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THERMOMAGNETIC EFFECTS OF NONDEGENERATE KANE
SEMICONDUCTORS UNDER THE CONDITIONS OF MUTUAL ELECTRON-PHONON
DRAG IN A STRONG ELECTRIC FIELD

M.M. BABAYEV, T.M. GASSYM
Institute of Physics of Azerbaijan National Academy of Sciences
370143, H. Javid av., 33, Baku

The thermoelectric power and Nernst - Ettingshausen effects of nondegenerate Kane semiconductors with due regard of the electron and
phonon heating and their mutual drag are investigated. It is shown that the nonparabolicity of electron spectrum significantly influences on
values of thermoelectric power and Nernst - Ettingshausen coefficients, leads to the change of their dependence upon the electron
temperature T, , as well as upon the heated electric field E. Under the conditions of strong mutual electron-phonon drag for the
semiconductors with parabolic spectrum of electrons the phonon part of Nernst - Ettingshausen coefficient Q,=0, but in the nonparabolic case
0-#0 and Q, is larger than the electron part of Nernst - Ettingshausen coefficient Q. , i.e. Nernst - Ettingshauzen field mainly consists of the
phonon part.

The intere;t to the stu.dies pf thermoelectric power and  magnetic (H) fields are investigated with regard of both the
thern}qmagnetlc effects in different systems under the drag of heated electrons by phonons and their mutual drag.
conditions of carrier heating at the strong external electric The electron temperature gradient VT, can be produced by

field has recently been intensified [1-3]. Lei [1], Xing, Liu, . - ) .
Dong and Wang [2] discussed the thermoelectric power the gradient of (E) or by the lattice temperature gradient VT.

under the conditions of carrier heating at the external high The phonons were assumed to be_heated or non-heated. Two-
electric field neglecting the contribution of the phonon drag, band Kane spectrum of electrons is assumed [4] as follows:
which is very important at low temperatures of the lattice [4].
The role of the phonon drag in thermoelectric power of hot _;.

carriers was studied by Wu, Horing and Cui [3], by taking 1 &

into account only the drag of electrons by phonons (thermal p (8) = (Zmna)z 1+ ;.— ’ M
drag), but the mutual drag of electrons and phonons was g

neglected. The thermoelectric power and thermomagnetic

effects of hot carriers with regard of both the electron drag by =~ where m, is the electron effective mass at the bottom of the
phonons and their mutual drag were studied in [5]. In all  conduction band, &, is the band gap, p and £ are the electron
papers [1-3,5] the electron dispersion law was assumed to be  momentum and energy, respectively.

parabolic. In the publication [6] the thermoelectric power and The basic equations of the problem are the coupled
thermomagnetic effects of hot electrons in strongly Boltzmann transport equations for electrons and phonons.
degenerated semiconductots for two-band Kane spectrum of  The case of quasi-elastic electron scattering by acoustic
electrons was discussed. phonons is considered. For the considered case the distribution

In this paper the thermoelectric power and transverse  functions of electrons f(ﬁ, f) and phonons N(3, £) may
Nernst - Ettingshausen effect of nondegenerate Kane semi-

. L. i be presented in the form:
conductors placed in high electric(E) and nonquantized

f(B, 2) = fo(e, E) + ?1(8, E)% lfz’ << £, 2

<< N,. ©)

Q Q!

vg, 7) = m,lg, 7) + Nl 7) 2, I

Here fyand f,, N, and N, are the isotropic and anisotropic ~ velocity in the crystal, Gu.. is the maximum quasi-
parts of the electron and phonon distribution functions, ~Momentum of LW phonons. In this case N,(q, Z) has the

respectively. form [7]

If the inter-electronic collision frequency v is much - T (‘1'_;)
larger than the collision frequency of the electrons for the N, (q, r) ~ 217 @
energy transfer to of lattice v, , then f (g, 7) is the Fermi S,q

distribution function with an electron temperature T.. We  where T, is the effective temperature of the LW phonons.
consider the case when for long-wavelength (LW) phonons

