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Terahertz ratchet in graphene two-dimensional metamaterial formed by a patterned gate
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I. Yahniuk,1,2 M. Hild,1 L. E. Golub ,1 J. Amann,1 J. Eroms,1 D. Weiss,1 Wun-Hao Kang,3 Ming-Hao Liu,3 K. Watanabe ,4

T. Taniguchi,5 and S. D. Ganichev 1,2

1Terahertz Center, University of Regensburg, 93040 Regensburg, Germany
2CENTERA Labs, Institute of High Pressure Physics, PAS, 01-142 Warsaw, Poland

3Department of Physics and Center for Quantum Frontiers of Research and Technology (QFort),
National Cheng Kung University, Tainan 70101, Taiwan

4Research Center for Electronic and Optical Materials, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan
5Research Center for Materials Nanoarchitectonics, National Institute for Materials Science, 1-1 Namiki, Tsukuba 305-0044, Japan

(Received 6 February 2024; revised 19 April 2024; accepted 6 May 2024; published 21 June 2024)

We report the observation of the terahertz-induced ratchet effect in graphene-based two-dimensional (2D)
metamaterials. The metamaterial consists of a graphite gate patterned with an array of triangular antidots placed
under a graphene monolayer. We show that the ratchet current appears due to the noncentrosymmetry of the
periodic structure unit cell. The ratchet current is generated owing to the combined action of a spatially periodic
in-plane electrostatic potential and a periodically modulated radiation electric field caused by near-field diffrac-
tion. The magnitude and direction of the ratchet current are shown to be controlled by voltages applied to both
back and patterned gates, which change the lateral asymmetry, carrier type, and density. The phenomenological
and microscopic theories of ratchet effects in graphene-based 2D metamaterials are developed. The experimental
data are discussed in the light of the theory based on the solution of the Boltzmann kinetic equation and the
calculated electrostatic potential profile. The theory describes well all the experimental results and shows that
the observed ratchet current consists of the Seebeck thermoratchet contribution as well as the linear ratchet one,
which is sensitive to the orientation of the radiation electric field vector with respect to the triangles.
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I. INTRODUCTION

Recently, DC currents excited by terahertz (THz) radia-
tion in two-dimensional systems with lateral one-dimensional
(1D) gratings whose period is much smaller than the radi-
ation wavelength have attracted increasing attention [1–19].
These studies explored a number of fascinating effects and
paved the way for the development of fast room-temperature
THz detectors [5,7,9,12,15,18,20]. A particularly promising
system discussed so far is the comb-like dual-grating-
gate (DGG) graphene-based field-effect transistor structures
[2,4–19]. In general, the generation of a DC current in lateral
1D periodic systems due to the action of an AC electric field
requires two ingredients, namely an asymmetry of the periodic
potential V (x) acting on the electrons and an asymmetric
amplitude of the near-field E0(x), where x is the modula-
tion direction. The net DC electric current is proportional
to the asymmetry parameter �1D = E2

0 (x)dV (x)/dx, where
the overline stands for the average over the ratchet period
[2,4]. The conversion of the alternating electric field into
direct current in the periodically modulated structures with
broken spatial symmetry belongs to the class of ratchet effects,
which are relevant in different fields of physics, chemistry,
and biology; for reviews see, e.g., Refs. [21–31]. Experi-
ments carried out in DGG structures formed by periodically
repeated metal stripes of two widths deposited on various
low-dimensional electronic systems, such as semiconductor

quantum wells or graphene, have revealed several microscopic
mechanisms of the rectified current, namely electronic ratchet
effects [1,2,10,13,16,20,26,32–34], plasmonic ratchet/drag
effects [5,7,9,10,15,16,18,20,35–52], and the photothermo-
electric effect [18,53–57]. The ratchet effect has also been
demonstrated for a periodic semicircular antidot array in
Si/SiGe and AlGaAs/GaAs heterostructures excited by mi-
crowave radiation at frequencies of tens of GHz [58,59] and
has been proposed for energy-free microwave-based signal
communication [34].

Here, we demonstrate that the ratchet effect can also
be effectively generated by applying THz radiation to two-
dimensional (2D) metamaterials formed by a patterned gate
with an array of triangular shaped antidots placed under a
graphene layer and having a period d � λ, where λ is the
radiation wavelength. Microscopically, electrons feel the low
symmetry of the system through the inhomogeneous near-
field formed by radiation diffraction from the boundaries of
the triangular antidots. The radiation electric field due to near-
field diffraction E0(r) is periodically modulated in 2D space
with period d . Another field acting on the electrons is due
to the periodic asymmetric potential V (r) with barriers at the
boundaries of the antidots. The 2D modulation of both fields
leads to the lateral asymmetry vector parameter given by

�2D = E2
0 (r)∇V (r), (1)
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FIG. 1. (a) Experimental set up and sketch of the sample. The
red double arrow illustrates the radiation electric field vector E for
linearly polarized radiation rotated anticlockwise by the azimuth
angle α. (b) AFM image of the patterned gate made of graphite
with periodic array of triangular antidots of period d = 1 µm. The
antidots are holes in the bottom gate, which are arranged in a squared
lattice. Panel (c) shows a photograph of sample A (the orange area
is the etching mask overlay). White triangles highlight the shape and
position of one line of triangles across the Hall bar. The numbers
enumerate the contacts.

