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The thermopower of non-degenerate semiconductors in high electric field is investigated taking
into account both the heating of electrons and phonons, and their mutual drag. It is considered the
conditions of strong mutual drag, when the electrons and phonons are scattered mainly by each other. It is
shown that when the additional relaxation channel of the electrons (relaxation by impurities) becomes
wider than that of the phonon momentum scattering by the crystal boundaries and by the phonons, the total

thermopower (V ) rapidly increases on raising heated electric field: V~E**?,

The interest to the studies of thermopower in different systems under the

conditions of carrier heating at the high external electric field has recently been
intensified [1-6]. Lei [1], E.M.Conwell and J.Zucker [2], Xing, Liu, Dong and Wang [3]
were discussed the thermopower under the conditions of carrier heating at the external
high electric field neglecting the contribution of the phonon drag, which is very important
at low temperatures of lattice [7]. The role of the phonon drag in thermopower of hot
carriers was studied by Wu, Horing and Cui [4], with taking into account only the drag of
electrons by phonons (thermal drag), but the mutual drag of electrons and phonons was
neglected. The influence of mutual drag of the carrier-phonon system on the
thermopower and thermomagnetic effects of hot carriers were studied in [5-6].
In this work the thermopower of non-degenerate semiconductors under the conditions of
strong electron-phonon mutual drag is investigated by taking into account the electron
and phonon heating in high electric (E) field. The spectrum of electrons is assumed to
be parabolic:
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The basic equations of the problem are the coupled Boltzmann transport equations
for electrons and phonons. It is assumed that the electrons and phonons are scattered
mainly by each other (the conditions of strong mutual drag) via the deformation
interaction. The case of quasi-elastic electron scattering by acoustic phonons is

considered. For the considered case the distribution functions of electrons f(ﬁ F) and
phonons N (q ) may be presented in the form:
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Here f, and f1, N, and N: are the isotropic and anisotropic parts of the electron and

phonon distribution functions, respectively.
If the inter-electronic collision frequency is much more than the collision

frequency of the electrons for the energy transfer to lattice, then T, (g, F) is the Fermi
distribution function with an electron temperature T,. We consider the case, when for
long-wavelength (LW) phonons there is a “thermal reservoir” of short-wavelength (SW)
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phonons: q,,, = 2p << —, where s, is the sound velocity in the crystal, q,, is the
SO

maximum quasi-momentum of LW phonons. In this case No(q, F) has the form
T (F)
N a,r)= p_, (4)
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where T, is the effective temperature of the LW phonons. The electron and the phonon
temperature gradients VT, and VT, can be produced by the gradient of strong electric

field E or by lattice temperature gradient VT .
Starting from the Boltzmann transport equations we obtain the following equations for

f1 and N1 in the steady state:
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Here e is the absolute value of the electron’s charge, Ec =E +Er, Er is the
thermoelectric field, m is the electron’s effective mass, 7w, = s,q is the phonon
energy, W(q)zwoq is the square matrix element of the electron-phonon interaction, 3(q)
and v(¢) are the total phonon and electron momentum scattering rates, respectively.

Solving the coupled equations (5) - (6) by the same way as in [8] and using the conditions
J, =0( EHoy,VTe'p”oz) we obtain the following expression for the thermoelectric field E;:
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where «, and «, are the electron (e) and phonon (p) parts of the thermoelectric power,
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Here £(9,) is the chemical potential of hot electrons, the coefficient i(x) characterizes

the efficiency of the thermal drag, whereas coefficient y(x) describes the same for the
mutual drag:

1 msg (R
)= —Tp Y] g e (11)
:Be( ) 3
y(x)= 4p e j q°dg, (12)

v,(x) is the electron scattering frequency by phonons, and ﬂe( ) Is the phonon scattering

frequency by electrons. In the parabolic case the chemical potential of hot non-degenerate
electrons with concentration N takes the form:
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Under the conditions of strong electron-phonon mutual drag, i.e. when the
electrons and phonons are scattered mainly by each other, as it seen from (12) y(x)—>1.
In these conditions for the electron and phonon parts of thermoelectric power we obtain
from (7)-(12):
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As it follows from (13) for the non-degenerate electrons (r;;\)lz ~ exp{—@} >>1,
and from the comparison (14) with (15) it is seen that under the conditions of strong

mutual drag |ap| >>|a| , i.€. the thermopower mainly consists of the phonon part.

