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It is investigated the effect of mutual rectification of alternating currents, induced by an electric field of
two uniformly polarized electromagnetic waves with different frequencies in two-dimensional superlattice
with non-additive energy spectrum under the influence of a constant transverse electric field. The possibil-
ity of control of constant component of electric current (amplification, change of sign, suppression) by the
transverse electric field is shown. The abilities of the practical use of the results are discussed.
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1. INTRODUCTION

Nonlinear phenomena in solid states are widely
used for information processing (modulation and heter-
odyning), for spectroscopic measurements, frequency
multiplication, creation of different types of detectors
etc [1]. Bulk semiconductors begin to show their non-
linear properties in very strong fields, therefore use of
artificial structures for production of the information
processing devices is more promising [2-4]. Currently
multilayer structures, in particular, semiconductor
superlattices (SL) [5, 6] got wide spread. Semiconductor
SL is a significantly non-linear media (see, for example,
[7, 8]). One of the interesting and important effects is
an appearance of a direct current under the influence
on the material of only alternating fields — so-called
mutual rectification effect [9-22]. The physical cause of a
current rectification in such effects is the presence of
certain preferred direction in material. This preferred
direction appears under the influence of one of the waves
(this wave usually can be considered as a strong) [9, 10].
Mutual enhancement effects of electromagnetic waves in
nonlinear media [23-26], as well as the effects of the so-
called coherent wave mixing [27-30] are very similar in
physical nature to mutual rectification effects.

The effect of a direct current appearance in the sem-
iconductor SL under the influence of two electromag-
netic waves polarized along the superlattice axis, which
frequencies @ and o, satisfy the relation @ /@, =1/2

, 1s investigated in [13]. Electric field strength is de-
fined by the next expression:

E=E cosawt+E, cos(2a)t + go)

Calculations of the direct current in [12] are per-
formed on the base of approach of the constant relaxa-
tion time 7. The expression of current density was ob-
tained in linear approximation on the strength of the
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electric field E, with a higher frequency. The depend-
ence of the current density on electric field strength E,

is investigated. Particularly, in the case of weak fields
this dependence has a form:

Jj~ EfE2 cos@.

Proportionality of the current to a square of ampli-
tude of electric field of the wave with a lower frequency
and linearity on the field strength of the wave with
greater frequency in the case of weak fields is a feature
of the effects of mutual rectification. Similar depend-
ence was obtained before for bulk semiconductors [9-12,
14-17]. This effect is known as the photostimulated
photovoltaic effect [9, 11, 12].

Recently, graphene and superlattices on the base of
graphene attract interest of researchers in the field of
nonlinear optical effects [31-37]. In [38] photothermoe-
lectric detector on the base of the effect of two-wave
mixing in graphene is offered. One of the features of
the energy spectrum of charge carriers in graphene is
its non-additivity, that allows the manifestation of the
effects of many-wave mixing even in the case when
polarization planes of electromagnetic waves are di-
rected perpendicularly each other [36-38]. Further-
more, non-additivity of the electron spectrum leads to
the fact that perturbation in the motion of the electron
along one direction results in a change of its dynamics
in the perpendicular direction too. It might be interest-
ing for creation of detectors based on two-wave mixing
with the control field which is applied perpendicularly
to the polarization direction of the waves. And, per-
haps, a superlattice with non-additive energy spectrum
(see, for example, [40]) is more suitable on the role of
such detector than graphene due to a more strong in-
fluence of the transverse field on the dynamics of
charge carriers in the longitudinal direction.
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2. PROBLEM STATEMENT

Let us to consider a problem of the influence of a
constant electric field on the current, generated by two
electromagnetic waves, incident normally on two-
dimensional SL with non-additive energy spectrum,
with frequencies, differing twice, the electric field
strength vectors of which are parallel. Problem geome-
try is presented on Fig. 1, where E, =E  cosat,

E, = E, cos(2at) are the components of strength of

alternating electric fields, E, is a constant component

of electric field. Energy spectrum of charge carriers can
be written as

g(px,Py) =A[1—cos(p;decos[pfyLdD 1)

where d is a SL period, A is a half-width of allowed
miniband. Note that materials with spectrum (1) and
ways of that production are described in [40].

