate of 1 Hz. Note that, for these laser
lines the achievable intensity maximum decreases with
frequency. The cw-laser operates at f = 2.54 THz and
the radiation was modulated by a chopper. The power of
the cw laser was measured by a pyroelectric detector and
that of the pulsed laser by a photon drag detector [37].
The initially linearly polarized radiation, was modified
by a half- and quarter-wave plates, both made of z-cut
quartz to achieve a controllable rotation of the linear po-
larization state and to provide elliptically/circularly po-
larized radiation. The radiation intensity was varied by

using a crossed polarizer setup consisting of two wire grid
polarizers, where the rotation of the first one modifies the
radiation intensity, while the second one is fixed to ensure
an unchanged output polarization [38, 39].

The samples were mounted in an optical temperature-
regulated continuous flow cryostat with z-cut crystal
quartz windows or on a room temperature sample holder.
The source (S) and drain (D) contacts were arranged in
such a way, that the photocurrent normal to the dual
grating gate stripes could be detected, see Figs. 1(a) and
(b). For most of the experiments discussed below we
measured the photocurrent in unbiased samples, for the
setup see Fig. 1(c). Additionally, we also examined the
photoinduced change of the sample’s conductivity. In the
cw laser setup the photovoltage signals V,, were mea-
sured by using a standard lock-in technique, while mod-
ulating the incoming radiation with an optical chopper.
This resulting signal V;}, is related to the photocurrent as
J = Von/Rs, where Ry is the sample resistance. In case
of pulsed excitation the photocurrents were measured as
a voltage drop across a load resistor Ry, = 50 £, and
the photocurrent is obtained as J = V,/Ry. For the
photoconductivity measurements the samples were ad-
ditionally biased by a dc¢ bias voltage of Ug. £ 0.03V.
Consequently, in this case the measured signal consists
of a photocurrent and a photoconductivity contributions.
While the photocurrent signal is independent of Uy, the
photoconductivity signal is proportional to the bias volt-
age. This allowed us to extract the photoconductivity
signal by taking one half of the signals obtained for neg-
ative and positive biases, which eliminates the photocur-
rent contribution.

IV. PHOTOCURRENTS AT LOW-POWER
EXCITATION

We start with the data obtained at low-power excita-
tion for a frequency of f = 2.54 THz. Figure 2(a) shows
the photoresponse normalized to the radiation intensity
obtained as a function of the azimuth angle o measured
at room temperature labeled in the following as RT. The
polarization dependence is exemplarily shown for unbi-
ased back- and subgates of the top DGG. The data points
can be fitted well by

J = Joy + Ji cos2a + Jy sin 2ax. (2)

This behavior is characteristic for the THz excited
ratchet currents investigated in DGG structures, see
Refs. [2, 3, 10, 23]. Here, Jy corresponds to the polariza-
tion independent part, which is called the Seebeck ratchet
effect, whereas the second and third terms are two con-
tributions to the polarization dependent linear ratchet,
for review see Ref. [13]. A fingerprint of the ratchet
effect is the photocurrent dependence on the asymme-
try parameter =. For zero top gate voltages the pho-
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FIG. 2. Photocurrent J normalized to the radiation in-
tensity I measured at room temperature at a frequency of
f = 2.54 THz. Panel (a): ratchet current as a function of
the azimuth angle a obtained at zero effective back gate volt-
age corresponding to the charge neutrality point, and both
top subgates unbiased. The solid line is fitted according
to Eq. 2. It demonstrates that the ratchet current excited
by linearly polarized radiation consists of two contributions
Jo = 1.2 nAcm?/W and J; = 0.78 nA cm?/W. Note that
a possible contribution J> is negligible. Double arrows on
the top illustrate the state of polarization for several values
of azimuth angles a. Panel (b) shows the polarization depen-
dence of the photocurrent obtained by rotating of the lambda-
quarter plate by the angle ¢. The solid line is fitted according
to Eq. 3. It shows a large contribution of the circular ratchet
current Jeire = 0.73 nA cm2/W. Double arrows, ellipses and
circles on top illustrate the state of polarization for several
values of angle ¢. Upper arrows labeled as ¢ and o~ in-
dicate the photocurrent magnitude measured for right- and
left-handed circularly polarized radiation, respectively.

toresponse is due to the non-zero E stemming from the
asymmetry of the intrinsic built-in potential, which re-
sults from the metal stripes of different widths on top of
the encapsulated BLG. In DGG structures the param-
eter = can also be controllably varied by applying bias
voltages, Ui_pga1 and U;_pgae, to the individual sub-
gates t-DGG1 and t-DGG2. This is clearly demonstrated
in Fig. 3, where one top gate voltage was continuously
changed while the other was kept at zero voltage. Panel
(a) shows the polarization independent contribution, Jp,
while panel (b) shows the polarization dependent ratchet
response, J1. Here and in the following we focus on the
ratchet contributions Jy and Ji, since Jy is more than
one order of magnitude smaller. Figure 3 clearly shows
that the variation of an individual subgate voltage, and,
consequently, the variation of the lateral asymmetry pa-
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FIG. 3. Normalized ratchet photocurrent contributions Jo
and Ji as a function of the top gate voltages U;_pgai/2. The
data are obtained at room temperature by varying the bias
voltage applied to one of the subgate while keeping the other
at zero bias. The individual contributions Jy and J; were
extracted from the total photocurrent exploiting the differ-
ences of their polarization dependencies, see Eq. 2. Panel (a)
shows the polarization independent contribution according to
Jo = [J(aw = 0)+J (v = 90°)]/2. In Panel (b), the polarization
dependent ratchet term is given by Ji = [J(a = 0) — J(a =
90°)]/2. Note that in these measurements the parameter J2
is negligible.

rameter =, changes the sign of the photocurrent sign in
the vicinity of zero bias, and increases the photocurrent
magnitude with increasing subgate voltage.

