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Experimental and theoretical works on the ratchet effects in quantum wells with a lateral superlattice excited
by alternating electric fields of terahertz frequency range has been reviewed. We discuss the Seebeck ratchet
effect and helicity driven photocurrents and show that the photocurrent generation is based on the combined
action of a spatially periodic in-plane potential and a spatially modulated light.

DOI: 10.1134/S5002136401111004X

1. INTRODUCTION

The subject of the present review is terahertz (THz)
radiation induced photocurrents in low-dimensional
semiconductor systems with spatially periodic noncen-
trosymmetric lateral potential. Such systems being
driven out of thermal equilibrium are able to transport
particles even in the absence of an average macroscopic
force. This directed transport, generally known as
ratchet effect, has a long history and is relevant for dif-
ferent fields of physics, chemistry and biology [1—4].

Ratchet effects whose prerequisites are simulta-
neous breaking of both thermal equilibrium and spa-
tial inversion symmetry can be realized in a great vari-
ety of forms ranging from mechanical systems to
molecular motors or electric transport in one-dimen-
sional semiconductor systems. If the directed trans-
port in an asymmetric periodic system is induced by
electro-magnetic radiation, it is usually referred to as
photogalvanic (or sometimes photovoltaic) effect [5—
15], particularly if breaking of spatial inversion sym-
metry is related to the microscopic structure of the sys-
tem. Thus, the studies of ratchet effects are naturally
related in subject to several hundred experimental and
theoretical papers on photogalvanic effects.

While the relationship between ratchet effects
driven by alternating electric fields in artificially made
macroscopic systems with broken spatial symmetry
and light induced photogalvanic effects in noncen-
trosymmetric crystals and structures is obvious and
addressed in several papers [3, 14—17], an impression
sometimes arises that these fields are developing inde-
pendently of each other. Experiments and theory of
the ratchet effects induced by THz radiation in low
dimensional noncentrosymmetric heterostructures
with superimposed macroscopic asymmetric lateral
potential described in the present review builds a solid
bridge between the two fields and sets up a base for the

TThe article is published in the original.

reciprocation of ideas. In particular, the recently
observed Seebeck ratchet caused by electron gas heat-
ing under absorption of THz radiation [17], provides
an evidence that ratchet effects can be induced even by
unpolarized radiation and are similar to the widely dis-
cussed thermal noisy transport [1—4, 18—20].

We start the review introducing the basic concepts
of ratchet effects. Then in Section 3 we give a short
overview on the structures used so far for the study of
THz radiation induced ratchet effects in semiconduc-
tor nanostructures with a lateral one-dimensional
potential. In Section 4 we perform the symmetry anal-
ysis and obtain the polarization dependence of photo-
current. In Section 5 we present basics of the kinetic
theory of ratchet effect and derive analytical expres-
sions for the Seebeck and polarization-dependent
photocurrents. The experimental results are presented
and discussed in Section 6.

2. BASIC CONCEPTS

For presenting basic concepts and describing the
fundamental phenomena, the transport of a particle in
the ratchet is usually modeled by one-dimensional
(1D) Newton’s equation of motion

m(X+nx) = F(x, 1)+ E(¢). (D

Here, x = x(7) is the particle coordinate, m is its effec-
tive mass, dots indicate time derivatives, 7 is the vis-
cous friction coefficient, F(x, ¢) is the ratchet force
related to the ratchet potential V(x, 7) by F(x, 1) =
—0W(x, 1)/0x, C is a randomly fluctuating thermal-
noise force. The ratchet force is assumed to be peri-
odic in space with period d and vanish after averaging
in space and time. The force { is modeled by a Gauss-
ian noise of vanishing mean, (§(#)) = 0, satisfying the
fluctuation-dissipation  relation  (§(#')&(¢)) =
2mnkgTo(t' — 1) with T being the absolute tempera-
ture, in the following the Boltzmann constant &y is set
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to unity. The state variable x is referred to an effective
“Brownian particle” which in many cases is relevant
to the position of true particles. However, this variable
can also represent a different type of the system degree
of freedom, e.g., the total phase @(7) across the ring in
an asymmetric SQUID (superconducting quantum
interference device) threaded by a magnetic flux [21].
Very often, the dynamics of small systems is approxi-
mately described by an overdamped Langevin equa-

tion with mx — 0.