We shall solve this problem in semiclassical approx-
imation, so it should be assumed eE;,.d, ho < A. A

current density is calculated in a standard way:

Jj,=eXv,(p)f(pt) @)
p
where
o d d
v = g(p) = A—dsin pxdcospi, A—dcos p.d sinpi 3)
op h h A h h A

Non-equilibrium electron distribution function
f(p,t) is a solution of Boltzmann kinetic equation,
which collision term we’ll take in an approximation of a
constant collision frequency v . Thus, Boltzmann equa-
tion has a form

of (p.t) .
ot

eE

aféﬂ’t) =—v[f(pt)-f(p)]. @

where E=E(t)={Ey,E, + E,,0}, f,(p) —is the equilib-

rium distribution function.

3. CALCULATION OF A CURRENT DENSITY

A solution of equation (4) can be presented as:

f(p,t):uj dt'exp(—u(t—t'))fo(p'(t';p,t)) 5)

—0

where p'(t’;p,t) is a solution of classical equation of

motion of electron

0

Jy=Jo 2 |:J2n1 (0‘1)"]2n2 (a2)J2n3 ()

+Jy, (0‘2 ) Son, 1 (0‘1 ) Son 11 (0‘1 ) Son, 11 (0‘2 ) O, +2n, +2n, +4n, +4,012J

7y 51y, 13,1

Here
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k1’ k2

Fig. 1 - Problem geometry

d '
d‘t" —eE(t"), ®6)

with initial condition ¢'=¢, p'=p.
Substituting the solution of (6) in (2), (5) and taking
f (p) in a form of Boltzmann distribution function, we

get next expression for current density:

0
jy = o <L dr, exp(yr ) cos (a7, )- @

(cos g sin g, —sin g cos g, )).

Here y=v/w,

a, =eE,,d/ 2ha,

oy =eEd/ho, o =eE d/ho,
8 =a(sin(z, +7)—sinr),
8y =0 (sin(Zz’1 +27)—sin 27) ,

Ady

j, = en—-—
Jo 7

s d d
_I,[ dp.dp, cos p;;d cos % exp (2 cos p;ch cos P}yi] ®)

z d ’
L dp.dp, exp(ZA1 cos %d cos pgj

T — is a lattice temperature, expressed in energy val-
ues. Angle brackets in (7) mean the averaging on large
in compare to period of waves time interval. After the

expansion of factors like cos(a sin T) in Fourier series,

averaging and integration on 7, one obtains

JZnA +1 (aZ ) 52n1+4n2 +2n,+4n, +2,011 +

®
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(—iy +4ny +2n,)(2+ 2n, — 2(2n, + ny) +4n,)(y + 2i(1+ ny +2n,))

1o ((ap =iy +4ny +2n)(ay +1y —2(2ny + Ny )2+ 0ty — iy + 205 + 40, ) (oy + iy — 2(1+ ny + 2n,)))

o (y —i(=iy + 4ny +2n,) + 2i(1 + ny +2n,))

+ ;
(g =iy +4ny +2n,) (0 + 1y —2(2ng + 1y))(2+ g —1y +2n, +4n, ) (e + 1y —2(1 + ny +2n,)))

(@ +(y +i(1+4n, +2n))*)(y +i(3+2n, + 4n,))

I,

- (14 ay+iy—4n, —2n) L+ o, —iy + 4n, +2n) (-3 + oy + iy —2ny —4n,)(3+ a, — iy + 2n, + 4n,)) -

(y+il+4n, + 2n3))(a§ +(y+i(3+2n, + 4n4))2)

- (-1+ay +iy —4n, —2n,)(1+ay — iy +4n, +2n) (=3 + a, +iy — 2n, —4n,)(3+a, —iy + 2n, +4n,))

4. DISCUSSION OF THE RESULTS

Typical dependencies of Jj, on a strength of con-

stant electric field ¢, (in non-dimensional units) plot-
ted by the formula (8) at different values of y are
presented on Fig. 2.