: : Starting from the Boltzmann transport equations we
there is a “thermal reservoir” of short-wavelength (SW)

obtain the following equations for f;and N,in the steady

T .
~ 2p << —, where S, is the sound state:
5,

phonons: g ..
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m}(jg) V£, e_E—*‘ ‘F) —.Q(e)[hf ]—I—V(é‘)f1+ (2;:;58) 9% INz(q)W(q)ha)qq dg =0, (5)
| 0‘7 ) P, - dme) ) TFidp = 0.
S,VN, + BlaV ) W ()N (q)q/jz p ©

Here e is the absolute value of the electron’s charge,
E,= E + E,, E, is the thermoelectric field, m () is the

electron’s effective mass, {2=eH/m(¢)c is the electron
cyclotron frequency, h = #/H, hw, = s,q is the phonon
energy, W(q)=W,q" is the square matrix element of the
electron-phonon interaction (t=1 for deformation, and t=-1

for piezoelectric interaction), S(qg) and v(g) are the total
phonon and electron momentum scaftering rates,
respectively.

For the Kane semiconductors with the electron spectrum

(1) the expressions of m (&) and v (&) have the form [4]:

m(g) = (1 + —‘j—f-] 4 )

g

gz o]

where r=3/2, 1=0 for the scattering of elektrons by impurity
ions and r=-t/2, 1=1 for the scattering of elektreons by

acoustic phonons. When LW phonons are scattered by SW|

Ep

z

,ET =

X

—H(QVT +QVT)

where a, ,

coefficient,

()

0

!

0 = 2 Jot G2 000+ a0, = B, -

v(x)

Here {(T.) is the chemical potential of hot electrons,

VC(T)-aVT taVr,;a

i Qe,p =

- Ta )(__)] [+ b, Gk, x = 8
@ -2 ?a(x{%} {x - %~

[

phonons or by crustal boundaries, S (g) doesn’t depend on
the spectrum of elektrons and has the form [7]:

Bla) = —5 g B =2 @
otd 47:ph4s;»q' »d L

where the indices p and b denote the scattering by SW
phonons and crystai boundaries, o and L are the density and
the minimum size of a specimen, respectively. When LW
phonons are scattered by electrons, f(g) depends on the
spectrum of electrons and for the spectrum (1) we obtain:

5. )=[m s }/ZNWO[

T, T

e

2T, 3T,

-%
eg)( ZEQJ g

10
where N is the concentration of electrons.Solving the
coupled equations (5) - (6) by the same way as in [5] and

using the conditions j,=j,=0 (Ellﬁ||oy, vr,, p"oz) we

obtain the following expressions for the thermoelectric field
Ey, and the transverse Nernst - Ettingshausen (NE) field Eq,:

(e, p} (e, p}
. allﬂll + azzﬂlz

; = - 2 R (11)
O +-‘:q12
(e, p) (e.p)
_1_ 0'11/812 - 0'12:311 (12)
) A ’
H : 6112.*. ,0-122‘_1x AR

are the electron (e) and phonon ( p) parts of the thermoelectric power and (), , are the respective parts of NE

) = oy M
w627 () + v )

37

— 13
7’ (13)
E) [ CgTe )j|bl (x)}dx, (14)
—‘i. (15)
T
X exp[——-——gg :) - x} , (16)
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r(x(x) m(x) [ Q(x)2(1)]
b,(x) = < V{INLI —~ - ———, 17
= e =y w0 M @
y(x(x) m(x) [ n(x)]
by(x) = 5 L VT - 1) + v(x) 22, (18)
i Q1) + v - 7f m(@) | ’ m(2)_
3+t Vp(X ¢ B.(a) q?*td
/4 (X) = TSN 19)
(@p)™* v(x) / Bla) *
3+t m(x)s? k
Alx) = ; ? (X) 2*‘dq, (20)
V, (x) is the electron scattering frequency by phonons. The (2s-1)1-r) -r
coefficient A (x) characterizes the efficiency of the thermal v(g) = 2sv,(T )1911) £ (f) (23)
drag, whereas y (x) describes the same for the mutual drag. &, T