In addition to the Seebeck and the linear ratchet cur-
rents we detected the circular ratchet effect, which is
manifested by the opposite sign of the photocurrent in-
duced by the right- (¢7) and left-handed (o~) circu-
lar polarization where the Seebeck ratchet remains con-
stant and the linear one vanishes. Figure 2(b) shows
the dependence of the photoresponse on the rotation an-
gle ¢ at room temperature measured at a frequency of
f = 2.54 THz and keeping all gates at zero bias. The
opposite helicities are marked by vertical arrows. The
data points can be fitted well by

Ji(cosdp +1)  Jysindep

J = J
o+ 5 5

+ Jcirc sin 290- (3)

Here, J. determines the amplitude of the circular
ratchet effect. It is important to point out that the mag-
nitudes Jy, Jq, and Jy are the same as in Eq. 2, and the
polarization dependent part corresponds to the transfor-
mation of the Stokes parameters [40| corresponding to
the A\/4 plate setup [41].
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FIG. 4. Intensity dependencies of the polarization indepen-
dent ratchet current Jo measured at room temperature with
zero effective back gate voltage Usg = 0, Uy—pge1 = —2 V
and Ui—pagz = 0. Panel (b) shows an enlargement of the
data at f = 0.6 THz, where the intensity of our laser system
is limited to ~ 60 kWcm™2. The solid curves are fits ac-
cording to Eq. 4 with two fitting parameters: the low-power
amplitude A and the saturation intensity Is. These param-
eters are plotted in Fig. 13 as a function of the excitation
frequency.

V. HIGH-POWER INDUCED RATCHET
CURRENTS

The results described so far have been obtained by
applying low-power radiation ranging in fractions of
W /em?. At these low intensities the photocurrent lin-
early increases with the radiation intensity (not shown).
By using the pulsed laser system, we have been able to in-
crease the radiation intensity by up to five orders of mag-
nitude, i.e., up to hundreds of kW/cm?. Such a drastic
increase in the radiation intensity results in a nonlinear
behavior of the photocurrent. Measuring the photocur-
rent at room temperature we found that it saturates with
the increase of the radiation intensity I. Figure 4 shows
the intensity dependence of the ratchet current .Jy ob-
tained for negatively biased t-DGG1 and zero biased t-
DGG2. This sequence of subgate voltages yields a high
asymmetry parameter = and hence a high ratchet cur-
rent, as shown in Fig. 3. The data can be fitted well by
an empirical equation

1
1+1/1°
where the amplitude A and the saturation intensity I, are

used as fitting parameters. The parameter A describes
the photocurrent amplitude in the linear regime (I < I).

J=A (4)
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FIG. 5. Intensity dependence of the polarization independent
ratchet current Jo and the linear ratchet current J; measured
at room temperature and f = 1 THz. The data are presented
for zero effective back gate voltage Upc = 0 and two combi-
nations of top gate voltages. The solid and dashed lines are
fits based on Eq. 4. Note that for the solid and dashed lines
the top gate voltages Ui_pca1 and Ui_pcgz are reversed.
The fitting parameters are: for Jo at Uy_pagijz = —2/0V,
A = 0.39 nA/(W/cm?) and Is = 40.1 kW/cm? (black solid
line); for Jo at Uy_pggi/z =0/ -2V, A= 0.62 nA/(W/cm?)
and I, = 38.1 kW/cm? (black dashed line); for Ji at
Ut—DGG1/2 = —2/0 V, A = —0.47 nA/(W/CmQ) and Is =
5.3 kW/cm? (red solid line); for J; at Ui—bcgi2 =0/ -2V,
A = 0.74 nA/(W/cm?) and I, = 7.6 kW /cm? (red dashed
line).

The magnitude of A, detected in pulsed measurements at
frequencies 1 and 3.3 THz, is close to that obtained in
low-power cw measurements at a frequency of 2.54 THz,
see Figs. 4(a) and 3(a), respectively. The data show that
the A decreases with increasing frequency, while the sat-
uration intensity Iy increases with increasing f. This
behavior is discussed in detail in Sec. VII. Saturation is
also observed for the linear ratchet effect Ji, see Fig. 5.
This figure also shows that the Jy and J; contributions
always have opposite signs. As expected for the ratchet
current, the sign of these contributions reverses when the
gate combination is inverted. Applying o+ and o~ polar-
ized radiation we observed that the intensity dependence
of the circular ratchet current is also well described by
Eq. 4. The corresponding data and the fits are shown
in Fig. 6. The circular photocurrent was calculated as
half the difference between the photocurrents excited by
right- and left-handed circularly polarized radiation.

Now we focus on the data obtained at T = 4 K. The
inset in Fig. 7 shows the polarization dependence of the
photocurrent excited by linearly polarized radiation of
moderate intensity. In spite of that fact that this depen-
dence is similar to that obtained at room temperature
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FIG. 6. Intensity dependence of the circular ratchet current
Jeire measured at room temperature with zero effective back
gate voltage Upg,eg = 0, Ut—pac1 = —2 V and Us—pcg2 = 0.
Panels (a) and (b) show the data for the radiation frequency
3.3 and 0.6 THz, respectively. The solid curves are calculated
according to Eq. 4 with two fitting parameters: the low-power
amplitude A and the saturation intensity Is. These parame-
ter are plotted in Fig. 13 as a function of the frequency. The
dashed lines represent linear fits of the low-power photocur-
rent.

and is well described by Eq. 2, at T'= 4 K the photocur-
rent is mainly dominated by the polarization independent
contribution Jy > Ji,Js. Therefore, below we concen-
trate on examining the functional behavior of Jj.
Figure 7 shows the dependencies of Jy on the effective
back gate voltage for different subgate voltages combina-
tions. All the curves change their sign near the CNP (see
corresponding sheer transport curves). The sign change
of the photocurrent results from the sign change of the
majority carriers at the CNP. The functional dependen-
cies of the ratchet currents are odd with respect to the
carrier charge, so a transfer from hole to electron con-
ductivity leads to an inversion of the ratchet current di-
rection. The data presented in Fig. 7 demonstrate, that
the curves with inverted subgate voltages have consis-
tently opposite signs, see solid and dashed curves for
Ui-pac1/Ui—pcaz = —2 V/0 and Ui_pga1/Ui-pacz =
0/ —2 V in Fig. 7(b). Opposite ratchet current di-
rections for these subgate voltage combinations origi-
nate in the sign change of the lateral potential gradient
dV/dx and, consequently, the asymmetry parameter =
(see Eq. 1). Figure 7(b) illustrates that when a high neg-
ative bias voltage is applied to the subgates (U;_paa1/2),
the ratchet current behaves in a non-monotonic way: it
increases with Upg, e, reaches an extreme, and then de-
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FIG. 7. (a, b) Dependence of the photocurrent contri-

bution Jo on the effective back gate voltage Upq, g mea-
sured at the radiation frequency of 0.6 THz, T' = 4 K and
different top gate voltage combinations Ui—pcc1/Ui—paG2-
The data were obtained at a moderate radiation intensity
of 0.4 kWem™2. The thick lines in the corresponding col-
ors depict the sample resistance. It’s worth noting that the
resistance curves (solid and dashed) in panel (b) almost coin-
cide. Here, the solid and dashed resistance curves correspond
to the Ui—paci1/Ui—paaz = —2/0 V and 0/-2 V, respec-
tively. The inset shows the dependence of the photocurrent
on the azimuth angle o obtained for a radiation intensity of
10 KW cm ™2 for gate voltage combinations of Upg,est = 11.2'V,
Uipegt = 2V, and Ui-paae = 0V. The red solid curve is a
fit according to Eq. 2 with fitting parameters, Jo = —5.85 A,
J1 = 0.9 pA and J2 = —0.1 pA. Double arrows on the top
illustrate the state of polarization for several values of the az-
imuth angles a.

