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V'S. Zakordonets THERMOPOWER IN SEMICONDUCTOR SUPERLATTICES

AT SCATTERING OF CURRENT CARRIERS BY
PHONONS AND POINT DEFECTS

In the quasi-classical one-miniband approximation, the thermopower of semiconductor superlattices
(SL) is investigated in the case of arbitrary statistics and at scattering of charge carriers by acoustic
phonons, point defects, and nonpolar optical phonons, taking into account the change in the relaxation
time as compared to bulk materials. An analytical dependence of the thermopower on the reduced
width of the conduction band /3 in the direction of the superlattice axis is established. It is shown that
the thermopower of the superlattice increases with an increase in the width of the conduction miniband,
asymptotically approaching the limiting value at > 10. Bibl. 17, Fig. 3.
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Formulation of the problem.

The development of modern technique and technology is closely related to the search for new
sources of energy, primarily electrical. The main requirement is to increase the generation power.

However, at the present time, additional conditions are coming to the fore: energy must be
produced by environmentally friendly renewable sources that are not related to carbohydrates.
Thermoelectric energy is one of the promising, and in some cases the only possible way to directly convert
thermal energy into electricity. A significant limitation of thermoelectric energy conversion is the relatively
low efficiency of conversion of thermal energy into electricity - from 3% to 8% [1].

The efficiency of thermoelectric conversion is determined by the ratio
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where AT=T1 — T, T=(T1-T2)/2, T1 is heater temperature, T is refrigerator temperature,
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is figure of merit of thermoelectric material, o is the Seebeck coefficient, o, x and «p are coefficients of
electric conductivity, electron and lattice thermal conductivity.
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Analysis of recent research and publications.

High-efficiency thermoelectric energy converters require a large thermoelectric figure of merit,
which for bulk materials has approached the limit value ZT'=1 [2]. However, low-size systems can
overcome this limit. In [3-5], it was shown that the thermoelectric figure of merit of superlattices (SL) with
rather narrow quantum wells (QWSs) can significantly exceed the figure of merit of bulk semiconductor
samples, the composition of which is similar to that of the SL material.

In this regard, special attention is paid to the study of transport phenomena in semiconductor
superlattices. In particular, a large number of theoretical [6-9] and experimental [10,11] works are devoted
to the study of thermopower. Superlattices include plane-layer crystals of transition metal dichalcogenides
and their compounds, AsBs semiconductors, polytypic semiconductor compounds, and others [11 — 13].

In [3—5], using a simple parabolic dispersion law in the one-miniband approximation, it was
shown that in 2D structures a significant increase in thermopower is possible in comparison with 3D
structures. It was assumed that dimensional quantization does not lead to a change in the relaxation time
and carrier mobility in the direction perpendicular to the plane of the layers, as compared to bulk materials.
The increase in the thermopower was associated only with an increase in the density of quantum states near
the edges of dimensional quantization bands. The thermopower of SL with the use of a quasi-two-
dimensional energy spectrum in the approximation of the relaxation time tensor for scattering of current
carriers by phonons of various types using the cosine dispersion law and degenerate statistics was studied
in [9]; however, the effect of the width of the conduction miniband on the magnitude of the thermopower
in the direction of the SL axis was not considered.

The purpose of this work is to study the thermopower of semiconductor superlattices in the quasi-
classical one-miniband approximation at scattering of charge carriers by acoustic phonons, point defects,
and nonpolar optical phonons with arbitrary statistics and taking into account the change in the relaxation
time in 2D structures compared to bulk materials.

Formulation of the problem

Presentation of the main material. In semiconductor superlattices, in addition to the periodic
potential of the crystal lattice, there is an additional one-dimensional potential, the period of which
significantly exceeds the lattice constant. The presence of the potential of the superlattice significantly
changes the energy spectrum, due to which it is possible to arbitrarily change its band structure. The
physical properties of semiconductor SL are determined by their electronic spectrum. While the movement
of current carriers in the direction perpendicular to the SL axis is almost free and corresponds to movement
over a wide conduction band, the movement along its 0z axis is limited.