where the overline denotes averaging over the 2D period. Al-
though both the near-field intensity and the periodic potential
are zero on average, the lateral asymmetry parameter is finite
due to the low symmetry of the structure. It is clear that �2D

vanishes if both profiles of V (r) and E2
0 (r) have identical

coordinate dependence. However, the near-field profile is dif-
ferent from that of the triangles, and therefore the parameter
�2D becomes nonzero. Applying linearly polarized THz radi-
ation to unbiased structures, we obtained DC electric currents
consisting of several contributions including the polarization-
independent Seebeck thermoratchet current and the linear
ratchet current, which is sensitive to the orientation of the
driving radiation electric field with respect to the triangles.
The asymmetric electrostatic potential in such structures can
be efficiently varied by gate voltages applied to the patterned
gate and/or by the uniform back gate voltages, allowing us to
change the magnitude and the sign of the ratchet current in a
controllable manner. The results are analyzed in terms of the
phenomenological and microscopic theory of ratchet effects
in periodic structures solving the Boltzmann kinetic equation.
The experimental data and the theoretical results are discussed
taking into account the calculated potential profile obtained
from the electrostatic simulation using FENICS [60] based on
the finite element method.

II. SAMPLE AND METHODS

We fabricated our samples on a strongly p-doped silicon
chip, which operates as a conventional global back gate. The
Si back gate is separated from the rest of the sample by a
285 nm thick silicon dioxide, as shown in Fig. 1(a). On top

of the insulator, we deposited the key element of the struc-
ture: a patterned bottom gate made of five layers graphene,
which has equilateral triangular antidots with a side length of
0.6 µm arranged in a square lattice with a period of 1 µm;
see Fig. 1(b). The lattice was fabricated by electron beam
lithography and reactive ion etching using oxygen plasma.
Monolayer graphene encapsulated in two layers of hexagonal
boron nitride (hBN) was placed on top of the lattice. The lower
and upper hBN layers in sample A (B) had thicknesses of
about 40 nm (35 nm) and 35 nm (30 nm), respectively. Using
reactive ion etching, the samples were shaped into a Hall bar
configuration, which for sample A (B) is 16 µm (7.5 µm) long
and 2.5 µm (3.5 µm) wide, and were provided with ohmic
chromium-gold contacts; see Figs. 1(a) and 1(c). The Hall
resistance Rxy was measured as a function of the patterned
gate Vp, ranging from −0.75 V to 0.75 V at fixed magnetic
fields (±0.25 T), not shown. According to n, p = 1/(eRH),
the maximum charge densities are 4 × 1011 cm−2 for elec-
trons and 5.5 × 1011 cm−2 for holes; for further details; see
Appendix A. The maximum carrier mobility for electrons and
holes are 104 cm2/Vs and 0.7 × 104 cm2/Vs, respectively.

Figure 1(a) sketches the experimental setup. The ratchet
current was excited applying normally incident linearly po-
larized THz radiation from an optically pumped far-infrared
molecular gas laser operating at frequency f = 2.54 THz
(corresponding wavelength λ = 118.8 µm and photon energy
h̄ω = 10.5 meV). The radiation was modulated by an opti-
cal chopper with frequency 130 Hz. The radiation power at
the sample was about 30 mW. The beam spot profile was
measured by a pyroelectric camera [61] and had a Gaussian-
like shape with a full width at half maximum of 1.8 mm.
Consequently, the sample was exposed to the power Ps =
P × As/Abeam, where As and Abeam are the areas of the sample
and the laser beam, respectively. To extract and study different
roots of the ratchet current, the radiation electric field vector
E was rotated in the sample plane using lambda-half quartz
wave plates. The orientation of the vector E was defined by
the azimuth angle α counted from the y axis; see Fig. 1(a).

The samples were placed in a vacuum chamber with a z-cut
crystal quartz window. To avoid illumination of the sample by
visible and near-infrared light, the windows were covered by
a black polyethylene film. All experiments were performed
at room temperature. The generated photovoltage U in the
unbiased sample was amplified by a factor 100 and measured
with standard lock-in technique. The voltage Ux has been
picked up from the contact pair 5-1 and Uy has been picked
up from contacts 8-2, with contacts 1 and 2 being grounded,
respectively. The generated ratchet current density was cal-
culated as j = U/(Rsw), where Rs � Rin is the two-point
sample resistance, Rin is the input impedance of the amplifier,
and w is the Hall bar width.

III. RESULTS

By irradiating the structures with the THz beam, we ob-
served a polarization-dependent photocurrent. Figure 2 shows
the photocurrent density normalized to the radiation power,
j/Ps, and the corresponding photovoltage U ∝ j, as a func-
tion of the angle α, assigning the direction of the radiation
electric field vector with respect to the height of the triangular

235428-2



TERAHERTZ RATCHET IN GRAPHENE TWO-DIMENSIONAL … PHYSICAL REVIEW B 109, 235428 (2024)

0 45 90 135 180
-120

-60

0

60

0 45 90 135  (deg)
-20

0
20

U
x

/ P
s

(V
/W

)

Azimuth angle, α (deg)

f = 2.54 THz
T = 300 K

Vbg = 0
Vp = 0

Sample A

Sample B

-90

-45

0

45

j x
/P

s
(A

cm
-1

W
-1

)