Because of the complexity of general analysis of
expressions (11) - (15), later we examine the dependence of
electron momentum upon its energy in the form

o0 < Gme Vo £

which for the spectrum (1) corresponds to the parabolic
(Te<<g,, s=1/2) and strongly nonparabolic (Te>>¢,,
s=1)) cases, m (&), v(e) and f(qg) respectively. In these
cases, and may be presented in the form:

m(g) = ZSmn(s_—g—J )
89

@n

n[s-—;—) .
T 5,9
SR

where n=1, k=t for scattering of LW phonons by electrons,
n=0, k=0 for the scattering by crystal boundaries and when
n=0, k=1 LW phonons are scattered by SW phonons. For
the spectrum (21) the chemical potential of hot
nondegenerate electrons with concentration N takes the
form:

ﬂ(q) - ﬂ(T)‘gen(s—Z){

(22)
|
L1y
o | . o ‘*’3@“3)'
¢(r,) =1 1n LA el @5)
r1 + 3s)em, Ty \ &,
Let us study and in weak and strong magnetic fields. In weak magnetic fields in a first approximation on we obtain
-1
a, = - £(1+c Lo ){3—“s+2sr~£(5—)+[1‘~§(Té)Jcl 70}, (26)
e - 70 Te Te 1- }’0
1., +(c, - C,),
= A1), 27
e el+(Cl-—l)70 @) @
-2 ‘
Q. -1 Cs(l +C; Yo J {(4—-4s+25r)C3+ [(4—53+4sr)C1C3—(2—s+2sr)C4] Yo
ec I-y, 1-y,
- (2= s+ 25k, Lo Yur), 28)
1 (1_70)2
1 - N
0, = ———c(1+c Yo J e, -c,c, +(c, + cc, - cc, - C.C.) 5 Yo
ec L =Y , =Y
+¢(1-c) A0, (T.). @9)

T
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where is the mobility of hot electrons with spectrum (21) in the nondegenerate case:

I"(3 - 8 ¥ ZSr) T (lhzsxznr)92—4s+2sr3—l
4s’I(1 + 3s5) m vo(T) ¢ e

f

u(T,) = (30

From (26)-(29) it appears that in weak magnetic fields the 1 C(T )
mutual drag essentially influences on electron and phonon a, = ——|1+ 35 — 22| (31)
parts of thermoelectric power and NE coefficients. e

In strong magnetic fields from (11) and (12) we obtain

a, = - —i— c,A(1), (32)
c 1 1
= — — |2 -45 + 2 - 3sy,Co| —— 33
Qe ol C62 [( S.L‘)CS SYo 9] :us(Te) (33)
Q, = < L [C g Csicvzo + Cg(c C )7’0] A1) . (34)
? eHz' C63 s( e)
As it seen from (31) - (34), in strong magnetic fields ! ;1"(1 + 35)

thermoelectric power explicitly does not depend on mutual o

= - - '
drag coefficient y,, but O, and @, linearly depend on y,. r (3 -5+ 2sr )

