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Experimental and theoretical work on the ratchet effects in quantum wells with a lateral superlattice excited
by alternating electric fields of terahertz frequency range is reviewed. We discuss the Seebeck ratchet effect
and a 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.

1. Introduction. The subject of the present review
is terahertz (THz) radiation induced photocurrents in
low-dimensional semiconductor systems with spatially
periodic noncentrosymmetric 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 rele-
vant for different fields of physics, chemistry and biology
[1-4].

Ratchet effects whose prerequisites are simultaneous
breaking of both thermal equilibrium and spatial inver-
sion symmetry can be realized in a great variety of forms
ranging from mechanical systems to molecular motors
or electric transport in one-dimensional semiconductor
systems. If the directed transport in an asymmetric pe-
riodic 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 symmetry is related to the microscopic
structure of the system. Thus, the studies of ratchet ef-
fects are naturally related in subject to several hundred
experimental and theoretical papers on photogalvanic ef-
fects.

While the relationship between ratchet effects driven
by alternating electric fields in artificially made macro-
scopic systems with broken spatial symmetry and light
induced photogalvanic effects in noncentrosymmetric
crystals and structures is obvious and addressed in sev-
eral papers [3,14-17], an impression sometimes arises
that these fields are developing independently of each
other. Experiments and theory of the ratchet effects

induced by THz radiation in low dimensional non-
centrosymmetric 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 reciprocation of ideas. In
particular, the recently observed Seebeck ratchet caused
by electron gas heating under absorption of THz radia-
tion [17], provides an evidence that ratchet effects can
be induced even by unpolarized radiation and are simi-
lar to the widely discussed thermal noisy transport [1-4,
18-20).

We start the review introducing the basic concepts of
ratchet effects. Then in Sec.3 we give a short overview
on the structures used so far for the study of THz radia-
tion induced ratchet effects in semiconductor nanostruc-
tures with a lateral one-dimensional potential. In Sec. 4
we perform the symmetry analysis and obtain the polar-
ization dependence of photocurrent. In Sec. 5 we present
basics of the kinetic theory of ratchet effect and derive
analytical expressions for the Seebeck and polarization-
dependent photocurrents. The experimental results are
presented and discussed in Sec. 6.

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

m (& +ni) = F(z,t) + ((¢). (1)

Here, z = z(t) is the particle coordinate, m is its effec-
tive mass, dots indicate time derivatives, 7 is the viscous
friction coefficient, F'(z,t) is the ratchet force related to
the ratchet potential V' (z,t) by F(z,t) = -0V (z,t)/0x,
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¢ is a randomly fluctuating thermal-noise force. The
ratchet force is assumed to be periodic in space with
period d and vanish after averaging in space and time.
The force ¢ is modeled by a Gaussian noise of vanishing
mean, (£(t)) = 0, satisfying the fluctuation- dissipation
relation (£(¢')€(t)) = 2mnksTé(t' — t) with T being the
absolute temperature, in the following the Boltzmann
constant kg is set to unity. The state variable z is re-
ferred to an effective “Brownian particle” which in many
cases is relevant to the position of true particles. How-
ever, this variable can also represent a different type
of the system degree of freedom, e.g., the total phase
¢(t) across the ring in an asymmetric SQUID (super-
conducting quantum interference device) threaded by a
magnetic flux [21]. Very often, the dynamics of small
systems is approximately described by an overdamped
Langevin equation with m& — 0.

In order to present briefly the simplest ratchet mod-
els, we start from the ratchet with the time-independent
potential V (z). At thermal equilibrium in spatially peri-
odic potential there is no systematic preferential motion
of the particle, ¢ = 0, no matter what are the sym-
metry properties of V' (z). For a potential with broken
spatial symmetry (non-existence of a point xo where
V(z — o) = V(zo — z)), a directed transport arises
in the system driven away from thermal equilibrium.
In the so-called temperature ratchets the breaking of
equilibrium is achieved by subjecting the system tem-
perature to periodic temporal modulations. In another
kind of the temperature ratchets, called also the See-
beck ratchets, the system is driven out of equilibrium
by introduction of a space-dependent temperature pro-
file T'(x) of the same periodicity d as the potential V(z)
[3, 18, 19, 22]. In the latter case both the potential V' (z)
and the temperature profile T'(z) can possess centers of
inversion but, in an asymmetric system, these centers
must not coincide which means that the space average
of the product T'(z)dV (z)/dz is nonzero. The next type
of ratchets, the tilting ratchet, is a system with the func-
tion F(z,t) of the form —dV(z)/dx + F(t) where the
zero-mean force F'(t) is a stochastic or periodic function
of time, the former system carries the name fluctuat-
ing 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(z,t) induces
a time-dependent variation of the potential keeping its
spatial periodicity. Particularly, in the pulsating on-off
ratchets, F(z,t) is set to f(¢t)dV (z)/dz with f(t) taking
on only two possible values, one of them being 0 (poten-
tial “off”). Another example of time- dependent varia-
tion of the potential shape, without affecting its spatial
periodicity, is given by
Mucema B AROT® Tom 93
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dV(z)
dz