creases or even changes the sign (as shown by the solid
and dashed black curves). Studying the resistance of the
samples we found that, apart from a maximum at the
CNP; it increases drastically at high negative U;_paai/2,
see black lines in Fig. 7, i.e. for the gate voltages at which
the peculiarity of the ratchet current is detected. This
additional increase can be understood qualitatively in an
extended capacitor model, see Refs. [42, 43]. While the
back gate acts on the entire graphene flake, the top gates
only couple to the graphene regions underneath, shift-
ing the CNP only in those regions. If the top gates are
biased, the carrier concentration in the regions directly
below is changed, resulting in an additional resistance
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and blue dashed lines are introduced as a guide for the eye.
The thick gray line depicts the corresponding sample resis-
tance as a function of Ui.pcagi, while the Ui.pcaze was kept
unbiased.
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FIG. 9. Dependencies of the photocurrent contribution Jo on
the effective back gate voltage Ugg, ¢ measured for a radia-
tion frequency of 0.6 THz and different radiation intensities.
Panel (a) shows the data obtained for zero bias at both top
gates. , while panel (b) displays the data for Up.pgg1 = -2V,
keeping t-DGG2 unbiased. The thick gray lines on both pan-
els represent the corresponding sample resistance.
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FIG. 10. Dependencies of the photocurrent contribution Jo
for the top gate voltage combination Urggi/2 = —2V/0. The
data are obtained for several radiation frequencies and an ef-
fective back voltage of 11.2V. Panel (b) presents an enlarge-
ment of the data for f = 0.6 THz and f = 1 THz, where
the intensity of our laser system is limited to ~ 60 kW /cm?
and 250 kW cm ™2, respectively. Solid curves are fits based on
Eq. 4 with the low-power amplitude A shown in Fig. 13. Note
that the fits reflect the trend but describe the data for mod-
erate intensities in a rough way. The saturation parameter I
used for these fits is about 10 kW cm ™2 for f = 0.6 THz and
increases with frequency as I o w?.
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FIG. 11. Intensity dependencies of the photocurrent Jo

obtained for a radiation frequency of 0.6 THz, an effec-
tive back gate voltage of 11.2V and different combinations
of the top subgate bias voltages. The solid curves are
fits according to Eq. 5. The fitting parameters for: the
blue curve are A = —5.95 pAch/kW Isa = O,9kW0m72,
B = 0.11pAcm?/kW, I, p = 3 -10*? kW cm™2and the red
curve are A = fl.QpAcmz/kW Isa = 05kWem™2, B =
—1.6 pA cm?/kW, I p = 3.6kW cm ™ 2.



peak in the back gate sweep.

A double sign inversion of the ratchet current is also
found by studying the top gate voltage dependencies, see
Fig. 8. Here, the photocurrent exhibits two characteristic
sign changes: One of them takes place around zero top
gate voltage, while the second sign change is observed
around the CNP. While the sign inversion of the pho-
tocurrent in the vicinity of the CNP is discussed above,
and corresponds to the change from positively charged
holes to negatively charged electrons, the sign inversion
around zero top gate voltage is caused by the reversal
of the lateral potential gradient dV/dx. A consistently
opposite sign of the traces obtained by varying Uy_pgc1
and U;_paae, see red and blue traces in Fig. 8, is also
caused by the sign variation of Z. Indeed, biasing the
wide (t-DDG1) while keeping the narrow (t-DGG2) fin-
gers at zero bias results in an opposite sign of = with
respect to the configuration in which t-DGGT1 is is held
at zero potential and t-DGG?2 is biased. In fact, in these
configurations we have an opposite sign of dV/dzx « E.
Note that this peculiar dependence on the asymmetry
parameter is a fingerprint of the ratchet effect.

Increasing the radiation intensity substantially changes
the effective back gate dependencies. Figure 9 exemplar-
ily shows Jy as a function of Ugg g obtained for differ-
ent radiation intensities and two sequences of top subgate
voltages. The figure shows a highly nonlinear behavior
of the ratchet current, which varies with back and top
gate voltages. For example Fig. 9(a) shows that at neg-
ative back gate voltages and zero biased top gates the
signal remains almost unchanged by the increasing of I
by changing the intensity from 10 to 44 kW /cm?, while
for high positive back gates an increase in intensity even
changes the sign of Jy. For U;_pgg1/Ui—pcg2 = —2V/0
the situation reverses, see Fig. 9(b), now the sign change
with increasing intensity is clearly seen at negative gate
voltages and the ratchet current saturates at high posi-
tive gate voltages. To study these nonlinearities we mea-
sured the intensity dependencies for different sequences
of gate voltages.

We begin with the gate voltages at which the cur-
rent saturates with increasing I. Figure 10 shows the
photocurrent measured at different frequencies, low back
gate voltage (Upc.er = 1.4 V) and top subgate voltages
equal to Ui_pca1/Ui—pagz = —2 V/0. The ratchet cur-
rent follows the fit curves calculated using the empirical
formula, see Eq. 4, used above for the room temperature
data. These fits describe roughly the intensity depen-
dencies at moderate intensities. Compared to the room
temperature data, see Fig. 4, the amplitude of the un-
saturated current (I << I,) at f = 0.6 THz increases
by an order of magnitude and shows an even stronger re-
duction with increasing frequency. This behavior will be
discussed in detail in Sec. VII. Strikingly, for a particular
set of top gate voltages we found that Eq. 4 does not ap-
ply at all. Several examples are shown in Fig. 11 depict-
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FIG. 12. Dependence of the photoconductivity signal on the
radiation intensity for different gate voltage combinations and
an effective back gate voltage of 11.2V. The solid lines are
a guide for the eye. The inset shows the dependence of the
Ao /o on the top gate voltage Uy-paar.

