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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∼E10/3. 

 
 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

r
) field. The spectrum of electrons   is assumed to 

be parabolic: 

                                                             
m
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=ε .                                                               (1) 

 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 ( )r,pf  and 
phonons ( )r,qN  may be presented in the form: 
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p
p

r,fr,fr,pf 10 εε += ,          01 ff << ,                              (2) 

                                 ( ) ( ) ( )
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Here 0f  and 1f , 0N  and 1N  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 ( )r,f0 ε  is the Fermi 
distribution function with an electron temperature eT . We consider the case, when for 
long-wavelength (LW) phonons there is a “thermal reservoir” of short-wavelength (SW) 
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phonons: 
0

max s
T

p2q <<≈ , where 0s  is the sound velocity in the crystal, maxq  is the 

maximum quasi-momentum of LW phonons. In this case ( )r,qN0  has the form 

                                                         ( ) ( )
qs

rT
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0

p
0 ≈ ,                                                      (4) 

where pT  is the effective temperature of the LW phonons. The electron and the phonon 
temperature gradients eT∇  and pT∇ can be produced by the gradient of strong electric 
field E  or by lattice temperature gradient T∇ .  
Starting from the Boltzmann transport equations we obtain the following equations for 

1f  and 1N  in the steady state: 
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Here e  is the absolute value of the electron’s charge,  Tc EEE += , TE  is the 
thermoelectric field,  m  is the electron’s effective mass, qs0q =ωh  is the phonon 
energy, ( ) qWqW 0=  is the square matrix element of the electron-phonon interaction, ( )qβ  
and ( )εν  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 

0=zj ( ozToyE pe,,∇
r

) we obtain the following expression for the thermoelectric field TE :  
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where  eα  and pα  are the electron ( e ) and phonon ( p ) parts of the thermoelectric power, 
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Here ( )eϑζ  is the chemical potential of hot electrons, the coefficient ( )xλ  characterizes 
the efficiency of the thermal drag, whereas coefficient ( )xγ  describes the same for the 
mutual drag:                              
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( )xpν   is the electron scattering frequency by phonons, and ( )qeβ  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) ( ) 1→xγ . 
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 ( ) ( ) ,1exp
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and from the comparison (14) with (15) it is seen that under the conditions of strong 
mutual drag ep αα >> , i.e. the thermopower mainly consists of the phonon part. 
Under the conditions of the strong mutual drag ( 1, 0 →= γϑϑ pe ) the electron temperature is 
determined from the energy balance equation 
                                        ( ) ( ),2

eppe WE ϑϑσ =                                                 (16) 
where ( )eppW ϑ  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), ( ) ( ) 11~ −− γϑσ e ,  i.e. it grows with raising γ  and tends to infinity at 

1→γ . 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 γ  from 
(12) one should take into account as well some other non-basic mechanisms of electron 
scattering (by impurity ions iν ) and phonon scattering (by phonons pβ  and crystal 
boundaries bβ ). 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 
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). In this case the calculation of the expression ( )Eeϑ  from (16) at 

1>>= ep ϑϑ  gives 3
4

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

electrons are scattered by impurities (
p
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). In this case from (16) at 

1>>= ep ϑϑ  we obtain: 

2a)  3
1

~ Eeϑ    , if  bp ββ >>  ; 

2b)  11
4

~ Eeϑ ,   if bp ββ << . 
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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 

                                                      ( )dzTTV zL
pzpeze∫ ∇+∇=

0
αα ,                                      (I7) 

where zL  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 ( )1>eϑ  by the 
external electric field (for instance, by placing one end of the specimen into a waveguide 
with a heating microwave radiation).  

 In the region of weak-heated ( )11<<−eϑ  electric field  
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is the characteristic field. In this region the total thermopower V  is proportional to 2
0E , 

with 0E  being the heating electric field intensity at the end of the specimen where 
electrons are heated. In the region of strongly-heated ( )1>>eϑ  electric field V  is 

proportional to 3
10

0E  in the case 1), 6
5

0~ EV  in the case 2a), and 11
10

0~ EV  in the case 3b). 
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ПЪСДЪ   УДУЛЕКЩТ-АЩТЩТ   ЙФКЖЭДЭЙДЭ   ЫБМЙЪ   ЖЦКФШЕШТВЦ   ЙЭЯВЭКЭСЭ 
УДУЛЕКШЛ   ЫФРЦЫШТВЦЛШ   СЭКДФЖЬФЬЭЖ   НФКЭЬЛУЮШКШСШДЦКВЦ   ЕУКЬЩ-УРЙ 

 

Ь.Ь.ИФИФНУМ 
 
 Удулекщт мц ащтщтдфкэт удулекшл ыфрцыштвц йэяьфыэтэ мц йфкжэдэйдэ ыбмйътъ тцяцкц фдьфйдф 
сэкдфжьфьэж нфкэьлуюшкшсшдцквц еукьщ-урй ецвйшй увшдьшжвшк. Удулекщт мц ащтщтдфкэт цыфыцт ишк-
ишкштвцт ыцзшдвшнш пъсдъ йфкжэдэйдэ ыбмй жцкфшештц ифчэдьэжвэк. Пбыецкшдьшжвшк лш, удулекщтдфкэт шлштсш 
ыцзшдьц ьучфтшяьш щдфт фжйфк шщтдфквфт ыцзшдьц лфтфдэ ащтщтдфкэт шьзгдыгтгт лкшыефдэт ыцкрцвштвцт 
мц ащтщтдфквфт ыцзшдьц лфтфдэтвфт вфрф путшж щдвгйвф ефь еукьщ-урй ( V ) йэявэкэсэ удулекшл 

ыфрцыштшт фкеьфыэ шдц лцылшт фкеэк: V∼E10/3.. 
 

ТЕРМО-ЭДС НЕВЫРОЖДЕННЫХ ПОЛУПРОВОДНИКОВ В СИЛЬНОМ 
ЭЛЕКТРИЧЕСКОМ ПОЛЕ В УСЛОВИЯХ СИЛЬНОГО ВЗАИМНОГО УВЛЕЧЕНИЯ 

ЭЛЕКТРОНОВ И ФОНОНОВ 
 

М.М.БАБАЕВ 
 
 Исследована термо-эдс в невырожденных полупроводниках с учетом разогрева электронов и 
фононов и их взаимного увлечения. Рассмотрено условие сильного взаимного увлечения, когда 
электроны рассеиваются на фононах, а фононы - на электронах. Показано, что если второй 
(дополнительный) канал рассеяния  электронов (рассеяние на ионах примеси) шире, чем канал 
рассеяния фононов на фононах и на границах кристалла, то полная термо-эдс (V ) сильно растет с 
ростом греющего электрического поля: V∼E10/3. 
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