Here : o :
c _F(l+3s+25r+25t—sk) C7=T(7s—_-_l,+st-sk)
! (3 - s+ 2sr) ’ | I3 - s + 2sz)
C_F(l+33+2sr+st—sk) c8=F(7s-l-23r)
2 I'(3 - s+ 2sr): I8 = s + 2s1)
C3=F(5—5s+4sr) é‘__]“(7s-—l+2st—sk)
r@-s+ 2sr)’ > I"(3——s+2$r)
C_F(3—s+4sr+25t—-sk) F(lls-—3—25r+st—sk)
4 = ’ ’ C
i I - s+ 2s1) B (3 - s+ 2sr)
35
C__['(B—s+4sr+st—sk) 33)
-0 I"(3—s+‘v25:)
' J
3(t"'k) Nk . s~£( +2t-k-n+1)
(3 + t)2 2 mnsg 2| T8, ( 2) T ,9r+t+3ﬂ23’ k.91 A (T) Vfo(T) (36)
3+ 2-k \UT g, S ®B(T) v(T)
. 3k k 1 %
232 X -2 la+t-k-n) .
3+ t)22 2 (m,s; 2 T, (3 2)4 o Tt Veo(T)
ﬂ,(l) = as0. |.. | e 'ge 2 A 37
3+t-k T £, B(T)
The expressions (26) - (34) are valid for any values of the ! B. (T) Vf (T)
mutual drag coefficient (0sy,<1). The thermoelectric power 3p = d, ¥ = > 1. Under these

and thermomagnetic effects of hot carriers in absence of (T) Vo(T)

mutual drag (7,=0) were studied in papers [8,9]. Thus we conditions the expressions (26) - (29) and (31) - (34) can be
consider here just the strong mutual drag regime. This regime ~ transformed to the following forms.

takes place when the electrons and phonons are scattered In weak magnetic fields electron part of thermoelectric
mainly by each other, ie.k=t, n=1, r=-t/2, 1=1, POWer both in parabolic and non- parabolic cases has the
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identical form and depends on degree of nonparabolisity only As it follows from (25), (38) and (39) a. weakly
through the chemical potential of elektrons: (logarithmic manner) depends upon T, , whereas a; strongly
1 ] {(Te) increases with increasing of electron temperature:

e - -e- - T, (38) a, ~Te3/2 for the parabolic, and ¢« '~Te3 for the strong

nonparabolic cases.

but phonon part of thermoelectric power strongly depends on
P P P gy dep The electron and phonon parts of NE coefficient in weak

degree of nonparabolicity:

( ) magnetic fields:
1 42 (2s)“‘ (m, 7)5 s
p= =& (39 - ﬂs(T) 1-4s-st
e o le, )  wN 0 = ~2-s-st)=2L9 ,  (40)
37:2 : I ec
2 . - 3(5‘£) 2
4/2(2s) I+ 3s - st)| @[ 7)Y 7 mT)z g1-s-st
. = 3 1- G — o & P (41)
372 -8 - st) £y N
where x4, (T) is the mobility of cold (T.=T) electrons. [and Q, decreases with increasing of T. at deformation
Since 1-4s-st<0 for the both electron - phonon interaction. '
scattering mechanisms (t21) and for each spectrum of In the strong magnetic fields:
electrons with s2>1/2, from (40) we obtain that Q. decreases :
with increasing of T.. From (41) it is seen that in the _ 1 C (Te)
parabolic case (s=1/2) Q,=0. In the strong nonparabolic Q. = -~ ; _1 + 3s - ’ (42)
case (s=1) Q,#0 and Q, ~9. % ie Q, increases with €
increasing of T, at piezoelectric electron-phonon interaction, |
-, 3s
14f2(2sf r(s-1 [T ( ), (m, T)z %
P T T 2 (3 -s - st) £ n’N < @
' 32z 2
From (38) and (42) it follows that electron part of and the increase in the non-parabolic case is bigger than in
thermoelectric power increases in magnetic field: the parabolic case. The dependence of a, upon T, in strong
_ magnetic field is the same as in weak magnetic field.
da, = lae (H )l la (0). - 3 Sy (44) In the strong magnetic fields for Q. and Q, we obtain:

r7s-1+st) ¢ 1 st
Ir’(1+ 3s) eH” u(T)

0, = (7s - 2 + st) , (45)

_4((23)2 Ir'(3 -s - st) _ <) - .- < 1
= - T 1"2 T+ 59) [F(7s - 1 + st) - I'(11s - 3 + t)] o (T)
« (l) [S‘—) (m 3T)2 \9;5+5t 1 (46)
&, n’N 4