ing Jo(I) measured at a high back gate voltage (Upg et =
11.2 V) and three subgate combinations. It demonstrates
the nonmonotonic dependencies of the ratchet current
and even changes sign with increasing radiation inten-
sity, see traces for Ui_pca1/Ui—-pegz = —2 V/0 and
Us-pcc1/Us—pag2 =0/ — 2 V. We found that the data
can be well fitted by an empirical formula

I I
. B-
1+1/I,4 LT +1/Lp’

J=A (5)
with amplitudes A and B and the corresponding satu-
ration intensities I; 4 and I p as fitting parameters, see
Fig. 11. This indicates that different mechanisms are
involved in the generation of the photocurrent. Below
we show that a two mechanism assumption valid for the
whole set of low-temperature data and indeed is in line
with the microscopic theory. However, the dependence
of the functional behavior is more complex and one must
consider that the parameter A is I-dependent.

VI. THZ PHOTOCONDUCTIVITY

Further analysis of the intensity dependence, see
Sec. VII, shows that the radiation induced electron gas
heating and, a consequent change of the conductivity of
the sample should be taken into account to describe both
the saturation processes and the intensity dependent am-
plitude A.

Therefore, we performed additional measurements of
the photoinduced change of the sample’s conductivity Ao



(bolometric photoconductivity). Figure 12 shows the in-
tensity dependence of the normalized photoconductivity
Ao /o obtained under the same conditions as the pho-
tocurrent data presented in Fig. 11. The data show that
depending on the combination of the top subgate volt-
ages the photoconductivity is either positive (conductiv-
ity increases upon heating, Ac/c > 0), see traces for
Ui—pcai/Ui—paa2 = 0/—2V and Uy _paai1/Ui—pcae =
—2 V/0, or negative (conductivity decreases upon heat-
ing, Ao /o < 0). The sign inversion is also clearly present
in the dependence of Ac/o(Ui—pca1), see the inset in
Fig. 12. All these observations clearly show a substantial
radiation-induced electron gas heating which, under cer-
tain conditions, results even in a change of the scattering
mechanisms, see inset in Fig. 12. Furthermore, Fig. 12
demonstrates that the photoconductivity depends non-
linearly on the radiation intensity. It saturates at high
positive and negative U;_pga1, while for a high negative
Ui _paa2 the behavior becomes nonmonotonic approach-
ing its maximum at about 5 kWcm™2. Below we will
discuss this behavior in more detail.

VII. DISCUSSION
A. Low-power results

The theoretical analysis performed in Refs. [2, 10]
shows that the photocurrent is caused by a combined
action of a spatially periodic in-plane potential and the
radiation spatially modulated due to near-field effects
of the diffraction on the DGG stripes. The ratchet
effect is controlled by the lateral asymmetry parame-
ter 2 « dV(z)/dz, see Eq. 1. In the top DGG de-
vices this parameter can be controllably varied by ap-
plying the voltages U;_pca1 and Uy_paae to the indi-
vidual subgates. Note that, switching the gate voltage
from Us_paar > 0, Us—pagz = 0 to Ui_paar = 0,
Ui—pcagze > 0 leads to a change in sign of = and, as a
consequence, to a reversal of the photocurrent direction,
as illustrated in Fig. 3. This confirms that the photocur-
rent is caused by the ratchet effect.

It is known that the ratchet effect can have three con-
tributions: the polarization-independent ratchet current
Jo, the one defined by the relative orientation of the elec-
tric field vector E and the DGG stripes (linear ratchet,
J1), and the circular ratchet, Je;. the direction of which
is defined by the radiation helicity and inverses by chang-
ing from right- to left- circularly polarized radiation. All
three contributions have been detected in both top and
bottom DGG devices. The corresponding polarization
dependencies are shown in Fig. 2, 15, and 16.

In the THz range the ratchet currents are typically
caused by the indirect intraband optical transitions
(Drude-like absorption) [44] which scale with the radia-
tion frequency as nP™9 oc 1/(14w?r?%). The decrease of
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FIG. 13. Frequency dependencies of the low-power ratchet
current amplitude A, panel (a), and the saturation intensities
I, panel (b), measured in the top DGG device. Solid and
dashed lines show fits according to J oc A o< 1/(1 4 w?7?) (a)
and I o (1 4 w?7?) (b). The momentum relaxation times
7 obtained from transport measurements, and the sample’s
temperature are indicated close to each curve.

the ratchet current amplitude with increasing frequency
is observed in both types of devices at room temperature
and T = 4 K. Our results reveal that the current ampli-
tude in the bottom DGG device is about 10 times smaller
than that in the top DGG, therefore, in the following we
focus on the latter device. The frequency dependence
of the low-power ratchet current amplitude is shown in
Fig. 13 together with the fits after J o< A oc 1/(1+w?72).
The momentum relaxation times used for the fits corre-
spond to the transport momentum relaxation times mea-
sured in the structures studied in Ref. [11]. The fits
demonstrate that the ratchet current is well described
by the frequency dependence of the Drude absorption.

The above conclusions, which are general for the
ratchet photocurrents, are also valid for the ratchet cur-
rents obtained in the bottom DGG device, as discussed in
Appendix B. However, the lateral asymmetry parameter
= and, consequently the ratchet current in the novel de-
vice are additionally controlled by the back gate voltage.
This is because the applied back gate voltage is period-
ically screened by the conductive DGG graphite stripes,
which results in a periodic lateral potential and therefore
affects the parameter =.



B. High-power results

Increasing the power of the radiation by five orders
of magnitude did not change the functional behavior of
the THz-induced ratchet current. In fact, at high power
the characteristic ratchet current behavior, such as J
=, back gate and the polarization dependencies, remain
qualitatively unchanged. This is shown for the top DGG
structure in Figs. 5 and 7 - 9.

An important difference, however, is that the ratchet
current magnitude behaves nonlinearly as the radiation
intensity increases, see Figs. 4 - 6, and 9 - 11. In all
cases the signal initially increases linearly with the ra-
diation intensity, and subsequently either saturates (in
most cases) or approaches maximum and changes sign.
We note that the magnitude of the linear-in-I ampli-
tude of the ratchet current corresponds to that of the cw
low-power THz laser and exhibits the frequency depen-
dence which is characteristic for the Drude absorption,
see Fig. 13(a). Therefore, we will focus on the intensity
dependence of the photocurrent.