F(z,t) = — + F(t)P(x), (2)
where F'(t) is periodic in time and the periodical func-
tions V(z) and P(z) 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 electron
gas heating. The force F'(z,t) acting on free electrons
has the form of Eq. (2) where F(t)P(z) = eE(z,t), e
is the electron charge, E(z,t) is the electric field of the
electromagnetic field, F'(t) oscillates in time at the light
frequency w and P(z) = P(z +d) is the in-plane modu-
lation of the electric-field amplitude caused by the mask.
The radiation-induced heating of the electrons leads to a
periodic temperature profile 7'(z) 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 re-
ported an experimental realization of the original idea
of Blanter and Biittiker, with some modifications. The
photocurrent induced by THz radiation has been ob-
served 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 structures 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 (z,y, z) with the z-axis par-
allel to the structure growth direction. This means that,
in terms of the classical stochastic dynamics, the scalar
equation (1) should be replaced by the similar vector
equation for the two-dimensional (2D) position vector r
with the components ¢,y and the two-component force

dV(z)
dx

F(z,t) = — o, + eE(z,t), (3)
where V() is the ratchet potential, o, is the unit vector
along the z axis, and E(z,t) is the in-plane time- and
z-dependent electric field with two components E, (z,t)
and E,(z,t). 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 transport
sensitive to the radiation circular polarization (circular
ratchet) and linear polarization in the axes z',y' rotated
by 45° with respect to the axes x,y (linear ratchet)
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[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 de-
sign. Thus, to be specific in the discussion of phenom-
enological (Sec.4) and microscopic (Sec.5) theory, we
first briefly introduce the structures under study. Ex-
perimentally THz radiation induced ratchet effects in
lateral low-dimensional semiconductor structures have
been observed employing two types of lateral SL grat-
ings [17, 25, 26]. The gratings have been prepared on
molecular-beam epitaxy (001)-grown Si-d-doped n-type
GaAs/Al,Ga;_,As heterostructures with electron mo-
bilities and carrier densities at room temperature in the
range of 3—6 - 10® cm?/Vs and 101 —10'2 cm 2, respec-
tively. At room temperature the electron mean free path
l¢ is about 0.5 pm and, hence, the condition [, < d holds.
The studied superlattices mainly differ in the design of
the gratings providing the asymmetric potential.

The first type of superlattice (ST1) consists of asym-
metrically etched grooves oriented along the [100] cubic
direction with a SL period d of 2.5 pm. Grooves with
0.5 pm width were obtained by electron beam lithog-
raphy and subsequent reactive ion etching using SiCly.
Care was taken not to etch through the 2D-electron sys-
tem. A corresponding sketch of the grating and an elec-
tronic micrograph are shown in Figs.1b and d, respec-
tively. The asymmetric modulation of the lateral po-
tential comes from the shape of the grooves: the av-
erage 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 crystal-
lographic axes. For the photoelectric experiments we
used 5 x 5mm? square shaped samples oriented along
the [110]- and [110]-directions. To measure photocur-
rents, 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 trans-
port 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 lithog-
raphy and deposition of micropatterned gate fingers us-
ing 15 nm Ti and 120 nm Au. The schematics of the
gate fingers, consisting of stripes having three different
widths A = 1 ym, B = 0.6 pgm and 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 electron micro-
graph in Fig. le. This asymmetric supercell is repeated
to generate an asymmetric but periodic potential super-
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Fig.1. Sample design. (a) Blanter and Biittiker’s geom-
etry. (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 metallic stripes on
top of the sample. (d) Electron micrograph of the first set
of samples (ST1). (e) Electron micrograph of the second
set of samples (ST2). Here, the widths of the patterns A,
B and C are 1 pm, 0.6 pm and 0.3 pm, respectively

imposed upon the 2D electron system. The asymmetric
supercells ABCABC... are patterned on a 500 - 140 ym?
area and generate a strain-induced potential in the 2DES
with a period d of 3.8 um. The gate fingers, all con-
nected and grounded, are oriented along the y-direction,
perpendicularly to the Hall bar.