U
y

/P
s

(V
/W

)
Sample A

α

FIG. 2. Dependence of the photovoltage Ux on the azimuth angle
α measured in samples A and B along the source-drain contacts
5-1. The data are normalized to power Ps and obtained for zero
back and patterned gate voltages. Curves are fits after Eq. (2) with
fitting parameters: UL1/Ps = 70 V/W (UL2 < UL1/10), and U0/Ps =
6 V/W for sample A, and UL1/Ps = 13 V/W, and U0/Ps = 6 V/W
for sample B. The scale on the right vertical axis corresponds to
the normalized current density jx/Ps calculated for sample A. The
inset shows the polarization dependence of the normalized photo-
voltage Uy/Ps measured in sample A across the contacts 8-2. The
gate voltages sequence is the same as for the main plot: Vbg = 0
and Vp = 0. The curve is fit after Eq. (3) with fitting parameters
UL2/Ps = −22 V/W (U0 < UL2/6). Arrows on top illustrate the ori-
entation of the radiation electric field vector for several values of α.
Note that polarization dependencies described by Eqs. (2) and (3) are
equivalent to the theoretical Eqs. (8) and (9).

antidots; see Fig. 1(a). The data are obtained in two graphene
structures for zero back and patterned gate voltages in the
directions along the triangle height ( jx) and base ( jy). For this

particular sequence of gate voltages, the polarization depen-
dence of the signal is given by

jx ∝ Ux = −UL1 cos 2α + U0, (2)

jy ∝ Uy = −ŨL2 sin 2α. (3)

Here, the values UL1 and UL2 are the amplitudes of the ratchet
currents proportional to cos 2α and sin 2α, respectively. Phys-
ically, − cos 2α and − sin 2α represent two Stokes parameters
of the radiation (PL1 and PL2); see the Discussion section. Fig-
ure 2 shows that the amplitude of the ratchet signal obtained
in sample A is about 3 times larger than in sample B. The
difference can be attributed to the different sizes of the Hall
bars used in the experiments. In particular, sample A is two
times longer than sample B, i.e., the signal is formed by a
much larger number of triangular antidots. The application of
the gate voltages changes the α-dependence resulting in ad-
ditional polarization-dependent and polarization-independent
contributions. This is exemplarily shown in Figs. 3(a)–3(f) for
sample A at zero patterned gate voltage and various values of
the back gate voltage. These plots reveal that the signals in x
and y directions follow

Ux = −UL1 cos 2α − UL2 sin 2α + U0, (4)

Uy = −ŨL1 cos 2α − ŨL2 sin 2α + Ũ0, (5)

with coefficients UL1, ŨL1,UL2, ŨL2,U0, Ũ0 being dependent
on the gate voltages Vp and Vbg. In particular, the polarization-
dependent photovoltage detected in the y-direction is formed
by the interplay of two contributions having comparable
amplitudes, ŨL1 and ŨL2 being characterized by different
dependencies on the back gate voltage; see Fig. 3(f). This
interplay leads to the gate-dependent phase shift in the

0 45 90 135 180
Azimuth angle, α (deg)

-4 -2 2 40
Vbg (V)

L1
s

,
L2

s
(V

/W
) (f)

-20

0

20 ŨL1/Ps

�̃

ŨL2/Ps

Vbg (V)
-3 0 3

-45°

0°

45°

-4 -2 0 2 4
Vbg (V)

0 45 90 135 180
Azimuth angle, α (deg)

Sample A

-4
-2
0
2
4

V b
g

(V
)

-80

(U

-40

0

40

80

x
(α

)-
U

0)
/P

s
(V

/W
)

(a)

/P
s

(V
/W

)

(

(d)

-20
-10

0
10
20

U
y

(α
)-

U
0)

/P
s

(V
/W

)
˜

U
/P

U
/P

˜
˜

-120

-60

0

60

120

U
L1

/P
s

,U
L2

(c)

UL2 Ps UL1/Ps

jL1/Ps

-3 0 3

0
-45°

45°

Vbg (V)

�

-80

-40

0

40

80

j L
1/

P s
(A

cm
-1

W
-1

)

3

1
2

(b)

-4
-2
0
2
4

V b
g

(V
)

(e)

3

1
2

3

1 2

1
2

3

FIG. 3. Polarization dependencies of the normalized photosignal measured in sample A along, (Ux (α) − U0 )/Ps (contacts 5-1), and across,
(Uy(α) − U0 )/Ps (contacts 8-2), the Hall bar for various back gate voltages Vbg and Vp = 0. Note that the polarization-independent offset U0/Ps

is subtracted for visibility. The amplitudes of the signal in panel (b) are indicated by the color bar combined with the left vertical axis of panel
(a). Curves in panel (a) are fits after Eq. (4). (c) Back gate dependencies of the fitting parameters UL1/Ps and UL2/Ps. Lines are guide for eyes.
Open red circles show the corresponding values of the normalized contributions to the ratchet current (right vertical axis). Inset shows the gate
dependence of the phase φ; see Eq. (7). (d), (e) Dependence of the normalized signal (Uy(α) − Ũ0 )/Ps on the azimuth angle α. The amplitudes
of the signal in panel (e) are indicated by the color bar combined with the left vertical axis of panel (d). Curves in panel (d) are fits after Eq. (5).
(f) Back gate dependence of the fitting parameters ŨL1/Ps and ŨL2/Ps. Lines are guide for eyes. Inset shows the gate dependence of the phase
φ̃; see Eq. (6).
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α-dependencies of Uy described by

ŨL1 cos 2α + ŨL2 sin 2α =
√

Ũ 2
L1 + Ũ 2

L2 sin 2(α − φ̃), (6)

see Figs. 3(d)–3(f). The back gate dependence of the phase
shift φ̃ is shown in the inset in Fig. 3(f). The polarization
dependence of the photocurrent detected in x-direction is less
affected by the gate voltages. Figures 3(a) and 3(b) show that
for most back gate voltages the UL1 photovoltage contribution
is substantially higher than the UL2 one [see Fig. 3(c)], and the
phase shift φ in the polarization dependence defined as

UL1 cos 2α + UL2 sin 2α =
√

U 2
L1 + U 2

L2 cos 2(α − φ) (7)

remains close to zero; see Fig. 3(b) and inset in Fig. 3(c).
Note that a substantial deviation of the phase φ from zero is
detected at high negative Vbg and simultaneously high positive
Vp only; see Fig. 6(a).