First we discuss the results obtained in devices at room
temperature. Figures 4 and 6 show that at room temper-
ature the ratchet current grows with increasing intensity
I and saturates at high intensity. The overall intensity
dependence can be well fitted by Eq. 4 with saturation
intensity I; depending on the radiation frequency f.

Analysis of the fit functions showed that the saturation
intensity changes as I, oc (1 + w?7?) and that the values
of the relaxation time 7 are those used for the fits of the
ratchet current amplitude A oc nP™9¢. This is shown for
the top DGG device in Fig. 13(b). In the frequency range
studied, I, increases from 10 to 500 kW cm™2. These
results indicate that DGG-based detectors of THz radia-
tion have a high dynamic range, remaining linear at room
temperature for at least up to 100 kW cm =2,

The observed saturation of the ratchet current is at-
tributed to the absorption bleaching caused by the elec-
tron gas heating. The bleaching of the Drude-like radia-
tion absorption in graphene has recently been observed in
experiments on nonlinear ultrafast THz spectroscopy in
monolayer graphene [45], as well as for photogalvanic cur-
rents in bilayer [39] and twisted [46] graphene structures.
The range of frequencies (0.4 — 1.2 THz) and radiation
electric fields (2 — 100 kVecm™!) used in our study are
similar to those used in Refs. [39, 45, 46]. These works
show that the absorption bleaching is well described by
the empirical formula

Drude I -
n o | 1+ T s (6)

where the saturation intensity I, is proportional to the
Drude absorption cross-section and the reciprocal energy
relaxation time. This proportionality describes the ob-
served frequency dependence of the saturation intensities
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in both types of devices well, see Fig. 13(b) and discus-
sion above.

Now we turn to the ratchet photocurrent nonlinear-
ity detected at low temperatures. Intensity dependencies
obtained for both types of devices at different combina-
tions of the DGG subgates and back gate voltages are
shown in Figs. 10 and 11. The data demonstrate that
under most experimental conditions the ratchet current
saturates with increasing radiation power. However, the
functional behavior of the photocurrent becomes more
complex. Figure 10 shows the intensity dependencies ob-
tained in top DGG devices at T' = 4 K together with
fits based on Eq. 4. The fits allow us to extract the
low intensity current magnitude A and reflect the trend
of the signal to saturate. For high intensities the fits
agree only roughly with the data. Both the low-power
current amplitude A and the occurrence of saturation
exhibit a stronger frequency dependence as compared to
the room temperature data. Corresponding dependencies
for the top DGG structure are shown in Fig. 13, which
are well described by A oc nPrude oc 1/(1 + w?7?) and
I, < (1 + w?7?) with the momentum relaxation times
7 = 3 ps obtained from transport measurements, see
Ref. [11].

The saturation of the ratchet photocurrent can also
be attributed to electron gas heating. For complemen-
tary THz photoconductivity results, see Fig. 12. The ob-
served photoconductivity is caused by radiation-induced
electron gas heating and the associated mobility reduc-
tion. Figure 12 shows that the photoconductivity de-
pends highly nonlinear on the radiation intensity and,
is either positive or negative depending on the combina-
tion of subgate voltages. Opposite signs of the photo-
conductivity demonstrate that the electron gas heating
decreases the sample’s resistivity (positive photoconduc-
tivity) or increases its resistivity (negative photoconduc-
tivity) revealing the presence of two different scattering
mechanisms. This is confirmed by measuring the sam-
ple’s resistance as a function of the temperature demon-
strating that at low temperatures and a certain combi-
nation of gate voltages the dR/dT changes its sign with
increasing temperature. In photoconductance measure-
ments this results in a transition from positive to the
negative photoconductivity [33].

This sign change, originating in electron gas heating,
solely describes the complex nonlinearity of the polar-
ization independent ratchet current, Jy. Indeed, one of
the well known mechanism is the Seebeck ratchet current,
which stems from an inhomogeneous electron gas heating
by the near field E(x) caused by the diffraction of the ra-
diation incident on the lateral superlattice. The electron-
phonon scattering followed by the radiation absorption
causes the position-dependent electron temperature char-
acterized by the periodic profile §T(z) o< |E(z)[?. Ac-
cording to Refs. [2, 30, 47], the Seebeck ratchet current



density is given by

_Oo eTT,:

ST ml + (wn)?] ™)

ja: =
Here Z is, as before, the asymmetry parameter (see
Eq. 1), 7. is the electron energy relaxation time and o (7T)
is the temperature-dependent conductivity. Indeed, on
the one hand, the photocurrent is proportional to the
Drude absorption, which saturates as the radiation in-
tensity, whereas on the other hand, the photocurrent is
proportional to do/90T. Consequently, a sign change of
the photocurrent shown in Fig. 11 can result from the
sign inversion of Ao /o with increasing I. However, this
contradicts the experiment’s findings, which demonstrate
that the photoconductivity saturates without changing
the sign (Fig. 12) for appropriate gate voltage combina-
tions where sign inversion is detected (Fig. 11).

All these observations show that the sign inversion
is caused by the interplay of two different mechanisms
of the ratchet current. In fact, another mechanism re-
sponsible for current formation has been introduced in
Refs. [13, 31, 47] and is called the dynamic carrier den-
sity redistribution (DCDR). Here, an ac electric field
E(z) exp(—iwt) + c.c. with near-field amplitude |E(z)],
which is applied to an electronic system with static po-
tential V(x) results in a space-periodic, time-oscillating
carrier density profile dN (z,t) = 6N, (z) exp(—iwt)+c.c.,
see Appendix A. Accordingly, the corresponding pho-
tocurrent is described by [31]

3.-3

DCDR _ — eT
=2————-—(1+P
Ja mh?m[l + (wr)?] ( L), (8)

containing both polarization-dependent (< Pr) and in-
dependent parts with equal amplitudes. The equation
shows that, like the Seebeck ratchet effect it is pro-
portional to the Drude absorption but in contrast in-
dependent of do/IT. Consequently, the Seebeck and
the DCDR ratchet effects are characterized by different
nonlinear contributions. Furthermore, the direction of
the corresponding currents are opposite, therefore, an in-
crease of the radiation intensity can change the sign of
the current indicating that one mechanism becomes dom-
inant. The interplay of different ratchet current mecha-
nisms together with the nonlinearity of the BLG conduc-
tance makes it difficult to describe the ratchet current
nonlinearity observed in low temperature measurements
analytically. Nevertheless our data show that the ratchet
current behaves linearly with increasing radiation inten-
sity up to couple of kW cm™2 and more. This fact, to-
gether with the substantial increase of the ratchet cur-
rent magnitude, demonstrates that also He-cooled DGG
devices can efficiently be used for the THz radiation de-
tection.