As follows from expression (45), in contrast to the weak ~ 3{;-— 1 ) 3
magnetic fields, in the strong magnetic fields Q. increases (T) 2 (m,T) [__ S(T)] o> 1

with increase of T. (for the all real cases (4s+st-1>0)). (47)_

Expression (46) shows that for the parabolic case Qp=0
whereas for the strong nonparabolic spectrum of electrons
(s=1)Q, strongly increases with increase of T.. Qp~l9€5“
ie. 0,~9.” at deformation interaction and Oo~9s° at
piezoelectric interaction of electrons with phonons.

As it follows from (25) for the nondegenerate electrons

&g

and from the comparison (38) with (39) and (42) with (43) it
is seen that under the conditions of strong mutual drag
| aA >>| @, both in weak and in strong magnetic fields, i.e.
the thermoelectric power mainly consists of the phonon part.

40



THERMOMAGNETIC EFFECTS OF NONDEGENERATE KANE SEMICONDUCTORS UNDER THE CONDITIONS OF MUTUAL ...

Since in the case of a parabolic spectrum 0,=0, the NE
field consists only of the electron part. But in the case of the
strong nonparabolic spectrum from (40), (41), (45) and (46) it
follows that | Q;J >>| Qel , i.e. NE field mainly consists of the
phonon part.

Under the conditions of the strong mutual drag
(8.=8,, y—>1) the electron temperature is determined from
the energy balance equation

pr ('9e )’

0-11(‘9@.- )E2 = (48)
where W, (9.) is the power transferred by the Lw phonons
to the thermal reservoir of the Sw phonons. The calculation of
the expression 3, (E) from (48) at (9= 95 >>1 in following
limiting cases gives: o

+ﬂb _1_’5_ :

Case 1) EP———-—-———

1

ﬂp Vi

Case2) ﬂp>>ﬂbl >>.‘;._ . Lge,vEZ;i;} (50)
e p
2
|
Case 3) ,Bp<<ﬂb, —'B—p>> L 9 ~ETs*2 1)

o an®
T

e Vp

As it seen from (49) - (51) the nonparabolicity of electron
spectrum strongly changes the E -dependence of electron
temperature. Using these expressions one can easily obtain
the dependence of thermoelectric power and NE coefficient
upon the heated electric field in the considered cases. From
(25), (38) and (42) it follows that «, weakly (logarithmic
manner) depends upon E for the all cases (49) - (51). The

dependence of ;0. and O, upon E in these cases are shown
. ~F 581 Dy e 42
<<= GmERe, @9 in the table.
e jo) |
Table
The dependence of a,,0. and O, upon E under the conditions of strong mutual drag
Case 1 Case 2 Case 3
a 68 3s 6s
P ~ F5s-1 ~ Eis+l ~ E7s42

— - 2{1-4s-3st) 1-4g-st 2(1-4s-st)
Qe(g << V) ~ E 5s-1 ~ B 4841 ~ E 7942

- - 2(4s+st-1) ds+st-1 : 245+ 3E~1)
Qe(‘{2 >> V) ~ E Sg=1 ~. E ds+1 ~ E 78+ 2

~ - ’ 2{1-s~st) l-s-st ) 2(1-s-3t)
QP(Q << V) ~ E 58-1 ~ F {s+1 ~ E Ts+2

- - A7s+st-1) 7S+ 8t~1 A7s+st~1)
Qp(ﬂ >> V) ~ E 98-1 ~ 4s+1 o~ B 7s+2

When one uses this table, he must take into account that
in parabolic case (Q,=0, and the total NE -coefficient
0=0.+0,=Q., but in strong nonparabolic case | N | >>| Qe | ,
and Q~Q,. For instance, if d-interaction and inequality 49)
are satisfied in the semiconductors, pased in the strong
magnetic fields O~E"/? for the parabolic, and for the strong
nonparabolic spectra.