In order to compare the data of modulated and un-
modulated 2D electron systems reference samples have
been used for both types of SL. As reference samples
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 symmetric.
The reference sample for ST2 set of structures have been
obtained by preparation of Hall bars consisting of a pat-
terned region as well as of an unpatterned reference part.

4. Symmetry analysis. In this section, we will
analyze symmetry restrictions imposed on the polariza-
tion dependence of the ratchet currents. The SL shown
in Fig.1 have the point group symmetry C; consisting
of the identity element and the reflection ¢ in the plane
perpendicular to the channels (y-axis). It follows then
that the current density components j,, j, are related to
components of the polarization unit vector e = Eq/|Eo|
by four linearly independent coefficients

jo = Ilxa + x2(lea]? — ley )], (4)
jy = I[X3(ewe; + eye;) - 'YPcircéz] ,
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where Pei;c& = i(e x e*), I is the average light intensity
Note that in the described geometry the light propaga-
tion direction and the z axis are anti-parallel causing
the minus sign in the second equation of Eqs. (4). The
Seebeck ratchet effect is connected to the coefficient x1,
while the remaining three coefficients describe the linear
(x2,x3) and circular () 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 QWs, grown along
the crystallographic [001] direction of zinc-blende-lattice
semiconductors have point-group symmetry Cs, which
excludes in-plane currents for normal incidence where
Ey, = 0, in contrast to the ratchet currents (4), al-
lowed for this geometry. Under oblique incidence, the
reference samples admit directional photogalvanic elec-
tric currents perpendicular to the plane of incidence [§]

jm, = I[Xl.ll.lz (ezl(f: + ez(f;l) + ’Yz-’y’ circéy’] ’ (5)

. * * P
Jy, = I[Xylylz (ey:ez + ezey,) + FYy’:L" Cil‘Ce:L"] ’

which are caused by the lack of an inversion center in
the reference samples at the atomic level. Here, ' and
y' denote the axes [110] and [110], respectively, x and v
are a third-order tensor and a second-order pseudoten-
sor describing the linear (LPGE) and circular (CPGE)
photogalvanic effects, respectively. Equations (5) show
that in reference samples a photocurrent can be gener-
ated only at oblique incidence (z-component of the radi-
ation 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 Sec. 4,
then one can, while developing a theory of the normal-
incident currents, ignore the initial (microscopic) sym-
metry C,, of the reference heterostructure, disregard
mechanisms of photocurrents related to the lack of an
inversion center in the unstructured sample and rely
only on the symmetry of the superstructure potential
V(z) and the in-plane intensity modulation. In this
case Egs. (4) can be applied for any orientation of the
axes z, y irrespectively to the crystallographic directions
[110], [110]. At oblique incidence, the photocurrent
can be naturally described by a sum of superstructure-
induced and intrinsic contributions, Eqgs. (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
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mechanisms) and on the micron scale (periodic grating)
experimentally.

5. Kinetic theory. We consider a quantum well
(QW) structure modulated by a 1D periodic lateral po-
tential V(). In addition to the static potential V'(z), the
2D electron gas is subjected to the action of an in-plane
time-dependent electric field E(z,t) = E, (z)e ¢ +c.c.
with the amplitude E, (z) modulated along the z axis
with the same period as the static lateral potential. In
general, the modulated field amplitude and lateral po-
tential can be presented in the form

E,(z) =E¢ |1+ Z hp cos (nge + ¢E..)| , (6)
n=1
o0
V(z) = Z Vi cos (ngz + pv,n) ,
n=1

where ¢ = 27w /d. Hereafter, for simplicity, we take the
modulation in the form

E.(z) = Eo[l1 + hy cos (¢z + ¢g)] , (7)
V(z) = Vicos(qz + ov) -

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 clas-
sical Boltzmann equation for the electron distribution
function fi(z,t), namely,

2 + 3 + F(,?) 3
at Vo n ok

) fi(z,t) + Q. = 0. (8)

