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Terahertz ratchet effect converts alternating electric fields into direct currents in low-dimensional
systems with broken spatial symmetry and provide a route towards room-temperature terahertz
optoelectronics. Here, we investigate the ratchet effect in two-dimensional tellurene, whose crystal
structure is formed by helical atomic chains and exhibits intrinsic chirality. Terahertz excitation
generates a circular ratchet photocurrent flowing along the chiral ¢ axis, whose direction is controlled
by the radiation helicity and reverses when the radiation helicity is switched from right- to left-handed
circular polarization. The photocurrent is observed at room temperature over a broad range of gate
voltages, with the Fermi level tuned from the conduction band near the Weyl point through the band
gap and into the valence band, where the energy dispersion is nearly parabolic. A microscopic theory
based on the Boltzmann kinetic equation reproduces the polarization and gate-voltage dependences
of the photocurrent. Our results highlight a potential of tellurene based ratchet devices for helicity-

sensitive terahertz photodetection.

Chirality is a profound and ubiquitous concept that permeates various
realms of nature, manifesting itself in an extensive array of materials and
phenomena. From the intricate molecular biology that underpins all living
organisms to the fundamental principles of particle physics, chirality plays a
pivotal role in shaping our understanding of the natural world. At its core,
chirality refers to the unique spatial asymmetry found in certain structures
that cannot be superimposed by any combination of rotation and transla-
tion. The significance of chirality goes beyond mere structural differences.
There are also chirality-dependent chemical and physical properties, as well
as different responses to external stimuli, see refs. 1-4 for reviews. In con-
densed matter physics, it is bulk tellurium and two-dimensional (2D) tell-
urene which are most well studied chiral materials’”. An important example
of an optoelectronic phenomenon in bulk tellurium are the circular pho-
togalvanic and circular photon drag effects, where an electric current is
driven by the light helicity®'*"". Most recently, circular photogalvanic
photocurrents have been also detected in two-dimensional (2D)
tellurene'>”. The emergence of 2D Te-based structures provides an
opportunity to study chirality-dependent optoelectronic phenomena, in
which extrinsic chirality effects are produced by superimposing an asym-
metrical grating on 2D tellurene samples, which creates ratchet structures.
This unifies the physics of chiral materials with the ratchet effect—the

generation of a DC electric current in response to an AC electric field in
systems with broken inversion symmetry, for reviews see refs. 14-21. In this
work, we propose and demonstrate that a THz electric field acting on an
asymmetrical grating fabricated on a 2D tellurene sample can efficiently
generate a ratchet current. The direction of this current reverses when the
light helicity changes from left- to right-circular polarization. We also
developed a microscopic theory describing the formation of this current for
Weyl and parabolic energy bands, which are relevant for positive and
negative back gate voltages applied to the tellurene layer.

Results

Basic concept

The proposed ratchet structure under study consists of a 2D tellurene
conduction layer with a superimposed asymmetric lateral metallic grating,
as shown in Fig. 1. The removal of spatial inversion in the structure is a
necessary condition for the ratchet effect, and the asymmetrical lateral
superlattice serves as an extrinsic source for this effect. The grating results in
the electrostatic potential V(x, y), acting on the electrons being periodic in
the x direction with a period d: V(x + d, y) = V(x, y). In equilibrium, the
electrons occupy the potential minima, resulting in modulated electron
density with a period d. When uniform THz radiation is normally incident
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Fig. 1 | Ratchet devices and experimental arrangement. a, b Show an optical
micrograph and a cross-section of the ratchet structure. Tellurene flake is deposited
on top of p + Si substrate covered by 90 nm SiO; layer. Nickel source and drain
contacts with thickness of 50 nm were fabricated by electron beam evaporation on
the short sides of the rectangular flakes, which were 46 x 23 um’. To cap the Te flakes,
we deposited a 15-nm-thick layer of Al,O3. The asymmetric grating consists of
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supercells, each formed by two Ti stripes having widths d; = 1.5 and d, = 0.5 pum,

spacings a; = 0.5 and a, = 2.5 pm, and thickness 50 nm. The supercell is repeated 8

times forming the asymmetric grating with the period d = d; 4 a; + d, + a,. ¢ Shows

the two-point resistance as a function of the back gate voltage. d Sketches the

experimental set-up.