Under the conditions of strong mutual drag | a;J >3 g,

and the total thermoelectric power a=a.+o,~a, both in
parabolic and nonparabolic cases.

For instance, if inequality (49) is satisfied then a~E?, in
the parabolic, and a@~E”? in the strong nonparabolic cases.
From the Table it is seen that for the all cases nonparabolicity

of spectrum essentially changes the dependence of & and 0
upon E.
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Texnika

M.M. Babayev, T.M. Qasim

QARSILIQLI ELEKTRON-FONON SOVQU SORAITIND® GUCLU ELEKTRIK SAHOSINDD
YERLOSDIRILMI§ CIRLASMAMIS KEYN YARIMKECIR{CILORIND® TERMOMAQNIT EFFEKTLOR

Elektron ve fononlarin qizmasi ve garsihgl sévqii soraitinde cirlasmamig Keyn yarimkegiricilerinde termoelektrik heroket
qiivvesi ve Nernst-Ettingshausen effektlori todqiq edilmisdir. Qésterilmisdir ki, elektron spektrinin qeyri-parabolikliyi termoelektrik
herakat giivvesinin ve Nernst-Ettingshausen emsalinin giymetlerine giiclii tesir edir va onlarin elektron temperaturundan, eloce da
qizdirict elektrik sahesinin intensivliyinden asilihglarini deyisdirir. Giiclii elektron-fonon qargihgl sovqii seraitinde, elektronlarinin
spektri parabolik olan yarimkegiricilerde Nernst-Ettingshausen emsalimn fonon hissesi Qp=0 olur, amma geyri parabolik halda
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0,#0 va Q, Nernst-Ettingshausen emsalinin elektron hissesinden (Q,) xeyli boyiik olur, yeni Nernst-Ettingshausen sahesi, esasen,
fonon hisseden teskil olunur.

M.M. Bab6aeg, T.M. I'acbim

TEPMOMATHUTHBIE 3®®EKTbI B HEBBIPOXKJIEHHBIX KEHHOBCKUX IMOJYITPOBOJHHKAX,
HAXOAIIMUXCA B CWIBHOM JIEKTPUYECKOM MOJIE B YCJIOBHUSIX B3AUMHOI'O YBJIEYEHH S
JEKTPOHOB 1 ®OHOHOB

Hccnenosansl TepMo3ac u 3ddextsl HepHera-OTTHRICray3cHa B HEBBIPOXKASHHBIX KeHHOBCKMX MOYNPOBOAHHMKAX, C YYETOM pasorpesa
3JEKTPOHOB K (POHOHOB, a TAKXKE MX B3AUMHOTO yBieueHMs. [TokaszaHo, 4T0 HenapaGoNMUHOCTE CIEKTPa 3MCKTPOHOB 3HAYHTENBHO BIHAET
Ha BENMYMHBI TEPMOAC M K03 uinieHTa HepHcTa-OTTHHTCray3eHa, H3MEHAET HX 3aBUCHMOCTH OT 3/IEKTPOHHON TEMIIEPATyphi, a TAKKE OT
[PEIOIIETO JJICKTPHUECKOro MoJis. B yCnoBMAX CHNBHOrO B3aMMHOTO YBJEYEHMS B TOJYNPOBOAHMKAX C NApalOoNHYECKUM CNEKTPOM
31eKTpoHOB (GoHOHHAs YacTh kod(duumenta Hepucra-IrTunrcraysesa Q,=0 , a B Henapabonudeckom ciaydae Qp#0 M Qp 3HAUMTENBHO
Gosblue, YeM EKTPOHHAsA yacTs koaduuveHta HepHera-OTTHHICrayseHa Q,, T.e. none HepHera-OTTHHICray3eHa, B OCHOBHOM, COCTOHT
U3 OHOHHOMN 4acTH.
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