Here, k = (k;, ky) and vk = hk/m are the 2D electron
wave vector and velocity, the force F(z,t) is given by
Eq. (3), and Qx is the collision integral responsible for
electron momentum and energy relaxation. Equation (8)
is valid for a weak and smooth potential satisfying the
conditions |V (z)| < €. and ¢ = 27/d < ke, where k.
and €. are the typical electron wave vector and energy,
the latter being much larger than the photon energy hw.
The quantity of central interest is the average electron
current

i= 2€ZVk]_tka 9)
k

where the factor 2 takes into account the electron spin
degeneracy and the bar means averaging over the spatial
coordinate z and time ¢. The ratchet currents can be ob-
tained by solving the kinetic equation (8) in third order
perturbation theory, i.e., second order in the electric-
field amplitude and first order in the static lateral po-
tential. In this work, we use the collision integral Qy
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in the convenient form of a sum of the elastic scattering
term Q*% and the energy relaxation term Q.. The
former is taken in the simplest form

fi(z,t) — (fi(z, 1))

Qiel.sc) _ . ’ (10)

where the brackets mean the average over the directions
of k, and 7 is the momentum scattering time assumed
to be constant. The term (. is treated in the approxi-
mation of effective temperature.

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

fle) = 10 @) + 1 (@, 1) + £ (1), (11)

where fﬁo) (z) is the equilibrium distribution function.
Here we consider the limit of high temperatures and as-
sume that the electron gas obeys a non-degenerate sta-
tistics. Then, retaining terms of zero and first orders in
the lateral potential, we can approximate the equilibrium
distribution function by

where e, = h%k?/2m, Ty is the equilibrium temperature
and po is the chemical potential.

The first-order correction is time-dependent and can
be written as a sum of two complex-conjugate mono-
harmonic terms flil)(a:,t) = e’i“’tf&) (z) + c.c. For the
second order correction, it is sufficient to retain the time-
independent contribution fliz) (z) = &(z) only and to
reduce Eq. (9) to

j=2e) vicbe. (13)
k

By the successive iteration of the kinetic equation,
substitution of fix(z) into Eq. (9) and summing over k
we arrive at

dv (z

J= e {JN(w)W)ow + 2|e|Re[EZ (2)dN,, (;c)]} .

(14)

Here p. is the electron mobility |e|7/m* and we intro-
duced the spatially- modulated electron densities

ON(z) =23 &(z), ONu(z) =2 fi(z). (15)
k k

The further development of the theory is based on
additional assumptions: (i) the energy relaxation time
T. is assumed to exceed the time 7 and the inverse fre-
quency w™!, (ii) the electron mean free path I, = vrT

and energy diffusion length I, = vy /77, are both small
compared with the SL period d, where vy is the ther-
mal velocity /27T /m, (iii) we neglect the influence of ac

diffusion on the first-order amplitudes fl((i)) (z) which is
valid if v7q € w. On the other hand, no restrictions are
imposed on the value of the product wr.

The first term in the right-hand side of Eq. (14) de-
scribes the Seebeck ratchet photocurrent. To calculate
this current we need to find a static correction N (z) of
the spatially modulated electron density. This correc-
tion, together with local non-equilibrium temperature
T (z), current density j, and energy flux density J(z),
satisfy the following macroscopic equations

e = {N@ T + Lr@NGN} (o)
7= T + V@) 1 e O
Y — 6N () - T D),

and dj,/dx = 0. Here, we introduced the energy relax-
ation time 7. and the generation rate G(z) defined as the
Drude absorption rate per particle,

4me? T I(z)

G(z) = g

mn, 1+ w?r?

where the light intensity is defined by

I(2) = (| By o (2)]* + |Buy (@))

T oom

c is light velocity in vacuum, n,, is the refractive index.
Under homogeneous optical excitation, G(z) = Gy,
Egs. (16) have the following solution

T = T() + ha}GoTE y N((I}) = Noe_v(z)/T ,

where Ny is z-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
coeflicient h1, we have G(z) = Go[1+2h; cos (qz + ¢Eg)].
Neglecting the energy diffusion term in Egs. (16) we ob-
tain that the steady-state generation produces a station-
ary periodic electron temperature T'(z) with T'(z) =T =
= 0T (z) = 7.hw[G(z)—G)p]. From the first equation (16)
it follows that this temperature modulation is accompa-
nied by a light-induced periodic correction to the elec-
tron density 0N (z) ~ —NodT (z)/T.

