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The quantitative theory of phonon drag thermopower for the one-dimen-
sional electron gas in a quantum wire with a parabolic confinement potential
is developed. The temperature gradient is directed along the axis of a quan-
tum wire. As assumed, the Fermi level is located between the zero and first
levels of a size quantization. Using the Boltzmann kinetic equation, the pho-
non and electronic parts of a thermoelectric power are calculated. For com-
parison, numerical calculations of the temperature and concentration de-
pendences of the phonon and diffusion parts of a thermoelectric power are
carried out. As shown, the phonon drag makes a main contribution in ther-
mopower within the temperature interval 2—20 K.

Key words: quantum wire, phonon drag, parabolic potential, energy spec-
trum, thermoelectric effects, diffusion thermopower, phonon thermopower.

PospobieHo KinbKicHY Teopito Tepmoepc (POHOHHOTO MEPEeTATAaHHA MJIS OJHO-
BUMipHOTO eJIEKTPOHHOTIO a3y B KBAHTOBOMY JIPOTi 3 ITapaboIiuHUM 0OME Y-
BaJILHUM HOTeHIigmoM. I pafieHT TeMIepaTypu CIPSAMOBAHO Y30BXK OCi KBaH-
ToBOrO ApoTy. Ilepenbauaernes, 110 piBeHb PepMi po3TaIlioBaHUHA MiXK HYJIBO-
BUM i IepIuM PiBHAMY PO3MipHOTO KBAHTYBaHHS. 3 BUKOPUCTAHHAM BOJIBIT-
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MaHHOBOTI'O KiHETUYHOTO PiBHAHHS 00uncieHo (ZOHOHHY i €JIeKTPOHHY YaCTH-
Hu Tepmoepc. [[ia mopiBHAHHA 0YJI0 IPOBEIEHO YNCEJIbHI PO3PAXYHKY TeMIIe-
paTypHOI Ta KOHIIEHTPAIiiHOI 3ajeKHOCTel (POHOHHOI I Au(y3iliHOI yacTuH
Tepmoepc. ITokasano, 1110 GOHOHHE NEPETATaHHA Ja€ OCHOBHUII BHECOK Y Tep-
moepc B inTepBasi remneparyp 2—20 K.

Karouori cioBa: KBauTOBUIH APiT, (DOHOHHE IepeTAraHHSA, HapaboiuHuii mo-
TEHIIiAJ, eHePTeTUUYHUNA CIIEKTep, TEPMOEJIEKTPUYHI epeKTH, TepMOAZUHAMIKA
nugysii, Temiosa emeprisa QOHOHIB.

PaspaboTana KosimuecTBeHHASA TEOPUA TEPMOSAC (DOHOHHOTO YBJIECUEHUA IJIA
OZHOMEPHOI'0 3JIEKTPOHHOI'O r'a3a B KBAHTOBOI IIPOBOJIOKE C IapaboInuyecKuM
OrPAHUUYMBAIOIIUM IIOTEHIIMAJIOM. ['pafueHT TeMIlepaTyphl HallpaBJeH BIOJIb
ocu KBaHTOBO# mpoBoJsioku. IIpenmosiaraercs, uTo ypoBeHb PepmMu pacimoJio-
JKeH MeKJy HYJIeBLIM U MePBLIM YPOBHAMHU pasMepHoOro KBanToBaunuda. C uc-
MOJIb30BaHNEM KMHETHUUECKOro ypaBHeHUsa BoabliMaHa BEIUYMCIeHBI (DOHOHHAA
¥ 9JIEKTPOHHAS YaCTU TepModc. 1A cpaBHeHUA ObIIM TPOBEIeHEI YNCIeHHEBIE
pPacuéTsl TeMOepaTypHOII M KOHIEHTPAIIMOHHOM 3aBUCHMOCTell (POHOHHOM U
Iuddys3noHHOH uacTeir Tepmosac. IlokaszaHo, 4To (DOHOHHOE yBJIeUeHNe BHO-
CHUT OCHOBHOII BKJIaJ B TeEPMO3/C B MHTepBaje remeparyp 2—20 K.

KuaroueBsble cioBa: KBaHTOBAsA IPOBOJIOKA, (POHOHHOE yBJIeUeHUE, Iapabomde-
CKUI TIOTeHIIVaJI, DHEPreTUYeCKUl CIeKTp, TepMoajieKTpudeckue spdeKTsI,
TepMoguHaMuKa udPys3un, TEII0Basd d9HePrud POHOHOB.

(Received August 5,2017)

1.INTRODUCTION

In recent years, a significant number of papers were devoted to exper-
imental and theoretical investigations of thermopower in low-dimen-
sional systems have appeared [1—3]. The limited motion of electrons in
such systems leads to the fact that the kinetic phenomena in them
sharply differ from the electronic transport phenomena in bulk sam-
ples.

Quantum-size structures produced in recent decades have attracted
attention also because of possibility of their using in thermoelements
with high thermoelectric efficiency. Studies in this field have shown
that it is possible to increase the thermoelectric efficiency two or three
times by preparing thermoelectric structures with quantum wells [4].

In this paper, we discuss the temperature dependence of the thermo-
electric power of a degenerate electron gas in a quantum wire with a
parabolic confinement potential in the low-temperature range of 1-20
K, where the phonon drag effect plays an important role. Due to con-
finement, the energy spectrum and the wave function of the electron
essentially change. A numerical calculation of the thermoelectric pow-
er is carried out for the quantum wire GaAs/Al Ga,_.As with a parabol-
ic well.
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2. THEORETICAL DETAILS

To obtain an analytical expression for various physical quantities, it is
advisable to use a specific model of a potential quantum well. For this
purpose, a parabolic potential of the U(x)= mwjx”?/2 form that re-
stricts the motion of electrons in the direction of the x-axis, is often
used, where m is the effective mass of the conduction electrons, and w,
is the parabolic potential parameter.