In order to present briefly the simplest ratchet
models, we start from the ratchet with the time-inde-
pendent potential V(x). At thermal equilibrium in spa-
tially periodic potential there is no systematic prefer-

ential motion of the particle, x = 0, no matter what
are the symmetry properties of V(x). For a potential
with broken spatial symmetry (non-existence of a
point x, where V(x — x,) = V(x, — x)), a directed trans-
port arises in the system driven away from thermal
equilibrium. In the so-called femperature ratchets the
breaking of equilibrium is achieved by subjecting the
system temperature to periodic temporal modula-
tions. In another kind of the temperature ratchets,
called also the Seebeck ratchets, the system is driven
out of equilibrium by introduction of a space-depen-
dent temperature profile 7(x) of the same periodicity
d as the potential V(x) [3, 18, 19, 22]. In the latter case
both the potential V(x) and the temperature profile
T(x) can possess centers of inversion but, in an asym-
metric system, these centers must not coincide which
means that the space average of the product
T(x)dV(x)/dx is nonzero. The next type of ratchets,
the tilting ratchet, is a system with the function F{(x, 7)
of the form —dV(x)/dx + F(f) where the zero-mean
force F(¥) is a stochastic or periodic function of time,
the former system carries the name fluctuating force
ratchet and the latter is the rocking ratchet, see |3, 23,
24]. In the pulsating ratchets the periodic or stochastic
non-equilibrium perturbation F(x, 7) induces a time-
dependent variation of the potential keeping its spatial
periodicity. Particularly, in the pulsating on-off ratch-
ets, F(x, t) is set to f(£)dV(x)/dx with f(7) taking on only
two possible values, one of them being 0 (potential
“off”). Another example of time-dependent variation
of the potential shape, without affecting its spatial
periodicity, is given by

Flx, 1) = dV(x)

+ F(1) P(x), (2)

where F(¢) is periodic in time and the periodical func-
tions V(x) and P(x) have the same period d.

As a possible realization of the temperature (See-
beck) ratchet, Blanter and Biittiker [19] proposed to
use a superlattice (SL) irradiated by light through a
mask of the same period but phase shifted with respect
to the SL yielding a directed current due to local elec-
tron gas heating. The force F(x, 7) acting on free elec-
trons has the form of Eq. (2) where F(?) P(x) = eE(x, f),
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e is the electron charge, E(x, ?) is the electric field of
the electromagnetic field, F(7) oscillates in time at the
light frequency w and P(x) = P(x + d) is the in-plane
modulation of the electric-field amplitude caused by
the mask. The radiation-induced heating of the elec-
trons leads to a periodic temperature profile 7(x) and
allows the ratchet effect. Thus, the pulsating model (2)
can be mapped onto the Seebeck ratchets.

In the recent publications [17, 25, 26] we have
reported an experimental realization of the original
idea of Blanter and Biittiker, with some modifications.
The photocurrent induced by THz radiation has been
observed in semiconductor quantum-well structure
with a 1D lateral periodic potential induced by etching
a noncentrosymmetric grating into the sample cap
layer. Hence, the in-plane modulation of the pump
radiation appears not via a mask with periodic struc-
tures but due to near-field effects of the THz radiation
propagating through the grating. In this system the
electron moves freely in two dimensions, x and y,
where we use the Cartesian coordinate frame (x, y, z)
with the z-axis parallel to the structure growth direc-
tion. This means that, in terms of the classical stochas-
tic dynamics, the scalar Eq. (1) should be replaced by
the similar vector equation for the two-dimensional
(2D) position vector r with the components x, y and
the two-component force

dV(x)

F(x,t) = - —=0,+¢eE(x, 1), 3)

where V(x) is the ratchet potential, o, is the unit vector
along the x axis, and E(x, 7) is the in-plane time- and
x-dependent electric field with two components E,(x,
) and E(x, 7). Since the light-induced Seebeck ratchet
current arises due to the heating this current is light-
polarization independent. It can be shown, however,
that in addition to the Seebeck ratchet effect, the force
(3) induces a polarization-dependent directed trans-
port sensitive to the radiation circular polarization
(circular ratchet) and linear polarization in the axes x',
y' rotated by 45° with respect to the axes x, y (linear
ratcher) [17, 26]. The mechanisms of these ratchet
effects are unrelated to the electron-gas heating.

3. EXPERIMENTALLY STUDIED LATERAL
STRUCTURES

Ratchet effect crucially depends on the structure’s
design. Thus, to be specific in the discussion of phe-
nomenological (Sect. 4) and microscopic (Sect. 5)
theory, we first briefly introduce the structures under
study. Experimentally THz radiation induced ratchet
effects in lateral low-dimensional semiconductor
structures have been observed employing two types of
lateral SL gratings [17, 25, 26]. The gratings have been
prepared on molecular-beam epitaxy (001)-grown
Si-6-doped n-type GaAs/Al,Ga,_,As heterostruc-
tures with electron mobilities and carrier densities at
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(e) Sample ST2

Fig. 1. Sample design. (a) Blanter and Biittiker’s geometry. (b) The experimental geometry of the first set of samples (type 1, ST1)
with an asymmetric groove profile. (c) The geometry of the second set of samples (type 2, ST2) with supercells ABCABC of metal-
lic stripes on top of the sample. (d) The electron micrograph of the first set of samples (ST1). (e) The electron micrograph of the
second set of samples (ST2). Here, the widths of the patterns A, B, and C are 1, 0.6, and 0.3 pum, respectively.

room temperature in the range of (3—6) x 10° cm?/Vs
and 10''—10'2 cm~2, respectively. At room tempera-
ture the electron mean free path /, is about 0.5 pm and,
hence, the condition /, <€ d holds. The studied super-
lattices mainly differ in the design of the gratings pro-
viding the asymmetric potential.