Fig.1. Schematic structure of a semiconductor superlattice.
1 - GaAs layer. 2 - AlAs layer.
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In this direction, the electronic spectrum will have a miniband character. In the case of sufficiently
narrow layers, which are quantum wells for electrons, all electrons will be located near the bottom of the
lower miniband of dimensional quantization.

Within the framework of quasi-classical approximation

26, >> /1,y , €E,, avV k,T, )

the dispersion law for electrons in the lower SL miniband looks like [13]
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where k| = (kx2 + k;)}/2 and k , are the transverse and longitudinal to SL axis components of quasi-

wave vector, m, is transverse effective mass close in value to the effective mass m® of electrons of a

semiconductor forming SL, a is SL period, 2¢, is the width of the conduction band of SL in the
directionk , .

The longitudinal component of the relaxation time tensor of the electron gas in SL is written in the
form [15]
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where

r-1/2
Tp = To[ké:l.] ' (5)
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is relaxation time in the bulk sample, 1o is independent of the electron energy constant, r is scattering
parameter. The values of to and r for different scattering mechanisms are given in [16].

It is obvious that the differences in the power-law dependence of the relaxation time of the bulk
sample - (r-1/2) and the superlattice - r, arise due to the different energy dependence of the density of
quantum states.

It is known that at scattering of current carriers by acoustic phonons, point defects, and nonpolar
optical phonons at high temperatures, the scattering parameter is the same, and is equal to r = 0. It is clear
that under the action of the indicated scattering mechanisms, the longitudinal component of the relaxation
time tensor does not depend on energy. Similar assumptions were made in [17] and a number of other
works (see references in the same paper). The most convincing argument in favor of this statement is the
results of [10], in which it was experimentally established that in SL GaAs/AlAs above the temperature 40K
the relaxation time t = const.

The nonequilibrium electron distribution function f is found in the approximation of the relaxation
time from the Boltzmann kinetic equation

;o ot __h ®)
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where v =7 85(E)/8R is electron velocity, EO = —a(p/aF is electric field intensity, ¢ is electric potential,
fi=f—f,, f,=ll+exp (e-¢)/k,T] is the equilibrium Fermi-Dirac distribution function with a variable in

space temperature T and chemical potential , ko is the Boltzmann constant.
Solving (6) in the approximation of the relaxation time for the nonequilibrium addition to the
distribution function we obtain
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The current density will be found from the ratio
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We assume that the vectors EO and VT are directed along the SL axis which is compatible with

the axis of the cylindrical coordinate system Oz. Then, taking into account (7), for the current density we
obtain

j=1,= G(U,ﬂ)-Vz(’Z—(ﬂ]—a(n,ﬂ)'a(n,ﬁ)VzT )

where o (1, B) and o (n, ) are the Seebeck coefficient and electric conductivity along the SL axis.
The Seebeck coefficient will be found from relation [16]

v [%—(pj . (10)
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Assuming the current density in relation (9) equal to zero, for the Seebeck coefficient we obtain
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three-parameter Fermi integrals & =hk’/2m , x=¢ /KT is reduced energy, n=C/koT is reduced

, (13)

x*dx

2

chemical potential, B = 2eo/koT is reduced width of the conduction miniband in the direction of the
superlattice axis, z = ak;.
Figs. 2 and 3 show the results of the numerical analysis of the obtained relations
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Fig. 2 Dependence of thermopower on the chemical potential at different values of the
width of conduction miniband in the direction of the SL axis. 1 —atf=1,2—atf = 10.

Dashed curves correspond to the scattering of current carriers in a bulk material:
by acoustic phonons - 3; by polar optical phonons - 4.
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Fig. 3 Dependence of thermopower on the width of conduction
miniband in the direction of the SL axis at # = 2. Dashed lines
1 and 3 correspond to the scattering of current carriers in
a bulk material: 1 — by acoustic phonons; 3 — by polar optical phonons.
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As follows from the analysis of relation (11), as the thickness of the superlattice layers decreases,
the width of the conduction miniband in the direction k, decreases, leading to a decrease in the Seebeck
coefficient. If B — 0, the value of the Seebeck coefficient asymptotically approaches the limit value

a0y = K| B _ 1 14
(1)) 20 (14)
and in the case of B — ooto
a(n )= o] () 15
()= 2l (15)
where
Fo(n)= }EM x“dx (16)
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one-parameter Fermi integrals of the k-th order [16].