In a present work, the phonon drag thermopower for one-
dimensional degenerated electron gas in quantum wire (QW) with a
parabolic confinement potential is calculated. Spectrum and wave
functions of the system ground state under consideration are given in

[5]:
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£00s =7 o, (1)
" 2
1 re
S SN G B | 2
WYo,0,k R\/TE_L [ 9R? J

where o is a parabolic potential parameter, R = \/#/(mw) is an oscilla-
tory length, L is a QW length. It is supposed that the Fermi level  is
localized between zero level and first one of dimensional quantization.
Moreover, necessary condition for the existence of a strong degenera-
tion is BT << {—-ho <hw, where T is temperature, k, is the Boltz-
mann constant. Earlier, the phonon drag thermopower for one-
dimensional electron gas was calculated in the framework of the rec-
tangular confinement potential model [6]. There are both theoretical
calculations [3, 7] and experimental results [8, 9] confirming the dom-
inating contribution of phonon drag thermopower in the total ther-
mopower for a two-dimensional electron gas.

3. RESULTS

Thermopower a associated with a temperature gradient along the QW
axis consists of diffusion o, and phonon a,, parts: o = o, + o, = B./c +
+B,n/0 [10]. Here, o is the specific conductivity of the QW along the
wire axis:

o= ne’t(k;) '

m

(3)

As evaluations show, at low temperatures, the dominating scatter-
ing mechanism for strongly degenerated electron gas is scattering on
ionized impurities and scattering on a sample boundary for phonons.
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The expression for the electron-momentum relaxation time has the
form:

1 7’k o Ze*
(k) = ——L(e(k

() = 2m((p))[ ”

I
for phonons, t,, = L/s, where s is the sound velocity in the wire.
The electron concentration n and the Fermi wave number k; are re-
lated by the following expression:

n:gkpzih,/zm(c—hm), (5)
T T

exp(R’k; )T (0, R*E; )] ; 4)

2m e’ 2,2 272
e(k;) =1+ ——exp(2R°k;)'(0,2R"k;), (6)
Thok,y

F

where ¢(k;) is the dielectric function, y is the static dielectric con-
stant, I'(0, x) is the incomplete gamma function,

1 5 0C
=———(kT)y —, 7
B. -T 3 (k,T) o (7
k
Bph :__OGAP},’ (8)
e
2,22 xQ
A, = AmePLsk [+ a2+ x?) exp(-2R? K} x%) x
nhp (kT e(kr)) o 9)
x(exp(b+1+ x?) —exp(-b~1+ x2))2xdx,
where the following notations are introduced:
aZZkFEl, b:hskF. (10)
ep k,T

Here. e is the elementary charge, E; is the deformation-potential con-
stant, and P is the parameter characterizing the piezo acoustic poten-
tial.

The contributions from electron interactions with acoustic phonons
in the phonon drag thermopower are taken into account in [9] by means
of the deformational potential E,; and the piezo-acoustic one

B=.0.8¢,/x [11].

4. DISCUSSION

Numerical calculations are performed for the GaAs/Al Ga,_,As QW
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Fig. 1. Temperature dependences of the phonon drag thermopower (solid line)
and the diffusion thermopower (dotted line).

with the following GaAs parameter values: mass of electrons m=
=0.067 m,, where m, is the free-electron mass, the crystal mass density
p=38.310" kg/m?, s =5-10° m/s, E, = 7.4 eV, e;, = 0.16 C/m?, the QW
length L = 3-10™* m, the linear density of electrons n=1.6-10*m™, o =
=7-10"%s7",

The calculated temperature dependence of the phonon drag ther-
mopower (a solid line) is shown in Fig. 1. For comparison, the tempera-
ture-dependent thermopower diffusion component (a dotted line) is
also given. The parabolic potential parameter for GaAs/Al,Ga,_, As is
inversely proportional to the wire thickness %Z® =14.6 eV/d(E) [12].
Our choice corresponds to thicknesses of about 100 A.

The diffusion thermopower component value is larger than the pho-
non one in the temperature interval 1-20 K. The phonon drag strongly
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Fig. 2. Concentration dependences of the phonon drag thermopower (solid
line) and the diffusion thermopower (dotted line).
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grows with temperature increasing, exceeding the diffusion ther-
mopower by one order.

The concentration dependences of the phonon drag thermopower (a
solid line) and the diffusion thermopower (a dotted line) are shown in
Fig. 2. The diffusion component of the thermopower is approximately
inversely proportional to the concentration and phonon component is
inversely proportional to the concentration squared.

Kubakaddi’s expression for the phonon drag thermopower for the
QW model with a rectangular potential [6] differs from our expression,
but both qualitative results are similar.

5. CONCLUSION

The theoretical results obtained are applied to the analysis of a ther-
mopower with phonon drag of a one-dimensional degenerate electron
gas in a quantum wire with a parabolic confinement potential. For
comparison, the temperature dependence of the diffusion component
of the thermoelectric power is also given. Numerical calculations are
given for the QW GaAs/Al,Ga,; .As. In the temperature range 1-2 K,
the diffusion thermoelectric power exceeds the phonon one. With tem-
perature increasing, the phonon thermoelectric power increases sharp-
ly, exceeding the diffusion one by an order of magnitude. The diffu-
sion component of the thermoelectric power is approximately inversely
proportional to the concentration, and the phonon component is in-
versely proportional to the concentration squared. In the temperature
range 2—20 K, the main contribution to the thermoelectric power is
given by the phonon drag.
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