For the lateral potential given by Eq. (7) where the
symmetry of the system is broken by a phase shift be-
tween V(z) and ©(z), the final result reads

4me? hq peNotT. IV;
hen, m* 1 +w?r2 T’

Jz = X%T = (17)
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where ( = hy sin (pv — g) is the asymmetry parame-
ter related to the inhomogeneous photoexcitation. For
a more complicated spatial modulation (6), the product
CqVh should be replaced by Y ngVy,hy sin (v, — ©E.5)-

n
The Seebeck ratchet current (17) is polarization indepen-

dent and increases with decreasing temperature.

Now we turn to the polarization dependent mecha-
nisms of the currents and discuss the linear and circular
ratchet effects described in Egs. (4) by the terms pro-
portional to x2,x3 and . We show that these ratchet
currents can also be generated in a lateral SL with the
out-of-phase periodic potential V(z) and electric field
E,(z). For this purpose we consider the second term
in Eq. (14). The oscillation 6N, (z) entering (14) and
defined by Eq. (15) satisfies the continuity equation

iwdN,(z) + D@ o (18)

Oz
where j,, ,(z) is the amplitude of current oscillations at
frequency w. Since d N, (z) = 0 then, in order to calcu-
late the current given by the second term in Eq. (14), it
is sufficient to find a contribution to d N, (z), linear in
the lateral potential and a non-modulated electric field
E()z.
The function fl((i)) (z) is conveniently rewritten as

eEovkT, L(0)

1
fied (@) = k(@) + Feo(),  (19)
kT
where 7, = 7/(1 —iwT). Neglecting the ac diffusion and
calculating the correction F, (z) in first order in the

lateral potential we find after summation over k

iet,No dV (z)

ONo(w) = wm*kgT dx

Eos. (20)

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

je = Ix1 + x2(lea]? — ley*)], (21)
jy = I[X3(em€; + eye;) - "YPcircéz]a

with coefficients
ol _ .8
X2 = X3 = —WTY, X1= X1 —WwWTY (22)

and

v we? hg Vi e NoT

= 2
hen, m* kpT w(l + w?72)’ (23)

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

Mucema B AKRIT® Tom 93 Bemm. 11-12 2011

Figure 2 illustrates the generation of circular-ratchet
photocurrent under circularly polarized excitation. We
choose the phases py = 0, pg = —7/2 in which case
one has V(z) = V4 cosgz and

E,(z,t) = 2coswt Eg; (1 + hy sinqz),
Ey(z,t) = 2sinwt Eoy(1 + hy singzx)

with Eo, = Ep,. The equilibrium electron concentra-
tion can be represented by No(z) = No + dNo(z) with
dNo(z) = —(ViNo/Tp)cosgz. If the diffusion is ne-
glected then the spatially modulated part of the current
induced by the field E, reads

. peNo V(z)
et = 1 e

- 2(coswt + wT sin wt) Eo,.

By using the continuity equation (18) we find the pul-
sating profile of electron concentration

/J'ENO qu

6N(.'E, t) = 71 n szz w—z_b

- 2(sinwt — wT cos wt) Eo,.
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 x3. Lengths
of horizontal arrows in Fig. 2a indicate values of 65, (z, t)
at the moment ¢t = 0. One can see that the carriers are
pushed to the point z = d/4 and off the point z = 3d/4.
At the moment t, = m/(2w) (one fourth of the period)
both the concentration contrast and the electric field E,
become the largest. Since the profiles of modulation
of 6N (z,t9) and Ey(z,to) coincide, the electric current
Jy(t) = |e|uedN (z,t)Ey(z,t) in the y direction reaches
its maximum value, see vertical arrows in Fig. 2b. At the
moment 2ty the electric field E, changes its sign and so
does the current 0j,. But since E,(3tg) = —E,(to), the
current j,(3ty) coincides with jy(¢o) and the average j,
value is nonzero and described by 7.

