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The thermoelectromotive force and Nernst-Ettingshausen effects of non-degenerate semiconductors under the conditions of strong
electron-phonon mutual drag are investigated by taking into account the electron and phonon heating in high electric field. The dependences
of thermoelectromotive force and Nernst-Ettingshausen voltage on the electric field strength and lattice temperature are obtained.

Recently the theoretical and experimental interest in
thermoelectric and thermo-magnetic effects in bulk and low-
dimensional systems has been intensified [1-6]. There are
also some theoretical investigations of thermoelectric and
thermo-magnetic effects in semiconductors under high
external electric and non-quantizing magnetic fields [7-12].
In addition, there are some review articles devoted to these
subjects [13-14]. In this paper the thermoelectromotive force
and transverse Nernst-Ettingshausen effect of non-degenerate
semiconductors under the conditions of strong electron-
phonon mutual drag are investigated by taking into account

the electron and phonon heating in high electric (E ) field.
The spectrum of electrons is assumed to be parabolic:

E=—". Q
m

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. We consider the quasi-elastic
scattering of electrons by acoustic phonons. In this case the

distribution functions of electrons f(p, r) and phonons

N (a, F) may be written as:
(p, ) (g r) + fl(&' r)

NG, F) = Nolg. )+ Nafg, )2, 3)

where F, (Ng,) and fl(ﬁl) are the isotropic and

anisotropic parts of the electron (phonon) distribution
functions, respectively. We assume that the so called
“diffusion approximation” for electrons and phonons applies.
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If the inter-electronic collision frequency V. is much
more than the collision frequency of the electrons for the
then ¥, (g, F)
distribution function with an electron temperature T, . Note

that all temperatures are in energy units.
We assume that in the lattice there is a “thermal
reservoir” of short-wavelength (SW) phonons for long-

energy transfer to latticev, , is the Fermi

wavelength (Lw) phonons interacting with
- T

electrons: qmax = 2p << —, where S, is the sound
%0

velocity in the crystal, (,, is the maximum quasi-

momentum of LW phonons. Under these conditions LW
phonons are heated and N, (q ’ r) has the form [15]

ho B T
No(q)=|exp| — |-1| ~—>, 4)

Tp ha)q

where Tp is the effective temperature of the LW phonons. In

accordance with Ref. [15], in the case, when the phonons are
scattered mainly by electrons, the temperature of LW

phononsTIO becomes equal to the temperature of
electronsT,. Therefore, under the conditions of strong

mutual dragT, =T,

The anisotropic parts of the distribution functions of
electrons and phonons are obtained by solving the coupled
system of Boltzmann equations:

Therefore, [F1| << T, and ‘Nl << N,
p p — 21Tm B
Vf = HE_Q[M ]+v( )f1+(21'rh T e J.Nl (a)hw,q°dq =0, (5)
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Here € is the absolute value of the electron’s charge,

Ec = E + E7, E1 is the thermoelectric field, m is the

electron’s effective mass, 2 =eH /mc is the cyclotron

frequency, h=H/H, ha)q = Syq is the phonon energy,
2

mE
Wi(q)= 0
(q) hp s, f

electron-phonon interaction, Ej is the deformation potential

v(e)=

is the square matrix element of the

constant, ﬂ(q) and v(e) are the total phonon and electron
momentum scattering frequencies, respectively:

vo(e)+vile), B(a)=B.(a)+ B,(a)+ By (a), ™

where the indices i, P, e andb denote the scattering by impurity ions, by phonons, by electrons and by crystal boundaries,

respectively.
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where o and L are the density and the minimum size of
specimen, respectively, g is the dielectric constant of the
crystal, N and N; are the concentrations of electrons and

ionic impurity, respectively.
Solving the coupled equations (5) - (6) it is easy to calculate
the electric current density of electrons

Let us direct external electric and magnetic fields along
the Yy axis, and the gradient of lattice temperature (or the

gradient of external electric field) along the Z axis
(E“H||Oy,VTe||OZ). Using the equations J, = j, =0

with (10) we obtain the following expressions for the
thermoelectric field E;, and the transverse NE field E, :