on an asymmetric grating, an additional periodically modulated electric field
is produced that acts on the electrons in the tellurene layer. This field is
caused by the near field of diffraction and is enhanced in comparison with
the far field of radiation. Consequently, the amplitude of the electric field,
E(r,t) = eE(r) exp(—iwt) + c.c., is modulated in space with the same
period: E(x + d, y) = E(x, ). Here, e is the polarization vector, which can be
complex for elliptical polarization, and w is the radiation frequency. Note
that the metallic grating does not act as a conventional diffraction grating in
the far field because the grating period is much smaller than the THz
wavelength. Instead, the grating produces a strongly nonuniform near-field
distribution in the vicinity of the tellurene layer. This near-field modulation
leads to a spatial modulation of the electric field amplitude E(x, y). The
modulation results in the simultaneous action of both the static and
dynamic forces:

F(r,t) = —VV(r) + eE(r,t). (1)

which causes the ratchet DC electric current. For the modulation period d
much larger than the electron mean free path and for the photon energy and
the potential size much smaller than the electron Fermi energy, we can use
the kinetic theory for calculations of the ratchet currents. The Boltzmann
equation for the distribution function f(p, r, t) has the form

g+vp~g+F(r,t)~%:S

o5 o tLf1 @

Here v, = de,/0p is the group velocity of electrons with the momentum
P and energy ¢, St is the collision integral, and the force acting on the
electrons is a sum of the static and time-oscillating terms, Eq. (1). In order to
get the ratchet current we iterate the kinetic Eq. (2) in small perturbations V
and E and find the DC correction to the distribution function
Of(p, r)  E’V,,,, V. Then the current density is calculated as

j = egsgvzvp 5f(p, 1‘)7 (3)
p

where the factors g; and g, = 2 account for the spin and valley degeneracy in
tellurene (g, = 1 for the valence band and g, = 2 for the conduction band), and
the line denotes averaging over coordinates. Consequently, the ratchet
current is proportional to the components E,, of the lateral asymmetry
parameter

£ = EX(r)VV(r). (4)

Despite both the static force — VV and the radiation intensity I
modulation o E* have zero mean values, their averaged product Z is
nonzero in the studied structure. Figure 1a shows that the structure has the

lowest possible symmetry, C;, without any nontrivial symmetry elements. In
particular, the structure is chiral because it has no mirror reflection planes,
and both components Z, and Z, are nonzero. The symmetry analysis shows
that the DC electric current can be driven by circularly-, linearly-polarized
or unpolarized radiation

jx = E‘yypcirc + E‘x (XLPL + XO) + E“)/XLPL' (5)

Here P, is the radiation helicity, and Py, p ., are the Stokes parameters
defining the degrees of the linear polarization®, and the factors y, yz, ;> Xo
describe the circular, linear and polarization-independent ratchet effects,
respectively. These factors are independent of the periodic potential and
radiation intensity, being determined by the properties of 2D carriers in
tellurene and radiation frequency. As an important result, the first term in
Eq. (5) shows that the helicity-driven ratchet current in tellurene-based
devices is expected in the direction x corresponding to the chiral axis c.