So far, we presented and discussed the results for the
top DGG structures. However, our research on the
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ratchet effect in the bottom DGG (see Appendix B)
demonstrates that the origin and the nonlinearity of the
ratchet current are general, yielding qualitatively similar
findings across different device designs.

VIII. SUMMARY

In summary, we investigated asymmetric DGG THz
ratchet devices based on BLG with two different designs.
The ratchet current consists of three contributions: a
polarization-independent, a linear and a circular ratchet
effect.

Our findings show that the photoresponse in these
structures is linear up to high radiation intensities, rang-
ing from several hundreds of kW cm~2 at room tempera-
tures and tens to hundreds kW cm~2 at 4 K. At higher in-
tensities the nonlinearity occurs due to radiation-induced
electron gas heating. For high back gate voltages the
current magnitude is proportional to the Drude absorp-
tion and, therefore, increases with decreasing frequency
as 1/(1 +w?7?). Under most conditions the ratchet cur-
rent saturates with increasing radiation intensity. The
saturation intensity depends on the bias applied to the
DGG subgates as well as on the back gate voltage. An
increase of these voltages leads to an increase of the cur-
rent magnitude and the saturation intensity. At room
temperature the saturation is well described by the em-
pirical formula Jy o 1/(1 + I/I;) with the parameter
I, o< (1 + w?7?). At low temperatures the behavior of
the photocurrent becomes more complex and, in some
cases, even exhibits a sign change with increasing radia-
tion intensity. The complex behavior at low temperatures
is attributed to the interplay of two microscopic mecha-
nisms of the ratchet photocurrent formation: the Seebeck
ratchet effect and the dynamic carrier-density redistribu-
tion mechanism. The top and bottom DGG structures
exhibit a qualitatively similar overall functional behav-
ior of the induced THz ratchet current. However, when
comparing the magnitudes of the ratchet current at low
power, it becomes evident that the bottom DGG devices
exhibit significantly lower responsivity,see Appendix B.
As a significant conclusion, we provide compelling evi-
dence that the asymmetric graphene-based DGG struc-
tures, which have been recently proposed as high-speed,
sensitive room temperature THz detectors, exhibit a lin-
ear photoresponse even at very high radiation intensities
reaching the order of hundreds of kW cm™2.
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Appendix A: DCDR microscopic mechanism of the
polarization independent and linear ratchet current

The dynamic carrier-density redistribution considers a
space periodic profile of the carrier density induced by
the THz radiation. The model of this effect has been
discussed in Ref. [13] in which it was focused on the
origin of the linear ratchet effect. In general, however,
the ratchet current has an additional polarization inde-
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FIG. 15. Dependencies of the photocurrent contributions Jo
and J; on the effective back gate voltage Ung, s measured
at low-power radiation with a frequency of 2.54 THz at room
temperature and both bottom gates at zero bias. The inset
shows dependence of the photocurrent on the azimuth angle
a at a back gate voltage of Upg,eg = 30V, and zero bottom
gate biases. It demonstrates that the ratchet current excited
by linearly polarized radiation consists of two contributions
Jo = 9.2 pAcm?/W and Ji = 6 pAcm?/W. Note that a
possible contribution Jo < Jo, Ji1. The thick gray line depicts
the corresponding sample resistance.

pendent contribution Jy which is of importance for the
description of the nonmonotonic photocurrent intensity
dependence. In the frame of this model the ac electric
field E(z)exp(—iwt) + c.c. with the near-field amplitude
E(z) applied to the electronic system being in the space-
periodic static potential V' (x) results in a space-periodic
time-oscillating profile 6N (z,t) = 6N, (z) exp(—iwt) +
c.c. It satisfies the continuity equation
. 0

—iwed N, (x) + aéaw(x)Ex(x) =0,
where do,,(z) = V(x)0o,,/0cr with o, = 0¢/(1 — iwT)
being the complex conductivity. This means that the
following time-oscillating density profile is formed:

(A1)

200 [wT cos(wt) — sin(wt)] dV (z)
ewer[l + (wT)?] dx

SN (z,t) = Ey(z).

(A2)
This expression shows that due to retardation the den-
sity profile oscillates partially in phase with the electric
field: 0N o< wT cos(wt). Taking into account this density
profile, the dc electric current is given by

dog———
.DCDR __ 900
pu =N ON(z,t)E,(x,t),

where the bar denotes averaging in both time and spatial
period. With account for both valley and spin degeneracy

(A3)
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FIG. 16. Polarization dependence of the photocurrent ob-
tained by rotation of the lambda-quarter plate by angle .
The data are obtained at low-power radiation of cw laser op-
erating at f = 2.54 THz, room temperature and all gate volt-
ages equal to zero. Upper arrows labeled as ¢ and o~ in-
dicate the photocurrent measured for right- and left-handed
circularly polarized radiation, respectively. The solid curve
shows the fit after Eq. 3. It demonstrates a large contribu-
tion of the circular ratchet current Je.irc = 3.3 pA cm2/W.
Double arrows, ellipses and circles on the top illustrate the
state of polarization for several values of angle ¢.

of BLG this yields

2e373
mh?m([l + (wT)?]

-DCDR

Jo = E

2
I (A4)
Finally, we obtain the photocurrent containing both
the polarization-dependent (x Pr) and independent
parts, which have equal amplitudes:
3.3

PoPR _=___ T (14 P,).

* mh2m[l + (wT)?] (A5)

Appendix B: Results on graphene devices with
bottom asymmetric dual-grating gates

The main text is aimed to the ratchet effect in the top
DGG structures, which have been studied extensively in
relation to THz ratchet effect and THz detectors. Below
we present the results of the study of the ratchet effects
in novel design DGG structure that has been fabricated
beneath bilayer graphene.