From graphics on Fig. 2 one can see that at some
values of @, the current j, changes its sign. In gen-
eral case of arbitrary values of a;,a, the roots of equa-
tion j,(a)=0 can be found numerically, but for
a,,a, <<1 they can be found analytically. After Taylor

expansion of (8), taking into account only first non-
vanishing terms, one obtains:

08} | |
-t ¥=0.1
06}

0.‘0 ﬂjE 1:0 115 2:0 215 3,‘0
Fig. 2 - Dependence of a current density jy on a, . All curves

are plotted for g =, =1

(72 +1—a02)

ag +2a§ (72 —1)+(72 +1)2

.
. Jo %
)

2 _ 2 (9)
(7 +4 ao)

+ 2
ag +2a§ (72 —4)+(}/2 +4)

Note, that the dependence of current density on
amplitude of alternating fields in (9) has a form

Jy = ata, correspondingly a fact that in lowest on the
amplitude of high-frequency fields approximation the
rectified electric current is proportional to E,E} where
E, is an amplitude of field with doubled frequency.

This fact can be explained as follows. The dependence
of current on the electric field strengths of high-
frequency fields one can present in a form

Jy= i Cp o Eg cos” (a)t)cos’" (2a)t) s (10)
n,m=0

where c,, are some functions that depend on parame-

ters of material and waves (expect electric field
strengths of waves). This expression can be obtained by
the expansion of (7) in Taylor series. After averaging of
(10) the lowest powers of amplitudes of electric field
strength, which gives non-zero contribution into cur-
rent, are equal to n=1,m=2.

Solving the equation j,(a,)=0 where j, is defined

by (9) one obtains the expression for its root in a form

a, = sz ) (11)

Note, that the current is zero for all values of alternat-
ing fields (of course, with the condition o,a, <<1). It is

also important that in the case of high frequencies of
waves (y < 1) value of ¢, at which j, =0 does not de-
pend on any parameters of material and waves. Remark-

able that the equality to zero of the current (9) is equitable
with the same precision with which this formula was

obtained (i.e. ~ alzaz ). However, the numerical analysis of
the expression (8) confirms the conclusion about the exist-
ence of roots of the equation j, (ao) for arbitrary specified
@, 5, 0 this result can be used in a compensation method
of measuring of parameters of the material and the inci-
dent waves. Also it should be noted a resonant behavior of
dependence j,(a,) at small values of y, which can be
used to enhance the effect of rectification at the two-wave
mixing. This behavior is mathematically explained by the
nature of the denominators in the expressions of I,1, .
The physical meaning of resonances is easiest to be traced
in the case of o;,a, < 1. Herewith the graph of depend-
ence j,(a,) can be plotted by the formula (8). In fact, we

are interested only in the dependence of the expression in
brackets at (9) on ¢, . Let us to designate this bracket as

‘o (72+1—ag) .

ag +2a§ (}/2 —1)+(;/2 +1)2

12)
(72 +4 —ag
+

ag +2a§ (72 —4)+(;/2 4—4)2 -
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The dependence, plotted by formula (12) at y=0.1
is presented on Fig. 3.
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Fig. 3 - Graph to illustrate the nature of the resonant beha-
vior of the current

From the Fig. 3 one can see that in the dependence
there are two local maxima shifted slightly to the left
on the abscissa of the points ¢, =1 and «,=2. Mini-

mums of denominators a placed at points «, = \/1—}/2

and ¢, = \/4—;/2 for first and

respectively. At y=0.1 these points correspond to
0.995 u 1.998 which is close to the position of the max-
ima on the graphic. A slight discrepancy follows from
the contribution made by the behavior of the numera-
tors of each fractions in (12). Note that, when y >1, in

second terms,

the denominators in (12) only one minimum remains
and a resonant behavior of the dependence j,(«)
disappears. In practice, this behavior disappears at y

slightly less than 1 in connection with a strong broad-
ening of the resonances. To clear a physical meaning of
the resonances let us to present the expression for «,

in a form

oy = L (13)