The first type of superlattice (ST1) consists of
asymmetrically etched grooves oriented along the
[100] cubic direction with a SL period d of 2.5 pum.
Grooves with 0.5 um width were obtained by electron
beam lithography and subsequent reactive ion etching
using SiCl,. Care was taken not to etch through the
2D-electron system. A corresponding sketch of the
grating and an electronic micrograph are shown in
Figs. 1band 1d, respectively. The asymmetric modula-
tion of the lateral potential comes from the shape of
the grooves: the average depth on the right side of a
groove is smaller than that on the left side. The degree
of asymmetry in these structures is due to anisotropic
etching and may vary from sample to sample being
dependent on the orientation of the grooves with
respect to crystallographic axes. For the photoelectric
experiments we used 5 x 5 mm square shaped samples

oriented along the [110]- and [110]-directions. To

measure photocurrents, pairs of ohmic contacts were
alloyed in the middle of each sample edge.

The second set of superlattices (ST2) allows much
better control of the asymmetry and enables both
JETP LETTERS Vol. 93
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transport and photocurrent measurements in one and
the same device. The latter is achieved by using of a
Hall bar geometry. Here the SL is produced by e-beam
lithography and deposition of micropatterned gate
fingers using 15 nm Ti and 120 nm Au. The schematics
of the gate fingers, consisting of stripes having three
different widths A=1um, B=0.6 umand C=0.3 um
with ratio A: B: C=10:6: 3, and separated by A, B,
and C, is shown in Fig. 1c and a corresponding elec-
tron micrograph in Fig. 1e. This asymmetric supercell
is repeated to generate an asymmetric but periodic
potential superimposed upon the 2D electron system.
The asymmetric supercells ABCABC are patterned on
a 500 x 140 pm area and generate a strain-induced
potential in the 2DES with a period d of 3.8 pm. The
gate fingers, all connected and grounded, are oriented
along the y-direction, perpendicularly to the Hall bar.

In order to compare the data of modulated and
unmodulated 2D electron systems reference samples
have been used for both types of SL. As reference sam-
ples for ST1 unpatterned samples R1 and/or structures
R2 with grooves very close to (110) have been used.
The cross section of the latter grooves is rather sym-
metric. The reference sample for ST2 set of structures
have been obtained by preparation of Hall bars con-
sisting of a patterned region as well as of an unpat-
terned reference part.
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4. SYMMETRY ANALYSIS

In this section, we will analyze symmetry restric-
tions imposed on the polarization dependence of the
ratchet currents. The SL shown in Fig. 1 have the
point group symmetry C, consisting of the identity ele-
ment and the reflection o in the plane perpendicular
to the channels (y-axis). It follows then that the cur-
rent density components j,, j, are related to compo-

nents of the polarization unit vector e = Ey/|E | by
four linearly independent coefficients

Jx = ][Xl +X2(|ex|2_|ey|2)]’

/y = 7[%3(6)(6; + eye:ck) _yPcircez]’

C))

where Pcimé =j(e x e¥*), I isthe average light intensity.
Note that the light propagation direction and the z axis
in the described geometry are anti-parallel causing the
minus sign in the second equation of Eqgs. (4). The
Seebeck ratchet effect is connected to the coefficient
%1, While the remaining three coefficients describe the
linear (5, %3) and circular (y) ratchet effects.

Equations (4) should be compared to the ones of
corresponding unpatterned samples, called reference
samples below, or structures with a symmetric poten-
tial. One-sided modulation-doped quantum wells,
grown along the crystallographic [001] direction of
zinc-blende-lattice semiconductors have point-group
symmetry C,,, which excludes in-plane currents for
normal incidence where E,, = 0, in contrast to the
ratchet currents (4), allowed for this geometry. Under
oblique incidence, the reference samples admit direc-
tional photogalvanic electric currents perpendicular to
the plane of incidence [8]

jx' = [[Xx'x‘z(ex'e;k + ezej') + YX'y'PcirC AJ"] ) (5)
jy' = [[Xy‘y'z(ey'e;l< + eze;:f) + Yy'X'PCirCéx']’

which are caused by the lack of an inversion center in
the reference samples at the atomic level. Here, x' and

y' denote the axes [110] and [110], respectively, ¥ and y
are a third-order tensor and a second-order pseudot-
ensor describing the linear (LPGE) and circular
(CPGE) photogalvanic effects, respectively. Equa-
tions (5) show that in reference samples a photocur-
rent can be generated only at oblique incidence
(z-component of the radiation -electric field is
needed). This is in contrast to the asymmetric lateral
structures where the current given by Egs. (4) reaches
a maximum at normal incidence.