1. Samples description

Figure 14(a) shows the cross section of the structure.
The bottom dual grating gate was fabricated out of a
graphite (5-10 layers) located beneath the encapsulated
BLG. After mechanical exfoliation of the graphite layer
it was deposited onto a highly doped silicon Sit™ with
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FIG. 17. Dependencies of the photocurrent contribution Jy at
a bottom gates voltage combination of Uy pagi/2z = —2V/0.
The data were obtained at several radiation frequencies and
an effective back voltage of 26 V. The inset presents a zoom-
in of the data for f = 0.6 THz and f = 1 THz, at which the
intensity of our laser system is limited to ~ 60 KW /cm? and
250 kW /cm?, respectively. Solid curves are fits after Eq. 4
with two fitting parameters. The low-power amplitude A and
the saturation intensity s, which are: for f = 0.6 THz -
A =6 pA/(W/cm?) and I, = 1200 kW /cm?; for f = 1 THz
- A = 1.08 pA/(W/cm?) and I, = 4500 kW /cm?; and for
f=2THz- A=0.79 pA/(W/cm?) and I, = 10000 kW /cm?.

285nm of SiO5. Subsequently, EBL was used to fabri-
cate the pattern for the DGG within the graphite layer,
followed by an oxygen plasma etching at low pressure,
thereafter the process was finalized by a lift-off. As a
next step, the hBN-encapsulated BLG was deposited di-
rectly on the interdigitated gate structures. The BLG
flake has a size of 27 ym X 14 pm covered by 35 pum top
and 40 pm bottom hBN. Lastly, the electrical contacts
were fabricated by using the EBL technique, including a
reactive ion etching system for etching of the hBN lay-
ers, and by metal deposition (0.2nm of Cr, and 80nm
of Au) on the BLG. An optical microphotograph of the
device is shown in Fig. 14(b). The interdigitated periodic
structure consists of two bottom gates: a wide (b-DGG1)
and narrow (b-DGG2) gate with 1 ym / 0.5 pm width
and 2 pm / 0.5 pm spacing parameters. Consequently,
an asymmetric lateral lattice is obtained from six cells
of recurring gate fingers and spacings in between with a
characteristic period L. The bottom subgates are electri-
cally isolated from each other, so that individual biasing
of b-DGG1 and b-DGG2 was possible. Application of
voltages Up.pac1 and Up.paaz allows one to tune the lat-
eral asymmetry parameter =Z. The devices were excited
by normal incident THz radiation and the photocurrent
was measured from S and D contacts, see Figs. 14(b)
and (c). Furthermore, as we show below, in the bottom
DGG structures the lateral asymmetry parameter is also
controlled by the unstructured back gate.
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FIG. 18. Dependencies of the photocurrent contributions Jo
on the effective back gate voltage Urg, o measured at a radi-
ation frequency of 0.6 THz, different radiation intensities, and
a bottom gate voltage Up.pggi/2 = 0/0. The thick gray line
depicts the corresponding sample resistance.

2. Photocurrents at low-power excitation

The photocurrent detected in the devices of this de-
sign shows all characteristic features of the ratchet effect
and, in fact behaves similarly to that one excited in con-
ventional top DGG devices described in the main text.
The inset in Fig. 15 shows the dependence of the pho-
tocurrent on the orientation of the radiation electric field
vector. The data are obtained for room temperature and
low-power excitation with a radiation frequency of f =
2.54 THz. Alike for the top DGG devices, the polar-
ization dependence can be well fitted by Eq. 2 with a
negligible current contribution J;. The comparison of
the inset in Fig. 15 (b-DGG sample) with Fig. 2(a) (t-
DGG sample) shows that both Jy and J; detected in the
bottom gate device are about one order of magnitude less
than those in the top DGG structures. Even despite the
fact that in the top DGG structures the back gate volt-
age was zero whereas the data in the bottom DGG were
obtained for a high back gate voltage of Upg,er = 30V,
see Fig. 15. While being clearly detected and well de-
scribed by Eq. 3, the circular ratchet photocurrents, see
Fig. 16, is also about an order of magnitude less than
that detected for the t-DGG devices, see Fig. 2. These
observations demonstrate that, at room temperature, the
bottom gate design is less favorable for THz radiation de-
tection than the top DGG one. Despite the unfavorable
reduction of the device responsivity we present the re-
sults obtained in this structure due to its novel design,
which was not investigated and analyzed so far (all pre-
vious studies were aimed to the top DGG design).

Figure 15 shows the back gate dependence of the
photocurrent Jy. Strikingly, a variation of the effec-
tive back gate voltage results in a reversal of the pho-
tocurrent direction at rather high positive gate voltages
Ugg,eg = 15V. This is in contrast to the results for the
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FIG. 19. Dependencies of the photocurrent contribution Jo
on the radiation intensity obtained for different frequencies
an effective back voltage of —29.9V, Uy,.pae2 = 0 and differ-
ent values of the bottom gate voltage Un.pca1 indicated by
numbers close to each curve. Solid curves in panel (a) are
fits after Eq. 4. The fitting parameters for f = 0.6 THz are
A =0.6 nA/(W/cm?) and I, = 35 kW cm ™2 (3 V). Here and
below the numbers in brackets are values of Uy.paai. The
fitting parameters for f = 1 THz are A = 0.09 nA/(W /cm?)
and I, = 215 kWem™2 (3 V); A = 0.115 nA/(W/cm?) and
Iy = 379 kWem™2 (1 V); A = —0.115 nA/(W/cm?) and
I, = 337 kWem™?2 (-1 V); A = —0.16 nA/(W/cm?) and
I; = 60 kWecem™2 (-1.5 V). Solid curves in panel (b) are fits
after Eq. 5 with fitting parameters: A = 0.94 nA/(W/cm?)
and Iy, 4 = 70 kWem™2, B = —0.81 nA/(W/cm?) and
Iog = 8 kWcem™2 (-1.5 V); A = 1.41 nA/(W/cm?)
and I; 4 = 12.86 kWcem™2, B = —1.01 nA/(W/cm?) and
Iop = 212 kWem™2 (-2.1 V); A = 0.75 nA/(W/cm?)
and I, 4 = 54 kWem™2, B = —0.34 nA/(W/cm?) and
I =24 kWem™? (-1.2 V).

top gate structures, in which the sign inversion has been
detected in the vicinity of the CNP, see Ref. [2, 10] or,
e.g., Fig. 7. This difference, however, can be explained
by simple qualitative arguments. While the variation of
the back gate homogeneously changes the carrier type
and density in the t-DGG devices, the bottom gate po-
tential applied to the BLG sheet in the b-DGG structure
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FIG. 20. Dependencies of the photocurrent contribution Jy on
the radiation intensity. The data are obtained at a radiation
frequency of 1 THz, effective back voltage of 32V, U,.pgaz =
0, and different values of the bottom gate voltage Up.pcai
indicted by numbers in the legend. Solid curves are fits af-
ter Eq. 4 with fitting parameters: A = —0.082 nA /(W /cm?)
and I, = 60 kWem™2 (-2 V); A = —0.11 nA/(W/cm?) and
I = 20 KWem™2 (-1.5 V); A = 0.11 nA/(W/cm?) and
I, = 146 kWem™2 (0.5 V); A = 0.068 nA/(W/cm?) and
I, = 209 kW em ™2 (3 V). The numbers in brackets are values
of Up.pcai-

is periodically screened by the conductive graphite sub-
gates. Consequently, a variation of the back gate voltage
results in the changing of the lateral asymmetry parame-
ter Z and may even result in the formation of lateral p—n
junctions. The interplay between the density modulation
and the changes of the lateral parameter asymmetry may
result in a complex back gate dependence, e.g., the ex-
pected change of the photocurrent sign in the vicinity of
CNP may be compensated by simultaneous changes of
the magnitude and sign of the parameter =.