The quantity Q, =eE,d/h in (13) of the dimension

of frequency is well known in the theory of quantum
superlattices and is called the Stark frequency. From
the quantum-mechanical point of view, a constant elec-
tric field is changing the spectrum of the carriers. It
becomes equidistant so that the distance between the
levels (also called Stark) equal to hQ, . Moreover, lo-

calization of the electron also depends on the level

JJ. NANO- ELECTRON. PHYS. 7, 04022 (2015)

number, and the resonance condition Q, =n® means

that the probability of transitions between levels of
Stark ladder increases and at the same time the elec-
tron moves in the coordinate space, that is, it leads to
an increase of the current. The resonance of this kind
can be called Stark-photon and its analogs are already
appeared in the solution of problems in which the su-
perlattice was under the influence of both constant and
alternating electric fields (see, for example, [41]). How-
ever, in contrast to the earlier work, where the fields
were applied in the same direction, in the present prob-
lem a specificity of non-additive spectrum (1) is mani-
fested. Non-additivity leads to mixing of transverse
movements, resulting in a new type of resonance arise.
Let us, finally, to make numerical estimates. For

typical values of material parameters (n~10"cm™2,
7=0.1, A~0.01eV, d~10°%m) j,~102A/cm. At
these conditions semi-classical approximation can be
applied at @ ~10%s", Ey1090 <10 CGS units.

5. CONCLUSIONS

In a paper it is studied the influence of the trans-
verse constant electric field on the effect of mutual
rectification of alternating currents, induced by the
field of two unidirectional electromagnetic waves of
different frequencies in the two-dimensional superlat-
tice with non-additive energy spectrum. It is demon-
strated the possibility of controlling the rectified cur-
rent by changing of the intensity of the constant trans-
verse electric field. In particular,

1) It is possible to suppress the rectified current up
to the vanishing and change its sign;

2) It is revealed a resonant type of the dependence
of the rectified current on the constant field in the case
of rare collisions between electrons and lattice irregu-
larities. This resonance has a nature of the new Stark-
photon resonance, a condition of existence of which
contains the quantities determining the dynamics of
carriers in mutually perpendicular directions. This
resonant behavior of the current can be used to en-
hance the effect of the rectification at the two-wave
mixing.
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BosgeiicTBue nmonepevyHoro 3JIeKTPUIECKOro moJid Ha 3 g eKT BhInpAMIIeHUS e PEeMEHHBIX TO-
KOB B CBEPXCTPYKTYpPax C HeaJAUTUBHBIM dHEPreTHIEeCKUM CHEKTPOM
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np. um. B.U. Jlenuna, 28, 400005 Bosizoepao, Poccus
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I/ICCJIE‘,HOBaH Sd)CbQKT B3aXMMHOI'O BBIIIPAMJICHHUA II€PEeMEeHHOI'0 TOKA, MHAYIIMPOBAHHOI'O II0OJIEM OBYX OlI-
HOHAIIPpABJICHHBIX 3JICKTPOMAarHUTHBIX BOJIH paaHoﬁ YacCTOTEI B HByMepHOI;'I CBepxXpelnieTke ¢ HeaaJUuTUBHBIM
OHEPreTUu4YeCKUM CIIEKTPOM B YCJIOBUAX BO3JEHUCTBUS IIOCTOSHHOTO IIOIIEPEYHOI'0 3JIEKTPHUYECKOI'0 II0JIA. ITo-
Ka3aHa BO3MOYKHOCTH YIIpaBJICHUSI (yCI/IJ'IeHI/IH, CMEHBbI 3HAaKa, HO,E[aBJ'IeHI/IH) TIOCTOSTHHOM COCTaBJISIONIEI
QJIEKTPHUYECKOr'0 TOKA IIOIIepPEeYHBbIM IIOJIEeM. O6cymz[aeTca BO3MO¥KHOCTH IIPAKTHUYECKOI'0 MCIIOJIb3OBAHUI pe-

3yJIBTATOB.

Karouessie cnoBa: Baaumnoe BBIIIPAMJIEHNE II€epeMEHHBIX TOKOB, KorepeHTﬁoe CMeIlrnBaHMHEe BOJIH,

Ilrapk-doToHHEI pe3oHAHC

REFERENCES

Q.Y. Lu, S. Slivken, N. Bandyopadhyay,
M. Razeghi, Appl. Phys. Lett. 105, 201102 (2014).
K. Unterrainer, B.J. Keay, M.C. Wanke, S.J. Allen, Phys.
Rev. Lett. 76 No 16, 2973 (1996).

S. Campione, A. Benz, M.B. Sinclair,

I. Brener, Appl. Phys. Lett. 104, 131104 (2014).
A.V. Shorokhov, M.A. Pyataeyv, N.N. Khvastunov,
T. Hyart, F.V. Kusmartsev, K.N. Alekseev, JETP Leit. 100
No 12, 766 (2015).