Since the lateral superstructure is responsible for
the photocurrents observed at normal incidence, see
Section 4, then one can, while developing a theory of
the normal-incident currents, ignore the initial
(microscopic) symmetry C,, of the reference hetero-
structure, disregard mechanisms of photocurrents
related to the lack of an inversion center in the
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unstructured sample and rely only on the symmetry of
the superstructure potential V(x) and the in-plane
intensity modulation. In this case Egs. (4) can be
applied for any orientation of the axes x, y irrespec-

tively to the crystallographic directions [110], [110]. At
oblique incidence, the photocurrent can be naturally
described by a sum of superstructure-induced and
intrinsic contributions, Egs. (4) and (5).

In the both patterned samples ST1 and ST2,
obliquely incident light generates both the ratchet cur-
rent (4) and the photogalvanic current (5). This allows
to compare the contributions to the photocurrents due
to the lack of inversion symmetry on the atomic
(intrinsic mechanisms) and on the micron scale (peri-
odic grating) experimentally.

5. KINETIC THEORY

We consider a quantum well structure modulated
by a 1D periodic lateral potential ¥(x). In addition to
the static potential V(x), the 2D electron gas is sub-
jected to the action of an in-plane time-dependent
electric field E(x, 1) = E(x)e~™’ + c.c. with the ampli-
tude E (x) modulated along the x axis with the same
period as the static lateral potential. In general, the
modulated field amplitude and lateral potential can be
presented in the form

E,(x) = Ej| 1+ Zhncos(nqx+ (pE,n)}

n=1

; (6)
V(ix) = Z V,cos(ngx + @y ,),

n=1

where ¢ = 2n/d. Hereafter, for simplicity, we take the
modulation in the form

E,(x) = Ej[1 + A cos(gx+op)], 7
V(x) = V,cos(gx + @)).

Presenting the final results we will show what form
they take for the general modulation (6).

We will describe the ratchet effects by using the
classical Boltzmann equation for the electron distribu-
tion function £, (x, f), namely,

0 0, Fxno ) _

(on L+EeDl)pn 0 =0,
Here, k = (k,, k,) and v = fik/m are the 2D electron
wave vector and velocity, respectively; the force F(x, 7)
is given by Eq. (3); and @y is the collision integral
responsible for electron momentum and energy relax-
ation. Equation (8) is valid for a weak and smooth
potential satisfying the conditions |V(x)| <¢,and ¢ =
2n/d < k,, where k,and g, are the typical electron wave
vector and energy, the latter being much larger than

®)
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the photon energy im. The quantity of central interest
is the average electron current

= Zekaj_”k, )
k

where the factor 2 takes into account the electron spin
degeneracy and the bar means averaging over the spa-
tial coordinate x and time #. The ratchet currents can
be obtained by solving the kinetic Eq. (8) in third order
perturbation theory, i.e., second order in the electric-
field amplitude and first order in the static lateral
potential. In this work, we use the collision integral Oy
in the convenient form of a sum of the elastic scatter-

ing term Q\"* and the energy relaxation term Q,. The
former is taken in the simplest form

— .fi((xv t) — <fi(('x’ t))

T

(el.sc)
k

(10)

where the brackets mean the average over the direc-
tions of k, and 7t is the momentum scattering time
assumed to be constant. The term @, is treated in the
approximation of effective temperature.

The electron distribution function is expanded in
powers of the light electric-field up to the second
order,

£i() = A7)+ A0 0+ 17 (x, 1), (11)

where f| 5(0) (x) is the equilibrium distribution function.

Here we consider the limit of high temperatures and
assume that the electron gas obeys a non-degenerate
statistics. Then, retaining terms of zero and first orders
in the lateral potential, we can approximate the equi-
librium distribution function by

fl((O)(x) _ ( V;:)) exp( TOSk)’

where g, = 7i%k?/2m, T, is the equilibrium temperature
and |, is the chemical potential.