An unlimited increase in B should be considered as an approximation of the width of the
conduction miniband in the direction k; to the width of the conduction band in the direction k. In this case,
the movement of electrons along the SL axis approaches free one.

If n <-4, the electron gas of SL is nondegenerate, and (14) and (15) is converted to the form,
respectively:

a(n, O):—k?o[l—n]; (17)
and
ko |5 _
a(n,oo)——;{z n] (18)

For a bulk semiconductor whose composition is similar to the composition of the SL material at
1 < —4 relation (11) transforms into the well-known Pisarenko formula [16]

a(n,oo):—%[Z—n]- (19)

Conclusions

As a result of calculation by the numerical methods, Figs. 2 and 3 show the graphical dependences
of the thermopower (in units - ko/e) on the chemical potential and the width of the conduction miniband in
the direction of the 0z axis (in units koT) for SL and bulk material. The analysis shows that the degeneracy
of the SL electron gas sets in the faster, the narrower the width of the conduction miniband in the direction
of its axis. Obviously, this is due to a decrease in the total number of quantum states in the conduction
band. Moreover, at << 5 the SL thermopower is less than the thermopower of the bulk samples made of
the same material. As the width of the conduction miniband increases, the SL thermopower grows,
asymptotically approaching the limiting value at § > 10 in the bulk samples, which is quite obvious, since
in this case the top of the conduction band in the direction of the 0z axis ceases to play any role. It is clear
that within the accepted assumptions, the thermopower does not depend on the period of the semiconductor
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SL. This is explained by the form of the dispersion law and the nature of the energy dependence of the
relaxation time.

Although a decrease in the width of the conduction miniband in the direction of the SL axis leads

to a decrease in the thermopower, there are a number of factors that have a positive effect on its increase.
For example, the electron-phonon entrainment, which in semiconductor superstructures at low
temperatures can be of crucial importance [17]. In addition, a slight decrease in thermopower in
comparison with bulk materials does not exclude an increase in the thermoelectric figure of merit of SL as
a whole, due to a decrease in the lattice component of thermal conductivity caused by intense scattering of
phonons at the boundaries of the layers.

References

1. L.LAnatychuk (1979). Termoelementy i termoelektricheskiie ustroistva.  Spravochnik.
[Thermoelements and thermoelectric devices. Handbook]. Kyiv: Naukova dumka [in Russian].

2. Bulat L.P., Zakordonets V.S. (1995). Semiconductors, 29 (10), 1743.

3. Hicks L.D., Dresselhaus M.S. (1993). Phys. Rev. B47, 12727.

4. Hicks L.D., Dresselhaus M.S. (1993). Phys. Rev. B47, 16631.

5. Hicks L.D., Harman T.C., Sun X., Dresselhaus M.S. (1996). Phys. Rev. B53, 10493.

6. Shick A.Ya. (1973). Semiconductors, 7(2), 261.

7. Askerov B.M., Gashimzade N.M., Panakhov M.M. (1987). Semiconductors 29(3),818.

8. Bulygin A.S., Shmelyov G.M., Maglevannyi I.I. (1999). Semiconductors 41(7), 1314.

9. Askerov B.M., Guliev B.1., Figarova S.R., Gadirova I.R. (1997). Semiconductors, 39(10), 1857.

10. Grahn H.T., von Klitzing K., Ploog K., Déhler G.H. (1991). Phys. Rev. B 43, 14, 12095.

11. Fletcher R., Coleridge P.T., Feng Y. (1995). Phys. Rev. B 52, 4, 2823.

12. Bulayevskii L.N.(1975). Uspekhi fizicheskikh nauk — Advances in Physical Sciences, 116 (3), 449 [in
Russian].

13. Tavger B.A., Demikhovskii V.Ya. (1968). Uspekhi fizicheskikh nauk — Advances in Physical Sciences,
96(1), 61[in Russian].