In the following, we focus on the data obtained in sample
A for the x direction. Since UL1 � UL2, we present below a
functional behavior of the UL1 and U0 amplitudes only. Note
that some data for the y direction and for sample B are given
in Appendix B.

As addressed in the Introduction, ratchet effects are highly
sensitive to the degree of lateral asymmetry described by the
parameter �2D [see Eq. (1)], which is primarily caused by the
asymmetry of the electrostatic potential. Consequently, back
and patterned gate voltages should substantially change the
ratchet current. Figures 4–6 show the variation of the UL1 and
U0 photovoltages as the back gate and/or the patterned gate
voltage is varied. All plots were obtained by holding one of
the gate voltages constant and varying the other.

Figure 4 shows the back gate [Fig. 4(a)] and patterned gate
[Fig. 4(b)] dependencies obtained for zero Vp and Vbg, re-
spectively. The figures reveal that the polarization-dependent
and polarization-independent contributions behave similarly
upon variation of both gate voltages: they change their sign
near the resistance maximum, and they decrease only slightly
with |Vbg| or |Vp| at high gate voltages. Note that at high
gate voltage amplitudes the sample resistance decreases, and
consequently the corresponding ratchet currents, calculated as
Ux/Rs, increase slightly with increasing |Vbg| or |Vp|. Figure 4
also demonstrates that for most gate voltage sequences the
UL1 and U0 contributions have opposite signs. Note that the
contribution UL2 is less than 10 % of UL1 for all gate voltages
except of those at which UL1 ≈ 0. Therefore, UL2 is not shown
in the plot.

Figures 5(a) and 5(b) show the back gate voltage depen-
dence of Ux/Ps obtained for fixed positive (Vp = 0.75 V) and
negative (Vp = −0.75 V) voltages applied to the patterned
gate. It can be seen that the change of the patterned gate
voltage polarity does not significantly modify the photosignal:
in both plots UL1 dominates the photoresponse, reverses its
sign in the vicinity of the resistance maximum and depends
slightly on |Vbg| at high back gate voltages. Note that for posi-
tive patterned gate voltages, in contrast, at high negative back
gate voltages the amplitude UL1 decreases and for Vp = 0.75 V
even changes its sign at Vbg � −4 V. For Vp = 0.75 V the
polarization-independent photoresponse U0 is negative for all
back gate voltages.
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FIG. 4. (a), (b) Normalized photovoltages UL1/Ps and U0/Ps as
a function of the back and patterned gate voltages, respectively. The
data are obtained by varying one gate voltage and holding the other at
zero. Gray curves show the corresponding gate voltage dependence
of the two-point sample resistance R.

Figures 6(a) and 6(b) present the patterned gate voltage
dependence obtained for large back gate voltages with oppo-
site polarities of −5 and 5 V, respectively. Also under these
conditions, the UL1 contribution dominates the photoresponse
for nearly all gate voltages except for Vp > 0.2 V at which
all three contributions UL1, UL2, and U0 have comparable
amplitudes; see Fig. 6(a). While at negative back gate voltage
the signals change their sign in the vicinity of the resistance
maximum, at positive Vbg = 5 V both UL1 and U0 keep their
signs; see Fig. 6(b). At the same time, the magnitude of these
contributions changes significantly in the gate voltage range
where the structure resistance approaches its maximum value.
Again, a reduction of the resistance increases the current mag-
nitudes at high gate voltage amplitudes.

IV. DISCUSSION

To analyze the data obtained, we first present a symmetry
analysis and microscopic theoretical treatment. In the pres-
ence of a substrate, a uniform gate, or adatoms deposited on
one side of the sample, the symmetry of graphene is reduced
to the noncentrosymmetric group C6v , because the equiva-
lence of the z and −z directions is removed. Even for this
symmetry class, the generation of direct current under normal
incidence radiation is forbidden, and indeed not observed; for
a review see Ref. [62]. In general, normally incident radiation
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can give rise to edge photocurrents, which can be detected by
measuring the signal from the pair of contacts along the edges
and have opposite directions for opposite edges [62,63]. How-
ever, the edge currents cannot be responsible for the discussed
signals, because they disappear when the radiation electric
field is oriented along or perpendicular to the edges, for which
orientations, in our experiments, the signal Ux approaches its
maximum; see Figs. 2 and 3(a)–3(c). These data, together
with the above arguments, provide evidence that the observed
signals are caused by the presence of the periodic triangular
antidots.

The system of infinite triangular antidots array arranged
in a quadratic lattice has Cs point symmetry with only one
nontrivial symmetry element, namely a reflection in the (zx)
plane perpendicular to the structure plane and to the triangles’
bases. At normal incidence of the linearly polarized light, the
following relations between the net photocurrent density j
and the Stokes parameters of the radiation are allowed in Cs

symmetry:

jx = �x[χ0 + χ1(|ex|2 − |ey|2)], (8)

jy = �xχ2(exe∗
y + e∗

xey), (9)

where e is the unit polarization vector of the incident radia-
tion E(t ) = E0e exp(−iωt ) + c.c., and �x is the x-component
of the vector �2D defined by Eq. (1) [64,65]. The value
χ0 describes the polarization-independent contribution to the
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a function of the patterned gate voltage. The data are obtained for
Vbg = −5 V (a) and Vbg = 5 V; see panels (a) and (b), respectively.
Gray curves show the corresponding gate dependence of the two-
point sample resistance R.

ratchet current, while χ1 and χ2 describe the contributions
depending on the linear-polarization orientation. These depen-
dencies describe well the experimental findings in the ungated
structures (Vp = Vbg = 0). Indeed, in the described experi-
ments the polarization-dependent parts are given by PL1 =
|ex|2 − |ey|2 = − cos 2α and PL2 = exe∗

y + e∗
xey = − sin 2α.