3. High-power induced ratchet currents

For high intensities the qualitative behavior of the bot-
tom gate device is similar to that in top DGG struc-
tures. Figure 17 shows the intensity dependence of the
photocurrent Jy measured at room temperature at sev-
eral radiation frequencies. While the data can be well
described by Eq. 4, the saturation intensities are drasti-
cally higher than that detected for top DGG structures
and the current behaves almost linear at the whole range
of radiation intensities.

At low temperature (T = 4 K) the nonlinearity is
clearly observed and the overall behavior is well described
by Eq. 4, see Figs. 19(a) and 20. This type of nonlinear-
ity is detected for almost the whole range of the back
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FIG. 21. Panel (a): Dependencies of the photoconductivity on
the bottom gate voltage Up-pcc1 (Ub-pagz = 0) at different
radiation intensities and an effective back gate voltage of 32'V.
The inset shows the intensity dependence of the photoconduc-
tivity measured for a bottom gate voltage of Up.pcg1 = —3 V.
Solid line is a guide for the eye. Panel (b): Dependencies of
the sample resistance on the bottom gate voltage obtained at
different temperatures. The inset shows temperature depen-
dencies of the resistance measured at different bottom gate
voltages Unb-pDaG1-

gate voltages, see Fig. 18, showing the dependence of
Jo on Upg, et measured for different radiation intensities
while keeping both bottom DGGs at zero bias. Figure 18
demonstrates that the photocurrent reverses its sign in
the vicinity of the CNP as well as at high back gate volt-
ages, i.e., behaves qualitatively similar to Jy detected at
room temperature, see Fig. 15. Note that now the ratchet
current amplitudes remain lower, but become compara-
ble to that for top DGG. Also the saturation intensities
at T' =4 K, which are much lower than that detected at
room temperature become comparable to that in the top
DGG device. These findings are illustrated in Figs. 19(a)
and 20 for data obtained at Upg,e = —29.9V and 32V,
respectively. Alike in the top DGG device for a cer-
tain gate sequences we observed that the photocurrent
changes its sign with increasing radiation intensity, see
Fig. 19(b), indicating that two mechanisms contribute to
the photocurrent formation.



4. THz photoconductivity

To investigate the electron gas heating we studied the
THz-radiation induced photoconductivity measured in
bottom DGG devices. Figure 21 shows the bottom gate
voltage dependence of the normalized photoconductivity
Ao /o measured at different intensity levels. In the vicin-
ity of the CNP the photoconductivity is positive and is
mostly caused by the interband optical transitions result-
ing in the generation of electron-hole pairs, Far from the
CNP, this process vanishes, because the Fermi energy in-
creases and becomes higher than the radiation photon
energy, and, consequently possible final states of the di-
rect optical transitions become occupied. Therefore, at
high gate voltages the THz-photoconductivity is caused
by the change of the sample’s mobility due to the electron
gas heating (u—photoconductivity or bolometric effect).
In this bottom gate voltage range, the photoconductivity
is negative at high intensities. However, at low intensi-
ties the photoconductivity is negative at low Up.pcai,
but changes its sign at gate voltages |Up.pca1| between
1 and 3 V and becomes positive at higher gate voltages,
see blue and green curves in Fig. 21(a). This change of
sign is also seen in the intensity dependence of the photo-
conductivity, which is displayed in the inset in Fig. 21(a).
The observed sign inversion of the photoconductive re-
sponse reflects the change of the scattering mechanisms
due to the variation of the bottom gate voltage (inversion
of sign at low intensities and Uy.pag1 between -1 and -
3 V), or even the radiation intensity [inset in Fig. 21(a)].
To explore this feature we measured the bottom gate de-
pendence of the dc resistance for different temperatures,
see Fig. 21(b). In addition, the inset shows temperature
dependencies of the resistance extracted from the traces
in Fig. 21(b) for three bottom gate voltages. This plot
reveals that while at the CNP the sample resistance grad-
ually decreases with increasing the temperature, at high
negative/positive bottom gate voltages it behaves non-
monotonic: it first decreases with raising 7', approaches
minimum, and then starts to increase. This behavior in-
dicates a temperature dependent change of sign of the
first derivative OR/OT (0c/0T). In photoconductive
measurements this change of behavior results in a transi-
tion from the positive to the negative photoconductivity.
Such a transition is clearly seen in the inset in Fig. 21(a)
demonstrating that an increase of the radiation intensity
results in the change of the sign of Ao /0.

Comparing the intensity dependencies of the photocon-
ductive signal and the ratchet effect, we see that alike in
the top DGG structures they may behave qualitatively
different. For instance, while the photocurrent saturates
and remains without a sign inversion, the photoconduc-
tivity changes its sign, see Fig. 20 and inset in Fig. 21(a),
respectively. This observation indicates that also in the
bottom DGG the interplay of the Seebeck and DCDR
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mechanisms of the ratchet effects play an important role,
see Sec. VIIB.

5. Summary of the result on the bottom DGG
devices

Our results demonstrate that the general behavior of
the ratchet effect generated in the bottom DGG devices
behaves similar to that in the conventional top DGG de-
vice. There is only a qualitative difference in the action
of the back gate, which modifies the lateral asymmetry
parameter = in the bottom DGG structure. Our stud-
ies indicate that the responsivity of devices with bottom
DGG structures fabricated of graphite gates was signifi-
cantly lower compared to those with top DGG structures
produced with highly conductive gold film gates.The dif-
ference in the conductivity of the gate materials may be
responsible for the lower response detected in the bottom
DGG devices.
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