F.G. Bass, A.A. Bulgakov, A.P. Tetervov, High-frequency
properties of semiconductors with superlattices (Moscow:
Nauka: 1989) [In Russian].

F. Meng, S. Huppert, J.C. Harmand, R. Ferreira,
J. Mangeney, Appl. Phys. Lett. 103, 092106 (2013).

V.V. Pavlovich, E.M. Epshtein, Phys. Solid State 18, 1483
(1976) [in Russian].

S.V. Kryuchkov, E.I. Kukhar', Superlattices Microst. 83,
322 (2015).

V.M. Polyanovskii, G.M. Shmelev, N.H. Shon, Abstracts of
II Rep. Conference on photoelectric phenomena in semicon-
ductors, 194 (Kiev: Nauk. Dumka: 1982) [In Russian].
T.Ya. Banis, Yu.K. Pozhela, K. K. Repshas, Lietuvos fizikos
rinkinys (Lithuanian physics collection, Vilnius) 6, 415
(1966) [in Russian].

G.M. Shmelev, G.I. Tsurkan, N.H. Shon, Izv. Vuzouv. Fiz.
28, 84 (1985) [in Russian].

N.H. Shon, V.H. Anh, phys. status solidi b 134, 363 (1986).
S. Mensah, G.M. Shmelev, E.M. Epshtein, Izv. Vuz. Fiz. 31
No 6, 112 (1988) [in Russian].

W. Schneider, K Seeger, Appl. Phys. Lett. 8 No 6, 133
(1966).

K. Seeger, Semiconductor Physics: An Introduction (Ber-
lin: Springer-Verlag Berlin and Heidelberg GmbH & Co.
K: 2004).

K. Seeger, Appl. Phys. Lett. 76, 82 (2000).

W. Wonneberger, H.-J. Breymayer, Z. Phys. B Con. Mat.
43, 329 (1981).

K.N. Alekseev, M.V. Erementchouk,
Europhys. Lett. 47, 595 (1999).

K.N. Alekseev, F.V. Kusmartsev,
mat/0012348v1 (2000).

D.V. Zav'yalov, S.V. Kryuchkov, E.I. Kukhar’, Opt. Spectr.
100, 916 (20086).

A.V. Shorokhov, N.N. Khvastunov, T. Hyart, K.N. Alekseev,
J. Exp. Theor. Phys. 111, 822 (2010).

Y. Bai,

F. Capolino,

F.V. Kuzmartsev,

arXiv:cond-

22.

23.

24.

25.
26.

217.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

04022-5

S.S. Abukari, S.Y. Mensah, N.G. Mensah, K.A. Dompreh,
A. Twum, F.K.A. Allotey, arXiv:1007.1772v1 (2010).

V.V. Pavlovich, Phys. Solid State 19, 97 (1977) [In Rus-
sian].

L.K. Orlov, Yu.A. Romanov, Phys. Solid State (Saint Pe-
tersburg) 19, 726 (1977) [In Russian].

V.M. Polyanovskii, JETP 52, 1107 (1980).

V.M. Polyanovskii, Phys. Solid State (Saint Petersburg)
22, 1105 (1980) [In Russian].

R.H. Stolen, J.E. Bjorkholm, A. Ashkin, Appl. Phys. Lelt.
24, 308 (1974).

S. Stepanov, E. Herndndez, M. Plata, J. Opt. Soc. Am. B
22, 1161 (2005).

M. Karlsson, J. Opt. Soc. Am. B 15, 2269 (1998).
J.E. Sharping, M. Fiorentino, A. Coker,
R.S. Windeler, Opt. Lett. 26, 1048 (2001).

E. Hendry, P.J. Hale, J. Moger, A.K. Savchenko, Phys.
Rev. Lett. 105, 097401 (2010).

N. Kumar, J.Kumar, C. Gerstenkorn, R.Wang, H.-
Y. Chiu, A.L. Smirl, and H. Zhao, Phys. Rev. B 87, 121406
(2013).

S.-Y. Hong, J.I. Dadap, N. Petrone, P.-C.Yeh, J. Hone,
and R.M. Osgood Jr., Phys. Rev. X 3, 021014 (2013).