Corresponding fitting curves are shown in Fig. 2. PL1 and PL2

are the degrees of linear polarization in the (x, y) axes and
those rotated by the 45 degrees to (x, y), respectively [66].

Microscopically, the ratchet current is caused by the simul-
taneous action of the asymmetric static 2D-periodic potential
V (r) and the 2D-periodic THz near-field with amplitude
E0(r), formed by radiation diffraction at the edges of the trian-
gular antidots. Although both the near-field and the periodic
potential are zero on average, the parameter �2D, see Eq. (1),
is finite and captures the Cs symmetry of the system [67].

By treating the static periodic potential and the radiation
electric field as small perturbations, the microscopic descrip-
tion of the current formation can be reduced to the problem of
1D modulation which was previously considered for graphene
in Refs. [4,10]. Therefore, the 2D character of the modula-
tion in the present discussion is accounted for by the lateral
asymmetry parameter �2D, while the parameters χ0,1,2 are
determined solely by the properties of the 2D carriers in
graphene above the periodic gate. These parameters are ob-
tained in the kinetic equation approach [4,13] for an arbitrary
relation between the radiation frequency ω and the transport
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relaxation time τtr; see Appendix C. In the high-frequency
limit ωτtr � 1 relevant to the experimental conditions, the
obtained expressions give the following results:

χ1 = χ2 = − q3v2
0τtr

2π h̄2ω2εF
,

χ0 = χ1

(
1 − 16π2kBT τT

9εFτtr

)
. (10)

Here v0 is the Dirac fermion velocity in graphene, εF is the
Fermi energy, q is the elementary charge, which is positive for
holes and negative for electrons, T is the lattice temperature,
and τT is the electron temperature relaxation time related
with the electron-phonon interaction [10]. The coefficients
χ1,2 are obtained in the dynamic charge density redistribution
(DCDR) model and describe the polarization-dependent linear
ratchet currents, while the coefficient χ0 accounts for the
polarization-independent ratchet current; see Eqs. (8) and (9).
While the first term in χ0 is also caused by the DCDR mecha-
nism, the second term describes the so-called Seebeck ratchet
effect caused by electron gas heating and simultaneous spatial
charge redistribution [10,68]. We see that χ1,2 depend on the
carrier density n via the ratio τtr/εF. While for scattering by
long-range Coulomb impurities this factor is independent of n,
for short-range scatterers we have χ1,2 ∝ 1/n, i.e., the linear
polarization driven ratchet currents decrease with increasing
density. Note that χ0 has the opposite sign relative to χ1,2 if the
Seebeck contribution dominates the polarization-independent
ratchet current. We note that both polarization-dependent
and independent mechanisms in the considered regime
and for ωτtr � 1 scale as τtr/ω

2. Therefore, higher pho-
tocurrent strengths are expected for structures with higher
mobilities.

Although the parameters χ0,1,2 are given by Eq. (10), the
total ratchet current in the studied system is formed in a more
complex way than in 1D-modulated systems considered in
Refs. [4,10]. This is because in our 2D system, both patterned
and uniform backgates form two types of regions with dif-
ferent carrier densities (n and n∗ or p and p∗) or even carrier
types (n and p∗ or p and n∗). Consequently, the ratchet current
is generated in two areas with free carriers of different micro-
scopic properties and different asymmetry parameters, �∗

2D
and �2D, for carriers in graphene above and outside triangular
antidots, respectively. Therefore, the net ratchet current is a
sum of two contributions which can be different in amplitude
and even in sign.

While the results in ungated samples are well described
by the phenomenological Eqs. (8) and (9), additional con-
tributions are clearly detected at nonzero gate voltages; see
Fig. 3 and Eqs. (4), (5). This observation reveals the sym-
metry reduction from Cs to C1. This is in agreement with
the analysis of the AFM image of the studied structure, see
Fig. 1(c), which shows that the graphene flake covers only a
part of the upper row of the triangular antidots array, which
consequently removes the (zx) mirror reflection of the whole
structure—the last nontrivial symmetry operation. As a result
of this symmetry reduction, an additional lateral asymmetry
parameter �y [the y component of the parameter �2D; see
Eq. (1)] emerges. It gives rise to new contributions to the net

photocurrent

δ jx = �yχ2(exe∗
y + e∗

xey), (11)

δ jy = �y[χ0 − χ1(|ex|2 − |ey|2)]. (12)

It is noteworthy that the values χ0, χ1, and χ2 are the same
here as in Eqs. (8) and (9), since they are determined by the
properties of the graphene layer and are independent of the
lateral asymmetry potential. Consequently, the total current is
given by

jx = �x(χ0 − χ1 cos 2α) − �yχ2 sin 2α, (13)

jy = −�xχ2 sin 2α + �y(χ0 + χ1 cos 2α). (14)