Under the conditions of the strong mutual drag (4, = 4,,7, — 1) the electron temperature is
determined from the energy balance equation

o(%)E? =W, (%), (16)
where w,, (%) is the power transferred by the long-wavelength phonons to the thermal
reservoir of the short-wavelength phonons. Under the conditions of strong mutual drag
according to (8), o(%,)~(@1-y)", i.e. it grows with raising y and tends to infinity at
y — 1. However, though the electrons and phonons are scattered mainly by each other,
they are partly scattered by some other scattering centre as well. Thus to calculate y from

(12) one should take into account as well some other non-basic mechanisms of electron
scattering (by impurity ions v;) and phonon scattering (by phonons B, and crystal

boundaries g, ). We consider the following limiting cases:

1) The relaxation channel of the electron momentum by impurities becomes wider than
that of the phonon momentum scattering by the crystal boundaries or by the phonons

ﬂp +ﬂb Vi . . .
(ﬂ—<<—). In this case the calculation of the expression 4,(E) from (16) at
e Vp
4
9, =9, >>1 gives 4, ~ E3.

2) The phonons are scattered by phonons or by crystal boundaries more intensively than

+ By

electrons are scattered by impurities (ﬂpﬂ—»:—i). In this case from (16) at
9, =9, >>1 We obtain: e p

2a) 96~E; JF B, >> By

2b) 4, ~ E%, if B, <<py-
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Using these expressions one can easily obtain from (14) and (15) the dependences
of thermopower upon the heated electric field in the considered cases.
Experimentally interesting is the total thermopower given by

V= [ eV, T, v,V T, b, (17)

where L, is the linear dimension of the specimen in the z-direction. Let us consider
dependences of V on the heating electric field and lattice temperature under the
following conditions: at one end of the specimen the electrons are in a state characterized
by the lattice temperature T, whereas at the other end they are heated ('99 >l) by the

external electric field (for instance, by placing one end of the specimen into a waveguide
with a heating microwave radiation).

2
In the region of weak-heated (&, —1<<1) electric field :1+(£j , where E,
ch

is the characteristic field. In this region the total thermopower V is proportional to EZ,
with E, being the heating electric field intensity at the end of the specimen where

electrons are heated. In the region of strongly-heated ('99 >>1) electric field V is
10 5 10
proportional to E® inthe case 1), V ~ E{ in the case 2a), and V ~ E3! in the case 3b).
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GUCLU ELEKTRON-FONON QARSILIQLI SOVQU SORAITIND® QIZDIRICI
ELEKTRIK SAHOSINDOKI CIRLASMAMIS YARIMKECIRICILORDS TERMO-EHQ

M.M.BABAYEV

Elektron vo fononlarin elektrik sahosindos qizmasimmi ve qarsiligh sévqinii nozero almaqla
cirlasmamis yarimkegiricilorde termo-ehq tedqiq edilmisdir. Elektron ve fononlarin asasen bir-
birindon sopildiyi giicli qarsiligh sévq soraitine baxilmisdir. Gostorilmisdir ki, elektronlarin ikinci
sopilme mexanizmi olan asqar ionlardan sepilma kanali fononlarin impulsunun kristalin serhadinden
vo fononlardan sepilme kanalindan daha genis oldugda tam termo-ehq (V ) quzdirici elektrik

sahosinin artmasi ilo koskin artir: V~E*3..

TEPMO-3C HEBBIPOXKXJIEHHBIX ITOJIYITPOBOJHNUKOB B CUJIBHOM
SJIEKTPUYECKOM ITOJIE B YCJIOBUAX CUJIBHOT'O B3AMMHOI'O YBJIEYEHUSA
SJIEKTPOHOB U ®OHOHOB

M.M.BABAEB

HccnenoBana TepMO-31C B HEBBIPOXKICHHBIX MMOJIYIIPOBOIHUKAX C YYETOM Pa30rpeBa dJIEKTPOHOB U
(DOHOHOB M HX B3aUMHOIO yBIICYCHHS. PacCMOTPEHO YCIOBHE CHIIBHOIO B3aMMHOIO YBIICYCHUS, KOTAa
AMEKTPOHBI pacceuBaroTCsi Ha (OHOHAX, a (OHOHBI - Ha D3JEKTpOoHaX. lloka3aHO, YTO e€ciau BTOPOt
(mOTIOTHUTENBHBIN) KaHAl pacCesiHUs OJISKTPOHOB (paccesHWEe Ha HWOHAX MPUMECH) IMIUpE, YeM KaHal
paccesiHusl (POHOHOB Ha (POHOHAX M Ha IPaHMIAX KpUCTaIa, To mnojHas Tepmo-3ic (V) cunbHo pacrer ¢
POCTOM TPEIOIIETO DIEKTPUISCKOTO TIOJIS: V~EW8,

Penakrop:D.I'ycelinoB
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