2 e T
(e.p) (e.p)
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E, +1vzc(T )=a,V,T,+a,V,T,;q,, uPy _ 12512 , (1)
e 0, +0y,
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where «, , are the electron (e) and phonon ( p) parts of the thermoelectromotive force and Q, , are the respective parts of NE

coefficient.
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Here £(.9, ) is the chemical potential of hot electrons
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The coefficient A(x) characterizes the efficiency of the

it seen from (20) ¥ = y, — 1. In this case from (17) and
(18) follow, that b, (x) and b, (x) grow with raising 7, and

tend to infinity atQ2 — 0,y, —1.Thus to calculate y

from (20) one should take into account as well some other
non-basic mechanisms of electron and phonon scatterings. In

the conditions; (&) << Vi (&), B (@) 5, (q) << B.(a)
the thermal drag coefficient /1(X) and the mutual drag
coefficienty(x) may be written in the form

thermal drag, whereas coefficient »(x) describes the same 2(2mT 3 s
for the mutual drag: AX)= 2y = #35 , (21)
1 ms? 1, 3r2h°N
Ax)=———v, (X)|——0Qq°dq, (19)
) ap* T, o )iﬁQ)
1 v, ()% A(0)
y(x)= a’dg. o =y(x=1). (0)
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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 otherv(e) ~ vp(g), ﬂ(q) = f, (q) and as
2p 2p
7(X):1__VKX)__ 14 Iﬁ%(q)q3dq—- . I[%(Q)qsdq_ 22
vo(x) 4p* ¢ B.(a) 4p* o B.(a)
Using (8) and (9), from (22) we obtain:
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In the parabolic case the chemical potential of hot non-
degenerate electrons with concentration N takes the form:

3
B 3
4720°N -,
é/('ge):Tlge In y '9e 2. (24)
(2mT)2
Under the conditions of the strong mutual drag

(% =9,,70 > 1) the electron temperature is determined
from the energy balance equation
2
0'(199 )E = pr (‘9e )1
where 0'(196) is the conductivity of semiconductor in
heating electric field, and W, (4,) is the power transferred

(25)

by the LW phonons to the thermal reservoir of the SW
phonons:

4t fent. )
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(26)
We consider the case, when external electric and
magnetic fields are directed along the Yy axis, and the

gradient of lattice temperature (or the gradient of external
electric field) along the Z ams(EHH”oySTQ”ozyln

these conditions
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<< f (q) using (23) we obtain:
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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

By + B Vi
(p—b << —1). In this case the calculation of the
,Be Vo
expression ,(E) from (25), (26) and (28) at 9, = 4, >>1
4 5 11
_ E |3 em4T 4
gives lge = (E—j ’El :ﬁ
2 x0p?s;
2) The phonons are scattered by phonons or by crystal
boundaries more intensively than electrons are scattered by
By + 5
impurities (—ID b >
e

(29)

Vi .
> —L). In this case there are two
v
p

sub cases:
2a) B, >> [y At 9, =9, >>1 using (25), (26) and (28)
we obtain:

1
(ET_ V2m?T?
== By = ————.

3 I >
m h'eNps,
2b) B, << B, . Inthis sub case at 9, = 9, >>1 we obtain:
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In the region of weak-heated electric field
(9, —1<<1) the electron temperature 9, may be
represented as:
2
E
G =1+ —1, (32)
E;

where E; (1=12,3) are the characteristic fields in the
cases 1), 2a) and 2b).

Let us study the thermoelectric power a(O) and Nernst-
Ettingshausen effects ( Aa(H) and Q) of non-degenerate
semiconductors under the conditions of strong electron-
phonon mutual drag in weak (5 <<‘_/) and strong

(€2 >>v) magnetic fields. On the basis of (11) to (15) it
may be shown that under these conditions the phonon part of

NE coefficient (Qp) and the variation of the phonon part of

the thermoelectric power (AO{p (H )) are equal to zero, both
in weak and strong magnetic fields. Under the conditions of

I _ _ o _
strong mutual drag, in the arbitrary magnetic fields we obtain

from (11), (13) and (15):

3
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The electron parts of longitudinal and transverse NE
effects strongly depend on the magnetic field strength. In

(33)

weak magnetic fields (€2 <<v) for the thermoelectromotive
force o, (H ) and for the change of thermoelectromotive force

Aae(H):|ae(HX—|ae (O)| (34)

we obtain the following expressions:
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where ,u(Te) is the mobility of hot electrons in the non-
degenerate semiconductors:
3
- 2\2r ent psh g
( e)_ 5 3 e
2T2E2
m<T <k,
From (35)-(36) it is seen that thermoelectromotive force in
weak magnetic fields decreases with increasing of the

magnetic field strength. The electron part of NE coefficient in
weak magnetic fields:

uT) o5 _ 22z n'psd o
5

3
= u(T)3,2. 37)
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ec >,
cm?T 2E;