These dependencies describe all experimental results well; see
Fig. 3 and Appendix B. The fitting curves of the azimuth angle
dependencies are shown in Figs. 3(a) and 3(d), where the
fitting parameters are UL1 ∝ �xχ1, UL2 ∝ �yχ2, U0 ∝ �xχ0,
ŨL1 ∝ �yχ1, ŨL2 ∝ �xχ2, and Ũ0 ∝ �yχ0. Note that the re-
duction in symmetry primarily affects the y-component of the
ratchet current (i.e., the photocurrent across the Hall bar),
a direction in which the edge effects are expected to have
the largest influence. Indeed, Figs. 3(d)–3(f) and Figs. 9–11
in Appendix B show that the photovoltages specific for C1

symmetry are mostly pronounced when measured in the y
direction: the contribution ŨL1 cos 2α dominates the signal
even at high positive gate voltages. Furthermore, we de-
tected a substantial polarization-independent contribution in
this direction, which is also a prerogative of C1 symmetry;
see Appendix B. In contrast, for the photovoltages measured
in the x direction, the photovoltage UL2 sin 2α specific for
C1 symmetry is significantly smaller than UL1 cos 2α for the
most gate voltage sequences. A comparable UL1 and UL2 are
detected only for gate voltage sequences where the UL1-term
changes its sign (not shown). We emphasize that, as discussed
above, the net current is formed in two regions of graphene,
above and outside the triangular antidots.

Now we discuss the observed gate dependencies of the
ratchet currents; see Figs. 3(c) and 4–6. According to the
theory developed above, the sign and magnitude of the ratchet
currents are determined by the lateral asymmetry parameters
�x and �∗

x , the sign and the density of charges in the re-
gions above (n∗, p∗) and outside (n, p) the triangles, lattice
temperature, scattering times, and the radiation frequency and
intensity; see Eq. (10). A crucial condition for the generation
of ratchet currents is a nonzero lateral asymmetry parameter
�2D, and thus the presence of an asymmetric electrostatic
potential. In our experiments, a ratchet current is also present
when both gate voltages are zero; see Figs. 4(c) and 5. How-
ever, even in this case the asymmetry is created by the built-in
potential caused by the conducting patterned gate deposited
under the graphene. According to the theory, see Eq. (10),
the signs of polarization-dependent and independent ratchet
currents are opposite provided that the Seebeck contribution is
dominant in the polarization-independent current. This is ob-
served for almost all sequences of gate voltages; see Figs. 4–6.

To investigate the effect of gate voltages on the asymmetry
of the electrostatic potential, we performed the simulation
by using FENICS [60] which is based on the finite-element
method. After extracting the electric displacement field near
graphene, the spatially dependent capacitance of each gate
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FIG. 7. Partially differentiated onsite potential in one period
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(−2, 0) V, (b) (Vbg,Vp) = (1.5, 0) V, (c) (Vbg,Vp) = (0,−0.15) V
and (b) (Vbg,Vp) = (0, 0.5) V relevant to experiments.

was obtained; see Appendix D for details. Figure 7 shows
exemplarily in-plane distributions of ∇xV (r) calculated for
four different sequences of patterned gate and back gate volt-
ages relevant to the experiments. The curves show that the
asymmetry along the x direction is indeed present and can
be reversed by reversing the polarity of one of the gates. In
particular, in the discussed metamaterial the uniform bottom
gate potential leads to a change of ∇V and thus of the lateral
asymmetry parameter. This is because the applied back gate
voltage is periodically screened by the graphite gate. It can
even lead to the formation of lateral p-n junctions. Note that
the built-in potential was not included in the simulation.

Figures 3–6 show the following main qualitative features:
(i) a strong variation of the ratchet current amplitudes in the
vicinity of the resistance maximum region; (ii) a weak back
and patterned gate dependence outside this gate voltage range;
(iii) the ratchet current may or may not change its sign upon
switching the gate voltage polarity; (iv) in most cases, the
polarization-dependent and independent contributions have
opposite signs for fixed gate sequences. Analogous arguments
also apply to Uy, whose gate voltage dependencies are pre-
sented in Appendix B. All these features can be qualitatively
explained by the above theory. The sign of the ratchet current
is defined by the product q3�x and/or q∗3�∗

x ; see Eqs. (8)–
(10). Assuming that the spatial dependence of the near-field
of diffraction does not reverse upon variation of the gate
voltages, the sign of the ratchet current is solely defined by the
sign of q (negative for electrons and positive for holes) and
∇xV . Therefore, if they both change sign, then the ratchet’s
current direction remains unchanged. Otherwise, if one of the
signs holds and the other reverses, then the current direction
is changed. As discussed above, the net current is a sum of
the currents generated in two areas, above and outside the
triangles. For this reason, for example, reversing the patterned
gate voltages would change both, the sign of the electrostatic
potential and the sign of q (p → n) in the region outside
the triangles, leaving the current direction unchanged; see,
e.g., UL1 in Fig. 6(b). Note that the part of the current that
changes its sign with the patterned gate voltage variation, is

responsible for the observed substantial change of the ratchet
current amplitudes in the vicinity of the resistance maximum
region; see Fig. 6(b). At the same time, the sign of ∇xV is
inverted above the triangles, while the carrier type remains
unaffected, causing the sign inversion of the net current; see,
e.g., UL1 in Fig. 4(b).