12)

The first-order correction is time-dependent and
can be written as a sum of two complex-conjugate

e—iorf! )(x) + c.c.
it is sufficient to

mono-harmonic terms ff(]) x,0n=
For the second order correction,

retain the time-independent contribution f 1((2) x) =
Ex(x) only and to reduce Eq. (9) to

j= 2e2vkék.
k
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By the successive iteration of the kinetic equation,
substitution of fi(x) into Eq. (9) and summing over k
we arrive at

dV(x)

j= ue{SN(x) 0.+ 2|e|Re[EX(x)SN, (x)]} (14)

Here p, is the electron mobility |e| t/m* and we intro-
duced the spatially-modulated electron densities

2Zf(l)

The further development of the theory is based on
additional assumptions: (i) the energy relaxation time
T, is assumed to exceed the time T and the inverse fre-

quency o', (ii) the electron mean free path [, = vt

SN(x) = 2D E(x), BN, (x) = (15)

and energy diffusion length /, = v;,/t1, are both small
compared with the SL period d, where v is the ther-

mal velocity ~/27T/m , (iii) we neglect the inﬂuence of

ac diffusion on the first-order amplitudes f (x)
which is valid if v;¢ < ®. On the other hand, no restric-
tions are imposed on the value of the product mt.

The first term in the right-hand side of Eq. (14)
describes the Seebeck ratchet photocurrent. To calcu-
late this current we need to find a static correction
O0N(x) of the spatially modulated electron density. This
correction, together with local non-equilibrium tem-
perature 7(x), current density j, and energy flux den-
sity 7 (x), satisfy the following macroscopic equations

d V(x)

= MB{N( )— = [T(X)N(X)]}

e v ix )de(x)

= [27(x) + V(x)]ij (16)
dT

2T = hoGNE) - TN ),
X T

€

and dj,/dx = 0. Here, we introduced the energy relax-
ation time 1, and the generation rate G(x) defined as
the Drude absorption rate per particle,

4re’ 1 I(x)
mn, |+ o't o’

G(x) =
where the light intensity is defined by

cn, 2 2
I(X) = _2——(|Eu),x(x)| + |E0),y(x)| )’

i
c is the speed of light in vacuum, and »,, is the refrac-
tive index.
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Under homogeneous optical excitation, G(x) = G,
Egs. (16) have the solution
T = T,+#koGy,, N(x)= Ne 7,
where N, is x-independent. For this solution, both j,
and J vanish. The current j, becomes nonzero only if
the generation rate G varies spatially. For the simple
spatial modulation (7) of the electric field with a small
coefficient 4, we have G(x) = Gy[1 + 2h,cos(gx + ¢p)].
Neglecting the energy diffusion term in Egs. (16), we
obtain that the steady-state generation produces a sta-
tionary periodic electron temperature 7(x) with
T(x) — T = dT(x) = 1. h0[G(x) — G,]. From the first
Eq. (16) it follows that this temperature modulation is

accompanied by a light-induced periodic correction
to the electron density dN(x) = —N 0 T(x)/T.

For the lateral potential given by Eq. (7) where the
symmetry of the system is broken by a phase shift
between V(x) and O(x), the final result reads

" -
. S5 dne” g LNyt 1V,
[ e e

henom* | 4 o' T

a17)

where C = A;sin(@, — @) is the asymmetry parameter
related to the inhomogeneous photoexcitation. For a
more complicated spatial modulation (6), the product

CqV, should be replaced by Znan”h” sin(Qy,, —

(pE, n)-

The Seebeck ratchet current (17) is polarization
independent and increases with decreasing tempera-
ture.

Now we turn to the polarization dependent mech-
anisms of the currents and discuss the linear and circu-
lar ratchet effects described in Egs. (4) by the terms
proportional to y,, %3 and y. We show that these ratchet
currents can also be generated in a lateral SL with the
out-of-phase periodic potential V(x) and electric field
E, (x). For this purpose we consider the second term in
Eq. (14). The oscillation 0N, (x) entering (14) and
defined by Eq. (15) satisfies the continuity equation

—imdN,(x) + Yo ) _ 0, (18)
ox

where j, (x) is the amplitude of current oscillations at

frequency ®. Since d N, (x) = 0 then, in order to cal-

culate the current given by the second term in
Eq. (14), it is sufficient to find a contribution to
ON,(x), linear in the lateral potential and a on-modu-
lated electric field E,,.

The function f; l((lm) (x) is conveniently rewritten as

eE v, T

fra(¥) = =200 + Fu(x), (19)
B
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where 1, = 1/(1 — iot). Neglecting the ac diffusion
and calculating the correction F,(x) in first order in
the lateral potential we find after summation over k

iet,N, dV(x)E
om*kyT dx

Substituting Eq. (20) to Eq. (14) and averaging over x
we obtain the ratchet photocurrents, which, together
with the polarization independent current (17), can be
written as

SN, (x) =

(20)

Jx = ][Xl + X2(|ex|2_ |ey|2)]a

] | 21)
jy = ][X3(exe;k +eye;<)_yPcircez]9
with coefficients
T2 = A3 = 0Ty, X = X - OTY (22)
and
ne’ g Vi ueNot (23)

) hen,m*kyToy (1 + 0)212)’

being in full agreement with the phenomenological
Egs. (4).