In  strong magnetic field (?2 >>1_/) for the
thermoelectromotive  force one obtains the following
expressions:

1{5 3 2mT
ae(H):—g —+—In—2 9 (39)
ah* (4N )3

From (39) it is seen that the thermoelectromotive force
increases in strong magnetic field:

3

Aca, (H ) =—.
2e

The electron part of NE coefficient in strong magnetic

fields:

(40)
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Experimentally interesting are the total

thermoelectromotive force (V) and the NE voltage (U) given by
LZ
V=["(av,T,+a,v,T,)d=V,+V, 42)

Lx
U=-["(HQV,T, +HQ,V,T,)Jdx=U, +U , (43

where L, and L, is the linear dimensions of the specimen in

the x- and z-directions, respectively. Let us consider
dependences of V and U 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 (9, > 1) by the external electric field.
Taking into account the expressions of 4, (E,T) in

(33) to (43), we obtain explicit forms of V and U as
functions of E and T . In the case of strongly heated
(S, >>1) electron gas in the arbitrary magnetic fields for

V, and Vp we obtain the following expressions:

4 11 10 20

V,~E3T 3;V,~E3T 3N in the case 1),
(44)
1 7 1 5 10

1
Ve ~E3T 3N3;V, ~E°T 3N © in the case 2a),

(45)

4 19 4 0 20 1
V, ~ EUT LNV, ~EUT 1N 1 in the case 2b).
(46)
In weak magnetic fields (5 <<1_/) for U, one obtains
the following expressions:

2 4

U,~E 3T3H in the case 1), (47)
L1z 1

U, ~E ST3HN 6; in the case 2a), (48)
2 4 2

U, ~E UTUIHN 1 in the case 2b). (49)

In strong magnetic fields (£_2 >> 17):

0 2

U, ~E3T 3H - in the case 1), (50)
5 10 5

U, ~E®T 3H NS in the case 2a), (51)
0 2 10

U, ~EHT IH N1 in the case 2b) (52)

Note that under the conditions of strong mutual

drag |ap| >>|ae|, both in weak and strong magnetic fields,

i.e., the total thermoelectromotive force mainly consists of the
phonon part [16].
From (32), (41) and (42) it follows that in the region of

weak-heated (&, —1<<1) electric field the total
thermoelectromotive force V' and the NE voltage U are
proportional E2.
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GUCLU ELEKTRON-FONON QARSILIQLI SOVQU SORAITINDD CIRLASMAMIS YARIMKECIRICILORD® QIZMAR
ELEKTRONLARIN TERMOMAQONIT EFFEKTLORI

Elektron vo fononlarin elektrik sahasindo gizmasi nazara alinmagla, giclii elektron-fonon garsiligh sévqi soraitinds, cirlasmamis
yarimkegiricilords gizmar elektronlarin termoelektrik harokst qiivvasi vo Nernst-Ettingshausen effektlori todqiq edilmisdir. Termoelektrik
harokat qlivvasinin vo Nernst-Ettingshausen garginliyinin elektrik sahssinin intensivliyindon vo gofas temperaturundan asililiglari

taptimisdir.

M.M.BABAEB



TEPMOMATIHUTHBIE DO®EKTBI I'OPAYUX DJIEKTPOHOB B HEBBIPOXKJIEHHBIX ITOJYIIPOBOJHUKAX B
YCJIOBUAX CUJIBHOI'O B3AUMHOTI'O YBJIEYEHUSA 9JIEKTPOHOB 1 ®OHOHOB

Hccnenosanbl Tepmo-3iac U 3ddextsl HepHera - OTTHHICray3eHa B HEBBIPOXKICHHBIX IOJYNPOBOJHHKAX, B YCIOBHSAX  CHJIBHOTO
B3aUMHOTO YBJIEUYEHHS W Pa30rpeBa >JICKTPOHOB M (DOHOHOB B TPEIOIIEM 3NIEKTPHUYECKOM Iose.llomydeHsl 3aBUCHMOCTH TEpMO-3IC U

HanpspkeHus: HepHera - OTTHHICray3eHa 0T HaIPsDKEHHOCTH JJIEKTPUIECKOTO OIS M TEMITEPATyphl PEIISTKH.
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