6. Experimental results and discussion. The
experiments on ratchet effects in lateral superlattices
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 ym
and 280 pum. The power of P ~ 5 kW was controlled by
the linear photon drag detector [29]. The correspond-
ing photon energies hw lie in the range of 13.7 meV to
4.4 meV. For this radiation, the photon energies 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 radiation excites
only indirect optical transitions (Drude absorption) in
the lowest subband. Radiation could be applied at both
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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(z). Hori-
zontal arrows indicate the direction and value of the os-
cillating space-modulated current j,(z,t) induced by the
electric field E, at the moment ¢ = 0. (b) Solid curve:
The space-modulated part N (z,t) of the electron density
at the one-fourth of period, t = to = 7/(2w). The profile
of the field y-component E, at this moment coincides with
that of 6 V. Vertical arrows: The electric current induced
by E, at t = to and related to the modulation § N (z,to)

normal incidence (fp = 0) and oblique incidence with
the angle of incidence 8y 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 configuration. The voltage
was recorded with a storage oscilloscope.

As it 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 orientation is de-
termined by the polarization of the pump radiation and
in the reviewed experiments was set to E || y [9]. To
study polarization behaviour of the radiation 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, = sin 2¢p for the degree of circu-
lar polarization and for the bilinear combinations of the
polarization vector components

S1(p) = lex|* — ley|* = — cos® 2¢, (24)

1
Sa2(p) = exey +eye, = —3 sin 4¢.

If the plane of polarization of linearly polarized light in-
cident upon a A/2 plate is at an angle ¢, /> with respect
to the slow axis the plane of polarization of the trans-
mitted light is rotated by an angle a = 2¢,/, and the
above bilinear combinations are given by

Si(a) = —cos2a, Sa2(a) = —sin2a. (25)

We note, that parameters S;, S and S3 = P repre-
sent the radiation Stokes parameters and describe the
degree of linear polarization in the coordinate axes x,y
(S2), within the system rotated about an angle of 45°
(S1) and radiation helicity (Peirc ), respectively [30].

Experimental study of the THz radiation induced
ratchet effects in lateral superlattices requires a care-
ful choice of the experimental geometry. The chal-
lenge is to exclude contributions of the photogalvanic
effects [31], which are caused by the microscopic asym-
metry of the elementary excitation/scattering processes
and can be excited even in unpatterned samples. For-
tunately, 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.

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 mi-
cropatterned gate fingers. The structure consists of the
patterned and unpatterned areas (see inset in Fig.3).
In unpattenned 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 normal incidence [26]. As shown
in Fig. 3, the current, which flows perpendicularly to the
asymmetric stripes, strongly depends on the azimuth an-
gle a of the light’s polarization defined above and can
be well fitted by

Je =J1+ Jle(Oé). (26)
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Fig.3. Photocurrent J, measured at sample ST2 with
asymmetric stripes ABC... as a function of the azimuth an-
gle a. The data are obtained at normal incidence by radia-
tion with wavelength of A = 280 pm and power P ~ 9 kW.
The current induced in the structured part by linearly po-
larized radiation is well fitted by Eq. (26), see also Eq. (21).
The inset displays the design of the Hall bar with the struc-
tured and the unpatterned part. Arrows on top indicate
the polarization corresponding to various values of «

This is fully in line with the theory of the ratchet ef-
fect discussed above and given by Egs. (4) and (21).
Our observation demonstrates that an asymmetric pe-
riodic potential can be controllably introduced by the
ABC gate. We note that in this sample the interplay of
the polarization independent Seebeck photocurrent Jy
(Eq. (17)) and linear ratchet photocurrent proportional
to Jy [or to the coefficient x» in Eqgs. (21)] yields a max-
imum of the signal for the radiation electric field aligned
perpendicular to the direction of modulation.

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,, measured in the pat-
terned and unpatterned (see the inset) areas. The data
are obtained at low temperatures and display the pro-
nounced Shubnikov-de Haas oscillations for unpatterned
part of the sample. In the patterned part of the sam-
ple, by contrast, the Weiss-oscillations [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 superlattice device at low tempera-
ture is about 9 pm 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 peri-

Mucema B ARIT® Tom 93 Bemm. 11-12 2011

odic potential causes 1/B periodic resistance oscillation
where minima are given by the condition

1
2Rc = ()\c - Z) d, \c =1,2,3... (27)

Here, 2R is the semi-classical cyclotron orbit diameter
and A¢ is the oscillation index. Such commensurability
(or Weiss-oscillations) are clearly visible at low magnetic
fields of the trace measured in the superlattice part of
the sample, as presented in Fig.4. The SL period d

45

T'=100 mK
40

35

P ()

30

25

0 0.05 0.10
Magnetic field, B, (T)

Fig.4. Longitudinal resistance p,, in the modulated part
of the Hall bar sample ST2. At low B, 1/B periodic com-
mensurability oscillation indicate the presence of a weak
periodic potential. The 1/B periodicity of the low-field
oscillations 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
Shubnikov-de Haas oscillations measured at 100 mK in the
unpatterned reference section of the ST2 sample

extracted from the Weiss-oscillations is about 570 nm
and agrees with one of the Fourier components of the
asymmetric periodic potential.