Figure 2 illustrates the generation of circular-
ratchet photocurrent under circularly polarized exci-
tation. We choose the phases ¢, = 0, ¢y = —7t/2 in
which case one has V(x) = V,cosgx and

E.(x,1) = 2coswtE, (1 + h,singx),
E,(x,1) = 2sinwtEy (1 + h;singx)

with E,, = E,. The equilibrium electron concentra-
tion can be represented by Ny(x) = N, + 0Ny(x) with
ONy(x) = —(ViNy/Tycosgx. If the diffusion is
neglected then the spatially modulated part of the cur-
rent induced by the field E, reads

KN Vx) x 2(cosmt + mtsinw?) E,.

2 2

&j(x, 1) =
l+o't To

By using the continuity Eq. (18) we find the pulsating
profile of electron concentration

SN(x, 1) = Ny gl 2(sinwt— otcosm?)E,,.
1+’ 70T
For the circularly polarized radiation, it suffices to
take into account only the first term in the brackets
because the second term contributes not to y but to ;.
Lengths of horizontal arrows in Fig. 2a indicate values
of §j,(x, f) at the moment # = 0. One can see that the
carriers are pushed to the point x = d/4 and off the
point x = 3d/4. At the moment 7, = ©/(2w) (one fourth
of the period) both the concentration contrast and the
electric field E, become the largest. Since the profiles
of modulation of 6NV(x, ;) and E(x, 1) coincide, the

electric current j(r) = |e|u,dN(x, 1)E,(x, t) in the y

JETP LETTERS Vol. 93  No. 11 2011
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direction reaches its maximum value, see vertical
arrows in Fig. 2b. At the moment 2, the electric field
E, changes its sign and so does the current ¢j,. But
since E,(3f)) = —E (1), the current j (3% coincides
with j (%)) and the average j, value is nonzero and
described by .

6. EXPERIMENTAL RESULTS
AND DISCUSSION

The experiments on ratchet effects in lateral super-
lattices have been performed applying alternating THz
fields of far-infrared laser radiation [17, 25, 26]. A high
power pulsed molecular THz laser [27, 28] has been
used as a radiation source in the spectral range
between 90 um and 280 pm. The power of P = 5 kW
was controlled by the linear photon drag detector [29].
The corresponding photon energies #® lie in the range
of 13.7 to 4.4 meV. For this radiation, the photon ener-
gies are less than the energy gap or energy separation
between size quantized subbands in 2DEG so that in
experiments carried out at room temperature the radi-
ation excites only indirect optical transitions (Drude
absorption) in the lowest subband. Radiation could be
applied at both normal incidence (6, = 0) and oblique
incidence with the angle of incidence 6, varying from
—30°to 30°. The current generated by THz light in the
unbiased samples was measured via the voltage drop
across a 50 Q load resistor in a closed-circuit configu-
ration. The voltage was recorded with a storage oscil-
loscope.

As follows from the discussion above the Seebeck
ratchet can be induced even by unpolarized light. By
contrast, the linear and circular ratchet effects require
polarized radiation. Optically pumped molecular
lasers emit linearly polarized radiation whose orienta-
tion is determined by the polarization of the pump
radiation and in the reviewed experiments was set to
E || y [9]. To study polarization behavior of the radia-
tion induced currents the polarization of the laser
beam has been modified applying crystal quartz A/4-
and A/2-plates.

By rotating the A/4 plate, one transfers the linear
into elliptical polarization. The polarization states are
directly related to the angle ¢ between the initial linear
polarization of the laser light and the optical axis of the
plate, resulting in P,;,. = sin2¢ for the degree of circu-
lar polarization and for the bilinear combinations of
the polarization vector components

2
Sl((p) = |ex’2 - |ey|2 = —Cos 2(p5
1 (24)
Sy(@)=ee) +eel = —Esin4(p.

If the plane of polarization of linearly polarized light
incident upon a /2 plate is at an angle ¢,,, with
respect to the slow axis the plane of polarization of the
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Fig. 2. Schematic illustration of the circular ratchet effect
caused by circularly polarized light at normal incidence.
(a) Solid curve shows the ratchet potential V(x). Horizon-
tal arrows indicate the direction and value of the oscillating
space-modulated current j(x, ) induced by the electric

field E, at the moment ¢ = 0. (b) Solid curve: The space-

modulated part 3 N(x, 7) of the electron density at the one-
fourth of period, f = #; = n/(2w). The profile of the field

y-component £, at this moment coincides with that of SNV.
Vertical arrows: The electric current induced by £, at 1 =1,
and related to the modulation SN(x, ).

transmitted light is rotated by an angle o = 2¢, ,, and
the above bilinear combinations are given by

S (o) = —cos2a, S,(a) = —sin2a. (25)
We note, that parameters S;, S, and S; = P, represent
the radiation Stokes parameters and describe the
degree of linear polarization in the coordinate axes x,
v (S,), within the system rotated about an angle of 45°

(S)) and radiation helicity (P,,.), respectively [30].