T. Gu, N.Petrone, J.F.McMillan, A. van der Zande,
M. Yu, G.-Q. Lo, D.L. Kwong, J. Hone, and C.W. Wong,
Nat. Photonics 6, 554 (2012).

Tingyi Gu, Hao Zhou, J.F. McMillan, N. Petrone,
A. van der Zande, J.C. Hone, M. Yu, Guo-Qiang Lo, Dim-
Lee Kwong and Chee Wei Wong, IEEE <J. Selected Topic.
Quant. Electron. 20, 7500106 (2014).

D.V. Zav'yalov, V.I. Konchenkov, S.V.Kryuchkov, Phys.
Sol. State 51, 2157 (2009).

D.V. Zavialov, V.I. Konchenkov, S.V. Kruchkov, Semicon-
ductors 46, 109 (2012).

M.M. Jadidi, R.J. Suess, X. Cai, A.B. Sushkov,
M. Mittendorff, M.S. Fuhrer, H.D. Drew, and
T.E. Murphy, CLEO: 2015, OSA Technical Digest (online),
paper SM2G.7 (Optical Society of America: 2015).

D.V. Zav'yalov, V.I. Konchenkov, S.V.Kryuchkov, Phys.
Sol. State 52, 800 (2010).

D.K. Ferry, L.A. Akers, E.W. Greeneich, Ultra large scale
integrated microelectronics (New Jersey: Prentice-Hall:
1990).

D.V. Zav’yalov, S.V. Kryuchkov,
Phys. Lett. 32 No 2, 143 (2006).

P. Kumar,

E.S. Sivashova, Tech.


http://dx.doi.org/10.1063/1.4902245
http://dx.doi.org/10.1103/PhysRevLett.76.2973
http://dx.doi.org/10.1103/PhysRevLett.76.2973
http://dx.doi.org/10.1063/1.4870072
http://dx.doi.org/10.1134/S002136401424014X
http://dx.doi.org/10.1134/S002136401424014X
http://dx.doi.org/10.1063/1.4819727
http://dx.doi.org/10.1016/j.spmi.2015.03.041
http://dx.doi.org/10.1016/j.spmi.2015.03.041
http://dx.doi.org/10.1002/pssb.2221340146
http://dx.doi.org/10.1063/1.1754521
http://dx.doi.org/10.1063/1.125663
http://dx.doi.org/10.1007/BF01292800
http://dx.doi.org/10.1007/BF01292800
http://dx.doi.org/10.1209/epl/i1999-00430-0
http://arxiv.org/find/cond-mat/1/au:+Alekseev_K/0/1/0/all/0/1
http://arxiv.org/find/cond-mat/1/au:+Kusmartsev_F/0/1/0/all/0/1
http://arxiv.org/abs/cond-mat/0012348
http://arxiv.org/abs/cond-mat/0012348
http://dx.doi.org/10.1134/S0030400X06060178
http://dx.doi.org/10.1134/S0030400X06060178
http://dx.doi.org/10.1134/S1063776110110130
http://arxiv.org/abs/1007.1772
http://dx.doi.org/10.1063/1.1655195
http://dx.doi.org/10.1063/1.1655195
http://dx.doi.org/10.1364/JOSAB.22.001161
http://dx.doi.org/10.1364/JOSAB.22.001161
http://dx.doi.org/10.1364/JOSAB.15.002269
http://dx.doi.org/10.1364/OL.26.001048
http://dx.doi.org/10.1103/PhysRevLett.105.097401
http://dx.doi.org/10.1103/PhysRevLett.105.097401
http://dx.doi.org/10.1103/PhysRevB.87.121406
http://dx.doi.org/10.1103/PhysRevX.3.021014
http://dx.doi.org/10.1038/nphoton.2012.147
http://dx.doi.org/10.1109/JSTQE.2013.2290274
http://dx.doi.org/10.1109/JSTQE.2013.2290274
http://dx.doi.org/10.1134/S1063783409100278
http://dx.doi.org/10.1134/S1063783409100278
http://dx.doi.org/10.1134/S1063782612010216
http://dx.doi.org/10.1134/S1063782612010216
http://dx.doi.org/10.1134/S1063783410040219
http://dx.doi.org/10.1134/S1063783410040219
http://dx.doi.org/10.1134/S1063785006020179
http://dx.doi.org/10.1134/S1063785006020179