V. SUMMARY

In summary, we demonstrate that the ratchet current can
be efficiently generated in graphene-based 2D metamaterials
excited by linearly polarized terahertz radiation. The directed
current in response to an alternating electric field is caused
by the asymmetry of the periodic electrostatic potential and
the near-field diffraction formed by a patterned gate with an
array of triangular antidots placed under a graphene layer and
having a period much smaller than the radiation wavelength.
Experimental data together with the developed theory demon-
strate that the ratchet current consists of two contributions
caused by the polarization-independent Seebeck ratchet effect
and the DCDR mechanism. We show that in the studied struc-
tures with the patterned gate placed between graphene and the
uniform back gate, the back gate voltage also introduces an
asymmetry of the electrostatic potential. This is confirmed by
the calculation using FENICS [60] based on the finite-element
method. The presence of two asymmetric potentials, which
affect the lateral asymmetry parameter and lead to a periodic
modification of the carrier density (carrier types) in the areas
above and outside the triangular antidots, causes a complex
dependence of the ratchet current on the gate voltages. Our
analysis shows that while increasing the gate voltage increases
the lateral asymmetry parameter, it does not lead to a cor-
responding increase of the ratchet current. This is due to
the linear dispersion of graphene, for which increasing the
gate potentials decreases the ratchet current. As an outlook, it
would be interesting to study THz photoresponse of the meta-
materials with substantially smaller periods being much less
than the carrier mean free path. In such structures, we expect
substantially affect band structure [3] and, consequently, to
realize a new regime of the ratchet current formation.
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APPENDIX A: RESISTANCE MAP OF SAMPLE A

Figure 8 shows the two-terminal sample resistance R as
a function of a patterned, Vp, and back, Vbg, gate voltages.
The data are obtained applying the standard lock-in technique
with low modulation frequency (∼ 11 Hz) and the source-
drain current 0.1 µm. The two-terminal resistance is controlled
by both Vp and Vbg, where Vbg mainly governs the carrier
concentration in the graphene regions above the triangular
holes, while Vp influences the graphene regions around the
holes. Therefore, by adjusting both gate voltages, the carrier
density and modulation potential can be set independently
[69]. Charge neutrality across the entire sample is achieved
at Vp ≈ −0.15 V, Vbg ≈ −2.4 V, i.e., at the crossing point
of the dash-dotted lines. This point deviates slightly from
the expected zero voltages due to undesired background dop-
ing, which changes upon thermal cycling. Therefore, the gate
positions in the resistance map in Fig. 8 cannot be directly
matched to the photovoltage data, as they were obtained in
different cooldowns. When one gate voltage is fixed, sweeping
the other gate yields resistance traces with a resistance max-
imum, similar to the charge neutrality point in unmodulated
graphene. Those maxima occur along the two dash-dotted
lines, which divide the map into four quadrants. Two of them
correspond to the same carrier type inside and outside the
triangular regions, the other two designate the bipolar regime,
in which the carrier type inside and outside the triangular
regions are opposite. We label those quadrants using n and p
for electron and hole type and mark the triangular regions with
an asterisk (“*”). To determine the carrier densities, we carried
out four-probe measurements of Rxx and Rxy for various gate
voltages Vp and Vbg at magnetic field B = 0.25 T. The Hall
concentration was experimentally determined as nH = 1/eRH,
where RH is the Hall coefficient. In case of a fixed zero voltage
Vbg on the back gate electrode, the 2D carrier density is also
empirically given by n = 6.3 × 1011(Vp − V0) cm−2, where Vp

and a gate offset V0 are taken in volts.
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FIG. 9. (a), (b) Normalized photovoltages ŨL1/Ps, ŨL2/Ps, and
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varying one gate voltage and holding zero the other.

APPENDIX B: GATE DEPENDENCIES
OF THE PHOTOVOLTAGE Uy MEASURED ACROSS HALL

BAR AND ADDITIONAL RESULTS
FOR THE SECOND SAMPLE

1. Gate dependencies of the photovoltage Uy measured across
Hall bar obtained for sample A

The polarization dependence of the photosignal Uy mea-
sured across the contact pair 8-2 is well described by Eq. (5)
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Vp = −0.75 V (a) and Vp = 0.75 V (b).
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being in full agreement with Eq. (14) of the theory developed
for C1 symmetry. Figure 9 shows the photosignal Uy mea-
sured across the contact pair 8-2 as a function of the back
gate voltage. The back gate dependencies of the individual
contributions ŨL1, ŨL2, and Ũ0 are obtained for zero patterned
gate voltage. In line with the discussion presented in Sec. IV
the contribution Uy ∝ ŨL2 dominates the photoresponse for
zero potentials at both gates, whereas sweeping the back gate
voltage results in a complex variation of the signal magnitude
and sign. Figure 9 demonstrates that the amplitudes ŨL1 and
Ũ0 twice reverse their sign while the sign of the amplitude
ŨL2 remains unchanged in the whole range of the applied gate
voltages.

Gate dependencies obtained varying one of the gate volt-
ages and holding the other confirm a complexity of the gate
dependencies. A double inversion of the signal sign is de-
tected in the back gate dependencies for both positive and
negative patterned gate voltages, see Fig. 10, whereas the
signal changes its sign only once if a high positive back gate
voltage is applied and the patterned gate voltage is varied; see
Fig. 11(b). A single sign inversion of Vy(Vp) is also detected
for high negative back gate voltage; see Fig. 11(a). However,
this dependence is characterized by a highly nonmonotonic
behavior of all contributions in the vicinity of the resistance
maximum.