Experimental study of the THz radiation induced
ratchet effects in lateral superlattices requires a careful
choice of the experimental geometry. The challenge is
to exclude contributions of the photogalvanic effects
[31], which are caused by the microscopic asymmetry
of the elementary excitation/scattering processes and
can be excited even in unpatterned samples. Fortu-
nately, for structures prepared on the (001)-oriented
substrate the reduction of symmetry resulting from the
asymmetric lateral potential provides a straightforward
way to achieve this goal. Indeed, while the photogal-
vanic effects in such a structures are forbidden at nor-
mal incidence the ratchet effects due to SL in the same
geometry achieve their maximum.
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Fig. 3. Photocurrent J, measured at sample ST2 with

asymmetric stripes ABC as a function of the azimuth angle
o.. The data are obtained at normal incidence of radiation
with a wavelength of A = 280 um and a power of P~ 9 kW.
The current induced in the structured part by linearly
polarized radiation is well fitted by Eq. (26), see also
Eq. (21). The inset displays the design of the Hall bar with
the structured and the unpatterned part. Arrows on top
indicate the polarization corresponding to various values
of a.

Following [17, 25, 26] we focus on experiments
aimed to the THz radiation induced ratchet effects.
We start with Hall bar samples, ST2, in which the
asymmetric lateral potential has been obtained by
means of micropatterned gate fingers. The structure
consists of the patterned and unpatterned areas (see
inset in Fig. 3). In unpatterned area a photocurrent is
only observed at oblique incidence. This finding is in
agreement with the discussion above underlining that
ratchet effects do not occur in unpatterned structures.
In the patterned part of the sample, however, a
remarkable photocurrent J, has been observed at nor-
mal incidence [26]. As shown in Fig. 3, the current,
which flows perpendicularly to the asymmetric stripes,
strongly depends on the azimuth angle o of the light
polarization defined above and can be well fitted by

J. = J,+ L8 (o). (26)
This is fully in line with the theory of the ratchet effect
discussed above and given by Egs. (4) and (21). Our
observation demonstrates that an asymmetric periodic
potential can be controllably introduced by the ABC
gate. We note that in this sample the interplay of the
polarization independent Seebeck photocurrent J,
(Eq. (17)) and linear ratchet photocurrent propor-
tional to J, [or to the coefficient x, in Egs. (21)] yields
a maximum of the signal for the radiation electric field
aligned perpendicular to the direction of modulation.
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Fig. 4. Longitudinal resistance p,, in the modulated part of

the Hall bar sample ST2. At low B, 1/B periodic commen-
surability oscillations indicate the presence of a weak peri-
odic potential. The 1/B periodicity of the low-field oscilla-
tions is evident from the inset where the oscillation index
Ac is plotted vs. the resistance minima position 1/B in the

bottom right inset. The upper left inset shows the Shubni-
kov—de Haas oscillations measured at 100 mK in the
unpatterned reference section of the ST2 sample.

The Hall bar design of ST2 structures makes possi-
ble an independent control of the modulation of
2DES potential. Figure 4 shows the magnetic field
dependence of the longitudinal resistance p,, mea-
sured in the patterned and unpatterned (see the inset)
areas. The data are obtained at low temperatures and
display the pronounced Shubnikov—de Haas oscilla-
tions for unpatterned part of the sample. In the pat-
terned part of the sample, by contrast, the Weiss-oscil-
lations [32] are detected. This observation is a clear
signature of the presence of a weak periodic potential.
In ST2 structures the mean free path /, in the superlat-
tice device at low temperature is about 9 um and hence
longer than the period of the SL as well as much longer
than the average distance between neighboring finger
strips. In this limit the periodic potential causes 1/B
periodic resistance oscillation where minima are given
by the condition

2RC = (?&C_i)d, }\4(: = 1, 2,3 (27)