14. Silin A.P. (1985). Uspekhi fizicheskikh nauk — Advances in Physical Sciences, 147(3), 485 [in
Russian].

15. Pshenai-Severin D.A., Ravich Yu.l. (2002). Semiconductors, 36(8), 974.

16. Askerov B.M. (1985). Elektronnyie yavleniia perenosa v poluprovodnikakh [Electronic transport
phenomena in semiconductors]. Moscow: Nauka [in Russian].

17. Bass F.G., Bochkov V.S., Gurevich Yu.G. (1984). Elektrony i phonony v ogranichennykh

poluprovodnikakh [Electrons and phonons in confined semiconductors]. Moscow: Nauka [in
Russian].

Submitted 24.02.2021

3akopaonens B.C. kano. ¢iz.-mam. nayx

TepHOMITECHKUIT HAIIOHATHHO TEXHIYHUHN YHIBEPCUTET
imMeHi [Bana [lymros, Byn. Pyceka, 56, Teproninb, 46001,
VYkpaina; e-mail:wladim21@gmail.com

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2021 29



V.S. Zakordonets
Thermopower in semiconductor superlattices at scattering of current carriers by phonons and point defects

TEPMOEPC B HAIIIBITPOBI/THUKOBUX
HAJITPATKAX ITIPH PO3CIFOBAHHI HOCIIiB
CTPYMY HA ®OHOHAX I TOYKOBUX JE®EKTAX

B keazixnacuunomy 0OHOMIHI30HHOMY HabaudxceHi docnioxcena mepmoEPC nanienpogionuxosux
Haodepamox (HI) y eunaoky 008inbHOI cmamucmuku ma npu po3Cit08aHHI HOCIie cmpymy Ha
AKyCMuyHUux YOHOHAX, MOYKOBUX OedeKkmax i HEeNONAPHUX ONMUYHUX (POHOHAX 3 YPAXYBAHHAM
3MIHU Yacy penakcayii 8 NopieHAHHI 3 00 'emHuMu Mmamepiaramu. Bcmanoenena amanimuuna
sanexcuicmov mepmoEPC 6i0 npusedenoi wupunu 30Hu NPOSIOHOCHI 8 HANPAMKY OCi HAOSPAMKU.
Hokazano, wo mepmoEPC Hadecpamxu 30inbuyemovcs i3 30iIbUIEHHAM WUPUHU MIHI30HU
NPOBIOHOCHI, ACUMIMOMUYHO HADIUNICAIOUUCH 00 SPaHUYH020 3HadenHs npu [ >10. Biox. 17, puc. 3.

Kurouogi ciioBa: xoedinient tepmoEPC, no6potHicTs Haarpatku, TepMoEPC.
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TEPMOJ2C B ITIOJYITPOBOJHUKOBBIX CBEPXPEHIETKAX
MPU PACCESIHUM HOCUTEJENA TOKA HA ®OHOHAX
N TOYEYHBIX JEDPEKTAX

B xeazuxnaccuuecxom oonomunuszonHom npubaudicenuu uccreoogarna mepmoIC noaynpoeooHuKoevix
ceepxpewemox (CP) 6 ciyuae npousgoibHOU CMAMUCMUKU U NPU PACCESIHUU HOCUMENel MOKA Hd
aKycmu4eckux (QOHOHAX, MOYEUHbIX OeheKmax U HEenoNsPHLIX ONMUYECKUX (DOHOHAX C YYemom
UBMEHEHUs. 6DEeMEeHU DelaKcayuu no CPABHEeHU) ¢ OObeMHbIMU MAMepualamu. YcmanoeieHa

ananumuyveckas 3agucumocms mepmoIC om npusedeHHOl WUPUHBL 30HLL NPOGOOUMOCMU [3 8

HanpaeieHuu ocu ceepxpewemku. Iloxazano, umo mepmoI[C ceepxpeutemku yseauuugaemcs c
VeeIuyeHUeM WUPUHbl MUHUZOHBL NPOBOOUMOCHIU, ACUMIIMOMUYECKU RPUOIUNCAACH K NPeOebHOMY

snayenuio npu §>10. bubn. 17, puc.3.

KuaroueBbie cioBa: kodpunueHT repmod/[C, 106poTHOCTE CBepXpemoTok, TepMoIIC.
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