THz-induced circular ratchet currents

To demonstrate that the circular ratchet effect emerges in tellurene-based
devices, we fabricated an asymmetric metal interdigitated grating formed by
two combs having different stripe widths and separations. The grating was
deposited on a tellurene flake covered by ALO; for electrical isolation, see
Fig. 1 and section Methods. When designing the grating, we considered the
following arguments: (i) To excite the ratchet effect, the grating period must
be much smaller than the radiation wavelength. (ii) It should possess strong
asymmetry to provide an asymmetric near-field distribution. (iii) The
stripes should be thick enough to be opaque and support near-field for-
mation. (iv) It should be easy to fabricate using technology. Sweeping the
back gate voltage U shows that the charge neutrality point (CNP) is
observable in the two-point resistance, as seen in Fig. 1c. Tellurene-based
devices were excited by normal-incident radiation of THz pulsed laser
(100 ns pulses, 1 Hz repetition rate) operating at frequencies f = 1.07 and
2.02 THz, see Fig. 1d. We used a A/4 plate to excite ratchet currents sensitive
to radiation helicity. By rotating the plate, we varied the THz radiation
helicity according to P, o sin 2¢™>*, where ¢ = 0 is the angle between the
laser polarization plane and the optical axis of the plate. Note that for ¢ =0,
the radiation is linearly polarized, with the electric field vector E tilted from
the y-direction by about 15°. Figures 2 and 3 show the electric current J, = U/
R; obtained for different effective gate voltages Ug = U — Ucnp, When
applying radiation at a frequency of 1.07 THz. The current is excited along
the c-axis, which is perpendicular to the grating stripes. We used a A/4 plate
to excite ratchet currents sensitive to radiation helicity. By rotating the plate,
we varied the THz radiation helicity according to P, o sin 2¢***, where
¢ = 0 is the angle between the laser polarization plane and the optical axis of
the plate. Note that for ¢ = 0, the radiation is linearly polarized, with the
electric field vector E tilted from the y-direction by about 15°. Figures 2 and 3
show the data obtained for different effective gate voltages when applying
radiation at a frequency of 1.07 THz.
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Fig. 2 | Helicity-driven ratchet current in tellurene excited by the radiation with
frequency f = 1.07 THz. The normalized photocurrent, J,/P;, as a function of the
lambda-quarter rotation angle, ¢. The data are shown for a radiation frequency
f=1.07 THz and several effective back gate voltages ranging from hole- (Ug < 0) to
electron-conductivity (Ug > 0). The solid lines represent the corresponding fits
according to Eq. (6). The individual contributions, /e, Jo, and Jy, are plotted by the
brown, gray, and green dashed lines, respectively. The fitting coefficients are plotted
in Fig. 4 and $4 of Supplementary Note 1. Vertical arrows indicate the right- (¢*) and
left-handed (0™) circular polarizations, and the ellipses on top illustrate the polar-
ization states at various angles ¢.
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Fig. 3 | Color map of the gate-dependent ratchet current. Phase angle ¢ and
effective gate voltage dependencies of the color-coded photocurrent strength
(Jx — Jo)/Ps as a function of the angle ¢. The data are obtained for f=1.07 THz.

Asa central result, Figs. 2 and 3 reveal that the photocurrents excited by
right (¢") and left (07) circularly-polarized radiation have substantially
different amplitudes. We find that the total photocurrent is well fitted by
above derived Eq. (5), which for the used setup takes the form

]x = ]circ Sm(Z(P) + ]O + ]L sin 4((P + (PO) (6)
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Fig. 4 | Helicity-driven ratchet current in the valence and conduction bands.
Dependencies of the circular photocurrent excited by radiation with frequencies
f=1.07 and f= 2.02 THz on the effective gate voltage Ug. The solid lines are guides
for eyes. Insets sketches indirect (Drude-like) optical transitions in the valence (left,
negative gate voltages) and conduction (right, positive gate voltages) energy bands.

where J. « 5,y is the amplitude of the circular photocurrent, J, is the
amplitude of the polarization-independent contribution, J;, is the amplitude
of the photocurrent in response to linearly polarized radiation, and ¢, is the
phase shift. In this equation we have merged both linear ratchet currents
using that, in the current setup, the Stokes parameters take form P, =
(1 + cos4¢)/2 and P, = sin 4¢™. Figures 2 and 3 reveal the dominance of
the circular photocurrent over the linear one. Importantly, in the reference
sample without grating, the circular photocurrent is absent, see Fig. S1 in the
Supplementary Note 1.

The dependence of the circular ratchet current on the effective gate
voltage is shown in Fig. 4. It reveals that the current reverses its direction at
small negative effective gate voltages. By varying the radiation intensity, we
observed that the current changes according to J, « E’, as shown in Fig. S2 in
Supplementary Note 1. Similar behavior is detected for radiation with a
frequency about twice as high, f = 2.02 THz, but with an essential con-
tribution of the linear current J;, over the entire range of gate voltages, see
Figs. 4 and 5, as well as Figs. S3 and S5 in Supplementary Note 1.