As discussed above, these complex behavior is caused by
the interplay of the lateral asymmetry parameter �2D and the
carrier density/type in the region above triangles, which is
controlled by the back gate voltage.
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FIG. 12. Panels (a) and (b) show the polarization dependencies
of the normalized photosignal (Ux (α) − U0 )/Ps measured in sample
B along the Hall bar (contacts 5-1) for different back gate voltages
Vbg and Vp = 0. Note that a small polarization-independent offset
U0/Ps is subtracted for visibility. The amplitudes of the signal in
panel (b) are indicated by the color bar combined with the left vertical
axis of panel (a). Curves in panel (a) are fits after Eq. (4). (c) Back
gate dependencies of the fitting parameters UL1/Ps and UL2/Ps. Lines
are a guide for the eyes. Right ordinate show the corresponding val-
ues of the normalized ratchet current density jx/Ps. Panel (c) shows a
photograph of the samples. White triangles highlights the shape and
position of one line of triangles across the Hall bar.

2. Polarization and gate dependencies of the ratchet current
obtained for sample B

Figures 12(a) and 5(b) show the polarization dependence of
the photocurrent measured in sample B along the source-drain
pair of contacts. The data are obtained for different values
of the back gate voltage holding Vp = 0. The data are well
described by Eq. (4) being in full agreement with Eq. (13)
developed for C1 symmetry. To highlight the polarization
dependence, in Figs. 5(a) and 5(b) we subtracted a small
polarization-independent contribution. The overall behavior
of the photocurrent is similar to that detected in sample A.
Figure 12(c) shows the back gate dependence of the individual
contribution obtained by holding the patterned gate voltage
at zero. The figure reveals that the contributions UL1 and U0

dominate the signal in the whole range of the gate voltages.
The former one reverses its sign in the vicinity of the resis-
tance maximum and becomes almost constant at high back
gate voltages. The polarization-independent contribution, by
contrast, reverses sign three times.

APPENDIX C: EXTENDED DESCRIPTION
OF THE MICROSCOPIC THEORY

The microscopic theory of the ratchet effect in graphene-
based systems [4,13] yields the following expressions
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for χ0,1,2:

χ0 = χS
0 + q3v2

0

2π h̄2 (ReS1 − ImS2), (C1a)

χ1 = χ2 = − q3v2
0

2π h̄2 (ImS2 + δS), (C1b)

where v0 is the Dirac fermion velocity in graphene and
q is the elementary charge. The contribution χS

0 describes
the so-called Seebeck ratchet effect caused by electron gas
heating and simultaneous spatial charge redistribution and is
given by [10]

χS
0 = 8πq3v2

0τ
2
trτT kBT

9h̄2ε2
F[1 + (ωτtr )2]

, (C2)

where T is the lattice temperature, and τT is the electron
temperature relaxation time related with the electron-phonon
interaction [10]. The polarization-dependent contributions to

the ratchet current in Eq. (C1) are not related to the electron
gas heating, but determined by the dynamic charge-density
redistribution (DCDR) controlled solely by elastic scattering
processes [70]. In particular, these terms are controlled by
the dependence of the elastic scattering times on the electron
energy, i.e., they are sensitive to the disorder potential. The
values S1,2 and δS were calculated in Refs. [4] and [13]:

S1 = ε3
F

(
τtr

εF

)′
τ2ω

(
τtrω

εF

)′
− 1

2

[
ε2

F

(
τtr

εF

)′
τ2ωτtrω

]′
, (C3)

S2 = (εFτtr )′(εFτtrω )′

ωεF
− [(εFτtr )′τtrω]′

2ω
, (C4)

δS =
[
ε3

F(τtr/εF)′τ2
]′
τtr/εF

1 + (ωτtr )2
. (C5)

Here εF is the Fermi energy, τtr is the transport relaxation time
which determines the electron mobility, τ2 is the relaxation
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time of the second angular harmonics of the electron distribu-
tion function, prime denotes differentiation over εF, and τnω =
τn/(1 − iωτn) with n = tr, 2. These expressions describe the
frequency dependence of the DCDR-induced ratchet current
which varies for different disorder potentials [4].

APPENDIX D: ELECTROSTATIC SIMULATIONS

The modeled device for the electrostatic simulation is con-
sidered under the geometry of the experimental device, but it
contains part of triangle pattern, that is a 3 × 3 triangle array,
as shown in the rectangular box in Fig. 13(a). In addition, we
assume that the regions in the holes are vacuums because the
hBN and SiO2 with the volume of such thin holes only slightly
change the electric potential distribution. We set the dielectric
constant of hBN and SiO2 to 3 and 3.9, respectively. Based
on the periodicity of the triangle pattern, we focus on one
period and set the origin at the equilateral triangle center in
the following analysis.

FENICS [60], a Python package for the finite-element
method, combined with the mesh generator GMSH [71], is
adopted to numerically solve the Poisson equation in the mod-
eled device and extract the electric displacement field near

graphene. Figures 13(b) and 6(c) are the spatially dependent
capacitance of the Si back gate and the graphite patterned
gate, respectively, calculated by dividing the induced carrier
density n(r) by a unit gate voltage while the other gate is
grounded. The induced carrier density can be calculated by
the formula of surface charge density σ (r) divided by the
elementary charge

σ (r) = n̂ · [Dout (r) − Din(r)],

where n̂ is the unit normal vector of the surface of graphene
and D is the electric displacement field.

With the gate capacitors simulated and stored, the gate-
dependent onsite potential is obtained by

V (r) = −sgn[n(r)]h̄v0

√
π |n(r)|, (D1)

where v0 is the group velocity of the graphene, and the in-
duced carrier density n(r) is obtained by summing over the
contributions from all gates without the need of bothering with
the electrostatic simulation again. Figures 7 and 13(d), 6(e)
show the partial-differentiated onsite potential ∇xV (r) or
∇yV (r).
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