The polarization independent Seebeck photocurrent
J1 (Eq. (17)) and linear ratchet photocurrent propor-
tional to Jo [or to the coefficient x» in Eqgs. (21)] have
also been observed in the other set of the lateral struc-
tures, ST1, with the asymmetric potential caused by the
asymmetric periodic grooves. Figure 5 shows the pho-
tocurrent generated at normal incidence in sample ST1
as a function of the the azimuth angle « (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
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z and y and can be well fitted by an equal superposition
of j, and j, of Egs. (21) yielding

J=J+ stg(a) + J351(a) (28)

and

J =J1 + J2S2(p) + J3S1(p) + Jc Peire (). (29)
Here, the fitting parameters J; (j = 1,2, 3) and J¢ are
related to the coefficients x; and —v in Eq. (21) by the
factor I/+/2. 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 reference sam-
ples excited at normal incidence.

Figures 3 and 5 demonstrate that the dominant con-
tribution to the photocurrent is polarization independent
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 x; in Egs. (21). As an important
result, Fig.5b also reveals that the helicity dependent
photocurrent Jc Peirc(p), denoted as circular transverse
ratchet effect, contributes a substantial fraction to the
total current.

Equations (21) suggest that the ratchet currents dis-
play a maximum at normal incidence and are an even
function of the angle of incidence. This important
macroscopic characteristic of the photocurrent has, in
fact, been verified by measuring the polarization depen-
dence of the photocurrent for various angles of incidence
00.

Summary. In summary, the deposition of a lateral
periodic potential on a low-dimensional semiconductor
structure yields a new route to generate THz radiation
induced photocurrents. A periodic potential reduces the
symmetry of the structure and evokes additional mech-
anisms of current formation. This directed current con-
stitutes a ratchet effect which is closely related to the
one investigated theoretically by Blanter and Biittiker
and called the Seebeck ratchet effect. The photocurrent
generation is based on the combined action of a spa-
tially periodic in-plane potential and a spatially modu-
lated light. A further access to ratchet effects provides
application of polarized radiation resulting in linear or
even circular ratchet effect. For the latter one the cir-
cularly polarized radiation is crucially needed and the
current direction reverses its sign upon switching of ra-
diation 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

[
N
T

ho (@)

T=300K

Azimuth angle, o

1 OO 01 99O 0 |

J (nA)

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 pm 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
function of the angle ¢ defining the radiation helicity. Full
lines are fits to Eq. (4) [see also Eq. (21)]. Insets show the
experimental geometry. Arrows and ellipses on top of a)
and b) indicate the polarization corresponding to various
values of « and ¢, respectively

lateral potential in terms of a phenomenological model
as well as presented a theoretical approach based on the
quasiclassical Boltzmann equation. The proposed the-
ory of the Seebeck ratchet effect is applicable for the
non-degenerate Boltzmann statistics and invalid for the
low temperature region characterized by the Fermi en-
ergy €r > k7. 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 mod-
ulation with j oc Th;V; to the mechanism of photocur-
rents arising in an asymmetric lateral potential for a
homogeneous excitation and obtained by solving the ki-
netic equation (8) in the fifth-order perturbation theory,
namely, the second order in the amplitude of the light
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electric field Ey and the third order in the lateral poten-
tial, see Ref. [11]. As for the linear and circular pho-
tocurrents, one can show that, at low temperature and
degenerate statistics, the coeflicients 7, x2 and xs are
given by Egs. (23) where the ratio No/kgT is replaced
by (m*/wh?). This is true provided the Fermi energy
Ep exceeds both the photon energy Aw and the super-
structure potential |V (z)| and the inequality wr. > 1
is as before satisfied. The measurement of the detailed
temperature dependence of the photocurrent, the devel-
opment of the Seebeck ratchet theory in the case I, > d
and the comparison between theory and experiment is a
future task.
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