Discussion

Before discussing the results and presenting our developed theory of
ratchets, we will briefly address the possible competing mechanisms
of circular photocurrent that are sensitive to the rotational direction
of the electric field of the radiation, E. According to symmetry
arguments, such a current is only permitted in gyrotropic systems. In
the structures under study, this condition is met for unstructured
tellurene and for tellurene with an asymmetric grating on top. Our
experiments demonstrate that the photocurrent in unstructured
tellurene flakes is insensitive to radiation helicity (see Fig. S1 in the
Supplementary Note 1). Conversely, the ratchet structure fabricated
on a tellurene flake yields a strong current whose direction reverses
when the radiation helicity is reversed. This indicates the effective
chirality of the complete tellurene-plus-grating structure. A fre-
quently addressed mechanism of photocurrent formation in gra-
phene grating structures, similar to those studied here, is the
thermoelectric effect. Indeed, thermoelectric effects™” may in the
structures with grating cause polarization-independent current (J,)
due to the Seebeck ratchet, see e.g., refs. 26,”, and may also con-
tribute to the linear ratchet effect (J;). However, the circular current
can hardly be attributed to the thermoelectric effect. The theory of
the ratchet effect, which is a radiation-induced direct current in
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Fig. 5 | Helicity-driven ratchet current observed at f = 2.02 THz. Dependencies of
the photocurrent (colored symbols) excited by radiation with f = 2.02 THz on the
rotation angle ¢ of the A/4 wave plate. The data are shown for several effective back
gate voltages ranging from hole (Ug < 0) to electron conductivity (Ug > 0). The
photoresponse is normalized to the laser power P; incident on the sample. The
vertical arrows in each panel mark the right-handed (o) and left-handed (¢7)
circular polarization states, respectively. The solid lines represent the corresponding
fits according to Eq. (6). The individual contributions, J. Jo, and Jy, are plotted by
the brown, gray, and green dashed lines, respectively. The fit coefficients are plotted
in Figs. 4 and S5 of Supplementary Note 2. Note that the circular photocurrent
contribution is negligible for gate voltages close to the CNP.

periodically modulated structures with built-in asymmetry, demon-
strates that circularly polarized radiation gives rise to a photocurrent
sensitive to radiation handedness in a tellurene-plus-grating
structure.

The focus of our work is the ratchet current in tellurene-based devices,
which can be illustrated by the following model. The radiation electric field
changes the spatially-modulated distribution of electrons resulting in the
new, nonequilibrium modulation profile which is formed after a quarter of
the period 71/(2w). At this moment, the electric field vector of the circularly
polarized radiation is already rotated by 90° from the initial direction,
accelerating the electrons. After a half of the period, the situation tends to
reverse, however, the electrons are bunched in the other parts of the spatially
modulated structure, where the electric field amplitude has another value.
As a result, the compensation does not take place giving rise to the DC
ratchet current. Remarkably, at opposite circular polarization, the accel-
eration occurs in the opposite direction, and the circular ratchet current
Jeire o P, reverses. This is the mechanism of the circular ratchet effect.

Following on from the theory developed above, the ratchet current
scales linearly with the radiation intensity I o E* as observed in experiments,
see Fig. S2 in Supplementary Note 1. The gate voltage dependence of the
circular ratchet current is presented in Fig. 4. Depending on the gate voltage
U, the Fermi level lies in the conduction band, valence band or in the band
gap, see insets in Fig. 4. The conduction band which is relevant for transport
at large positive Ug, consists of two Rashba-splitted subbands in each tell-
urene valley. At the bottom of conduction band, a Weyl point in the 2D
bandstructure is present. Consequently, we deal with Weyl fermions at a
range of positive gate voltages, and with an almost parabolic energy dis-
persion at negative voltages. The linear (Weyl-like) dispersion is relevant
only close to the Weyl point at relatively small positive gate voltages, whereas
at sufficiently high positive gate voltages the dispersion deviates from the

linear regime and becomes approximately parabolic. As it is difficult to
determine which disorder scattering mechanism is realized in our structure,
we consider both short- and long-range Coulomb scattering.

To understand the observed circular ratchet current behavior upon
variation of the gate voltage and radiation frequency, we develop the
microscopic theory of the effect. We show that the circular ratchet current

j;er = yEypcirc (7)
is strongly sensitive to the type of both 2D energy dispersion of charge
carriers and the disorder scattering potential. First we consider parabolic
energy dispersion ¢, = p*/(2m). At degenerate statistics for the short-range
(SR) disorder scattering potential we obtain (see Supplementary Note 2 for
derivation)

3.2
SR eT

2 mall + (0 — wfﬂ/w)zrz] '

y ®)

Here 7 is the transport scattering time, and wy, = sq is the 2D plasmon
frequency with g = 277/d and s being the plasmon wavevector and velocity,
respectively. For the short-range disorder, 7 is independent of the Fermi
energy &g. For long-range Coulomb (Coul) disorder scattering potential we
get

Coul __sp 3Q° +290" +4Q% + 32
(1+Q2)(Q2 +4)

©)

where Q = wr, and T &
For the linear energy dispersion ¢, = vp, relevant to the vicinity of the
Weyl point (at small positive U), the expressions for y™ and y™" take form

. E122 [(mh*epw)
i = o (10)
1+ w?t )[l+(w—wpl/w) 72]
ou Q2O + Q? + 8)
Vin = M 11)

(@ + 4y

Here, 7 « & for Coulomb scattering and 7 « 1/eg for short-range
scattering. In the above equations the charge has a sign (negative for elec-
trons and positive for holes), therefore, variation of the gate voltages via the
charge neutrality point results in the change of sign of the ratchet current.