Here, 2R is the semi-classical cyclotron orbit diame-
ter and A is the oscillation index. Such commensura-
bility (or Weiss-oscillations) is clearly visible at low
magnetic fields of the trace measured in the superlat-
tice part of the sample, as presented in Fig. 4. The SL
period d extracted from the Weiss-oscillations is about
570 nm and agrees with one of the Fourier compo-
nents of the asymmetric periodic potential.
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The polarization independent Seebeck photocur-
rent J; (Eq. (17)) and linear ratchet photocurrent pro-
portional to J, [or to the coefficient ¥, in Egs. (21)]
have also been observed in the other set of the lateral
structures, ST1, with the asymmetric potential caused
by the asymmetric periodic grooves. Figure 5 shows
the photocurrent generated at normal incidence in
sample ST1 as a function of the azimuth angle o (see
panel (a)) and angle ¢ indicating the helicity (see
panel (b)). The current is measured at an angle of 45°
with respect to the axes x and y and can be well fitted
by an equal superposition ofj, and j, of Egs. (21) yield-
ing

J=J+L,85(a)+ /55, () (28)

and

J = Ji+4,85(0) + 138,(9) + I Pip (0). (29)

Here, the fitting parameters J; (j = 1, 2, 3) and J. are
related to the coefficients y; and —y in Eq. (21) by the

factor 1/ J2 . We emphasize that, as expected from the
theory, fitting parameters J; used for the data shown in
the panel (a) are the same as the ones used in the panel
(b). Also here, no photocurrent is observed in refer-
ence samples excited at normal incidence.

Figures 3 and 5 demonstrate that the dominant
contribution to the photocurrent is polarization inde-
pendent and can therefore be obtained by unpolarized
radiation. In the microscopic theory this photocurrent
is mostly due to the Seebeck ratchet effect and is
described by the term proportional to y; in Egs. (21).
As an important result, Fig. 5b also reveals that the
helicity dependent photocurrent J-P..(¢), denoted
as circular transverse ratchet effect, contributes a sub-
stantial fraction to the total current.

Equations (21) suggest that the ratchet currents
display a maximum at normal incidence and are an
even function of the angle of incidence. This impor-
tant macroscopic characteristic of the photocurrent
has, in fact, been verified by measuring the polariza-
tion dependence of the photocurrent for various
angles of incidence 0,,.

SUMMARY

In summary, the deposition of a lateral periodic
potential on a low-dimensional semiconductor struc-
ture yields a new route to generate THz radiation
induced photocurrents. A periodic potential reduces
the symmetry of the structure and evokes additional
mechanisms of current formation. This directed cur-
rent constitutes a ratchet effect which is closely related
to the one investigated theoretically by Blanter and
Bittiker and called the Seebeck ratchet effect. The
photocurrent generation is based on the combined
action of a spatially periodic in-plane potential and a
spatially modulated light. A further access to ratchet
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Fig. 5. Photocurrent J generated in sample ST1 by THz
radiation at normal incidence. The current is measured at
room temperature, excited by radiation with the wave-
length A =280 um and power P~ 2 kW. (a) Photocurrent J
measured for linearly polarized radiation as a function of
the azimuth angle a.. (b) Photocurrent measured as a func-
tion of the angle ¢ defining the radiation helicity. Full lines
are fitsto Eq. (4) [see also Eq. (21)]. Insets show the exper-
imental geometry. Arrows and ellipses on top of (a) and (b)
indicate the polarization corresponding to various values
of o and @, respectively.

effects provides application of polarized radiation
resulting in linear or even circular ratchet effect. For
the latter one the circularly polarized radiation is cru-
cially needed and the current direction reverses its sign
upon switching of radiation helicity from left- to right-
handed light and vice versa. Apart from reviewing the
experimental state-of-art, we have provided a detailed
theoretical description of THz-radiation induced
ratchet effects in 2DES with lateral potential in terms
of a phenomenological model as well as presented a
theoretical approach based on the semiclassical Boltz-
mann equation. The proposed theory of the Seebeck
ratchet effect is applicable for the non-degenerate
Boltzmann statistics and invalid for the low tempera-
ture region characterized by the Fermi energy ep >
kgT. What is even more important, with decreasing
temperature in high-mobility structures the electron
mean free-path length /, becomes comparable with
and even longer than the lateral superlattice period.
This should be accompanied by a changeover from the
mechanism related to the in-plane light intensity
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modulation with j oc IV, to the mechanism of pho-
tocurrents arising in an asymmetric lateral potential
for a homogeneous excitation and obtained by solving
the kinetic Eq. (8) in the fifth-order perturbation the-
ory, namely, the second order in the amplitude of the
light electric field E, and the third order in the lateral
potential, see [11]. As for the linear and circular pho-
tocurrents, one can show that, at low temperature and
degenerate statistics, the coefficients v, y, and x5 are
given by Egs. (23), where the ratio N,/kgT is replaced
by (m*/nhi?). This is true provided the Fermi energy Ep
exceeds both the photon energy 4w and the super-
structure potential |V(x)| and the inequality ot, > 1is
as before satisfied. The measurement of the detailed
temperature dependence of the photocurrent, the
development of the Seebeck ratchet theory in the case
l,> d and the comparison between theory and experi-
ment is a future task.
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