The above equations show that the ratchet current is strongly enhanced
by plasmonic effects in the frequency range close to the 2D plasmon. Owing
to the lateral superlattice superimposed onto the tellurene, excitation of the
plasmons becomes possible. In ref. 28, it was shown that the circular ratchet
effect is dramatically enhanced in the vicinity of plasmonic resonances, see
Eq. (8). Using q = 2n/d and s = /eU/m, we estimated the plasmon
frequency to be wy,/(2m) = 0.6 THz at Ug = 10 V. We found that this value
remains below the THz frequencies used in the present work. Thus, the
experiments are performed in the regime of w;, < w, and we consider the
non-resonant ratchet effects. Under this assumption, the dependencies of y
on the Fermi energy are shown in Fig. 6 for two energy dispersions and
short-range and Coulomb disorder potentials. It is seen from Fig. 6 that the
circular ratchet current is strongly sensitive to both the type of energy
dispersion and details of disorder scattering.

The experiments presented in this work are performed at room tem-
perature. At a sufficiently low Ui when the resistance has a maximum, the
Fermi level lies in the band gap. Consequently, the free carriers are described
by the Boltzmann statistics, and the circular ratchet current (7) is deter-
mined by

s Nni?

12
T (12)

YR =y
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Fig. 6 | Calculated Fermi energy dependence of the circular ratchet current
amplitude |y|. The current amplitude describes the behavior when the Fermi level
lies deep in the conduction or valence band. Parabolic (a) and linear (b) energy
dispersions and two elastic scattering mechanisms are considered. Solid and dashed
curves are for wr = 1 and 10, respectively.

where y** is the value (8), N is the charge density, T is the temperature, and
kg is the Boltzmann constant. For the linear energy dispersion this relation
(between piR(T) and yi}) also holds.

The gate voltage dependence of the circular ratchet amplitude pre-
sented in Fig. 4 follows from the theory presented above. Ata sufficiently low
Ug the free carriers have Boltzmann statistics, and it follows from Egs. (8)
and (12) that y « N, therefore, the circular ratchet current monotonously
increases with |U|. This is true for both positive and negative Ug provided
the Fermi level is in the band gap. At high |U|, by contrast, the carriers are
degenerate. Note that in this case both electrons and holes have almost
parabolic energy dispersion (passing through the Weyl point in the elec-
tronic dispersion does not result in significant changes to the ratchet cur-
rent). Then, according to Fig. 6a, y is a constant for short-range disorder or
saturates for Coulomb scattering with increase of er. In both cases the linear
increase of the circular ratchet current amplitude changes to a weaker
dependence on Ug. Exactly this behavior takes place at high positive U for
both frequencies used in the experiments, see Fig. 4.

The theory also explains the observed change of the circular ratchet
current sign upon variation of the gate voltage clearly seen in Fig. 4. Indeed,
Egs. (8) and (10) reveal that the current is proportional to the third power of
the carrier charge, which changes in the vicinity of the CNP. The slight shift
of the zero point of the current from the CNP to negative gate voltages we
attribute to the fact that electrons still substantially contribute to the current.
This is because both electrons and holes are present at a small Ug, and the
photocurrent of the electrons dominates that of the holes.

Conclusions

To summarize, we observed that the lateral asymmetric grating fabricated
on top of the 2D tellurene induces a circular ratchet current in the chiral axis
direction ¢. An important feature of chirality is the sensitivity of material
property to the radiation helicity. Our experiments demonstrate that the

photocurrent in unstructured tellurene flakes, as studied here, is insensitive
to the radiation helicity. At the same time the ratchet structure fabricated on
the tellurene flake yields a strong current whose direction reverses when the
radiation helicity is reversed. This indicates the effective chirality of the
complete tellurene-plus-grating structure. Due to the near-field diffraction,
the grating periodically modulates the electric field of the incident radiation.
Furthermore, the grating produces the periodic electrostatic potential. The
developed semiclassical theory demonstrates that the combined action of
these fields on 2D carriers results in the DC helicity-driven electric current.
The DC current is controlled by the back gate voltage. The obtained Fermi
energy dependence of the circular ratchet current describes well the
experimental data for both positive and negative gate voltages. In the former
case, the current is carried by the chiral Weyl fermions, while in the latter
case it is formed in the valence band with almost parabolic dispersion. The
current is detected at technologically important room temperature which
paves the way for development of novel electronic devices. As a future task,
since the circular ratchet current is controlled by the lateral asymmetry
parameter, we expect that its magnitude can be substantially magnified by
finding a special design that increases the value of the lateral parameter =.
Moreover, tuning the structure parameters and radiation frequency to
plasmonic resonance should result in the resonant circular current. Study
the photocurrent dependence of the system as a function of Urg; and Urg,
would help clarify whether thermoelectric effects induced by the asym-
metric top gate structure, alike in multigate graphene structures™”’, con-
tribute to the response of the tellurene ratchets. Furthermore, decreasing the
structure period and temperature would allow for a superlattice period
smaller than the mean free path. This results in the formation of minibands,
and in the new mechanisms of the circular ratchet current formation in the
quantum-mechanical regime. As an outlook, it is worth performing com-
parative measurements with opposite crystal handedness, mirrored grat-
ings, or current measured perpendicular to the c-axis.

Methods

Figure 1a, b show the photograph and cross-section of the studied devices,
respectively. The 2D Te flakes were synthesized using the hydrothermal
growth method”. The synthesized 2D Te flakes, which had a thickness of
approximately 30 nm, were rinsed twice in water before being transferred to
a 90-nm SiO,/Si substrate using the Langmuir-Blodgett method. This
substrate served as a back gate. In the following, the long side of the tellurene
bar is oriented along the c-axis of the tellurium (x-direction) and short sides
along a-axis (y-direction). To cap the Te flakes, we deposited a 15-nm-thick
layer of AL,O; on top using atomic layer deposition with (CH;);Al (TMA)
and H,O as precursors at 200 °C.

Asymmetric grating was formed by two combs having different stripe
widths and separations, see Fig 1. The asymmetric grating consists of super-
cells, each formed by two Ti stripes having widths d; = 1.5 and d, = 0.5 um,
spacings a; = 0.5 and a, = 2.5 pm, and thickness 50 nm. The supercell period is
d=d, + a, + d, + a,. During the measurements, the grating electrodes were
electrically floating. Despite the presence of the 15nm ALO; spacer, the
metallic fingers modify the local electrostatic environment and produce an
effective periodic modulation of the electronic potential.

To demonstrate that the circular photocurrent is caused by exclusively
the ratchet effect, we additionally fabricated tellurene flakes with the same
technology, but without grating. The experiments described above were
performed at room temperature. To change the concentration and carrier
type, a voltage U is applied to the back gate. For the investigated devices, the
CNP was found at negative gate voltages of approximately — 3 V, see Fig. 1c.
For subsequent analysis, the back gate voltage is presented as an effective
voltage, Ug = U — Ucnp, Where Ucnp is the voltage at which the CNP
appears. Electron and hole-type conductivity occur for positive and negative
Ug, respectively, as described in ref. 30. The carrier concentration for an
effective gate voltage of + 20V is about 5 x 10"> cm ™. The mobility
extracted from the two-terminal gate-dependent transport measurements
are about 520 and 200 cm’/Vs for holes and electrons, respectively. The
source (drain) contact resistance for Te at on state is about 1-5 Ohm mm?*,
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which is about 50-250 Ohm in our current device. This is negligible com-
pared to the channel resistance, see Fig. 1c. The corresponding Fermi
energies are approximately equal to 55 meV for electrons and 45 meV for
holes which justifies the assumptions employed in the kinetic theory.

As a source of radiation we used optically pumped pulsed NHj; laser
operated at f = 1.07THz (A = 280 um, 4w = 44 meV) and 2.02 THz
(A = 148 um, sw = 8.35meV). The laser generated single pulses with a
duration of about 100 ns and a repetition rate of 1 Hz. The radiation with
f=1.07(2.02) THz and power P~ 10(30) kW was focused in a spot of about 5
(3.8)mm diameter. Taking into account the area of the device,
Sievice = 107 cm?, we obtain that the power irradiating the sample
P, = P X (Sqevice/ Sspor) = 0.5(2.7) W, where Sy, is the beam spot area. The
induced photocurrents were detected as a voltage drop across load resistors
R;, = 50 Ohm. The signals were recorded using digital oscilloscopes.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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