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D E T E R M I N A T I O N  OF T H E R M O P H Y S I C A L  

P R O P E R T I E S  OF S E M I C O N D U C T O R S  F R O M  

M E A S U R E M E N T  OF E T T I N G S H A U S E N  E F F E C T  

BY M E T H O D  OF V A R I A T I O N  OF M A G N E T I C  

F I E L D  

I .  S .  L i s k e r  a n d  M. B. P e v z n e r  UDC 538.665 

A method is proposed for determination of the thermophysical coefficients of semiconductors by 
measurement of the Ettingshausen effect in the unsteady state following the application or re -  
moval of a magnetic field. 

Investigation of the main galvano- and thermomagnetic effects (GTME) in semiconductors is widely used 
to obtain information about the electric and magnetic properties of the object [1-4]. The main effects in the 
specimen are accompanied by superposed thermal effects (Peltier, Ettingshausen, etc.) due to energy transfer 
by electrons. Lisker [3] proposed an experimental method of determining the kinetic parameters of solids by 
varying the thermal, electric, and magnetic fields. This enabled him [4] to separate and measure both the main 
and superposed effects. In view of this it is also possible to determine the thermophysical characteristics of 
the investigated materials from measurements of the superposed effects. One method, based on the use of the 
Ettingshausen effect, is examined in this paper. We propose a method of determining the thermal diffusivity k 
and the thermal conductivity X from experimental measurements of the Ettingshausen effect in the unsteady 
state. 

The Ettinghausen galvanomagnstic effect is a thermal, i.e., inertial concomitant of the Hall effect, and is 
characterized by the formation in the specimen of a temperature drop in a direction perpendicular to the cur-  
rent I flowing through it and also to the magnetic field H applied to it. In the steady state the Ettinghausen 
temperature drop AT E and the heat flux w E corresponding to it are given by the expressions [2] 
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ATe ---- B (r, ~t*) k, (e~.d)-~aTRnlH, 

we --- B (r, ~t*) koe-~aRniHT =-AT, 
(z) 
(2) 

where  the coefficient  B (r ,  #* ) depends on the sca t te r ing  mechanism and the degree  of degeneracy  of the e l e c -  
t ron  gas. 

The steady the rma l  s tate  of a rec tangular  specimen with a cur ren t ,  situated in a t r a n s v e r s e  magnetic 
field, was cons ider~ i  in [5]. The express ions  obtained in [5] can be used to de te rmine  the Ettingshausen coef-  
f icient  w i thdue  allowance for heat  loss f rom the sur face  of the specimen and heat t r ans fe r  along the conduct-  
ing wires .  The quest ion of  de termining  the thermophysica l  p a r am e te r s  of the specimen,  however,  was not 
considered.  The posed problem can be solved by consider ing the unsteady p ro ce s s  of es tabl ishment  of the 
thermodynamica l ly  equi l ibr ium state  in the specimen when a magnetic field is applied to it. 

Below we c a r r y  out calculations for two cases :  1) the inc rease  in the t r a n s v e r s e  t empera tu re  drop  when 
the magnet ic  field is applied and; 2) the reduct ion of the Ettingshausen t empera tu re  dropwhen the magnetic 
field is removed.  We assume he re ,  as in [5], that there  is no t empera tu re  gradient  in the di rect ions  x (currentl 
and z (magnetic f ie ld) ,  the ambient  t empe ra tu r e  T m is constant,  the ma te r i a l  of the specimen is isotropic ,  
and also for  s impl ic i ty  we ignore the heat  loss through the Hall, thermocouple ,  and cu r r en t  probes ,  and the 
Pe t t i e r  effect.  

1. Application of Magnetic Field H at T im e  t = 0. The heat-conduction equation and the boundary condi-  
tions have the form:  

O2T ' (y, t) 
ay~ 

, i = I 0 r ' ( y , t )  2a T' (y, t) _ . . . . . . .  (3) 
Zd a~ k Ot ' 

~. OT' (0, t) = aT'  (0, t) ~ wE, (4) 
oy 

~ OT' (b, t )  aT' (b, t) ' w 
0y = ~- E, ( 5 )  

T '  (y, 0) = 0, (6) 

where  

T' (y, t) = T (y, t)i--T,,. (7) 
Equation (3) takes  into account  the Joule  hea t  and heat  loss f rom the side faces of the specimen to the a i r  
(vacumn). The Ett ingshausen effect  in this problem is taken into account in boundary conditions (4) and (5) by 
the additional Ett ingshausen heat  flux w E along the y axis.  The genera l  heating of the specimen above the 
ambient  t e mpe ra tu r e  due to the cu r r en t  flowing before  application of the magnetic  field is ignored, since the 
condition T = Tm can be fulfilled. 

The solution is obtained by  the Laplace method. For  the t em p e ra tu r e  drop A ~  = ~?(0) -- T ( b ) ,  we ob-  
ta in  the exp re s s ion  

1 Ba ( l ~ e . 2 B ~ ) +  1 ( 2 a  ]~- 
AT'(p)= 2we,n (l--e--Bb)s-}- P)" P-~- "+  ~---~,~ )(1-e-Bb)' (8) 

L \  " ' ; \  

where  B 2 = p / k  + 2a /kd ,  WEm = AT m is the Ett ingshausen heat  flux for a spec imen with average  t empera tu re  
Tm. 

F o r  the case  of large  p, which cor responds  to the initial  (in time) port ion of the AT( t )  curve ,  
exp(--Bb) -~ 0. Omitting in (8) all  the t e r m s  containing e x p ( - B b )  and decomposing the remaining express ion  
into the s imples t  t e r m s ,  we obtain 

ho _}_ h _L h+ 
h~ (p) ~ p---if- p (P -i- (a--  A)|/k-)~ '~) ' p (P + (a -F A)|fZ)~-') ' (9) 

P =  p + - ~ - ]  , ho = (~ ( a ~ _  A~) ,h:~ = a (A -+- a) ~ ;~ 
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Per fo rming  the inverse  t rans format ion  in Eq. (9) we note that the f rac t ion  g1(P) = [(P + ~)1/2 + 5]-1 is 
converted [7] through a parabol ic  cyl inder  function to a Whittaker function [6] 

g, (P)--~ f, (t)~ (4~6)-'/2t-3/4exp [ ( ~ -- - a , )  t l  w-3/4,,/~ (62t). (10) 

Using the known proper ty  of the Laplace t r ans fo rm 
f 

hp-tgi (p) -+ha i l  (~) dr 
$ 

and the integral  r epresen ta t ion  of the Whittaker function [6], we obtain af ter  double integrat ion 

h h ~,t ~t 
__,. ~ {ut/2 __ 8 - -  (ut) -1/~e -~t [e-5-D ~ ( ] / ~ )  - -  e -~- D_2(]/~7)]}. 

p [(p + ~ ) , / 2 +  ~l a - -  5 z 

Taking into account the re la t ion  between the parabolic  cyl inder  functions D_ 2 (z) and the probabil i ty integral  
O(z)  [6] and collecting together  the contributions f rom all three  t e r m s  in (9), we obtain a genera l  express ion  
at  small  t for  A T ( t ) ,  which by expansion in a s e r i e s  of powers of kt is finally brought  to the form 

AT(t) 4 wgm ]/-~-(1 ~ ) ,  (11) 
V~- 

~ _  V~a ]/--~+ 2 (  a a ' +  A 2 ]' ) 
where  ~ - -  2~ ~ ~. -~ c;~T m kt -5 . . .  �9 

We now consider the question of the small-time criterion. Expression (ii) was obtained on condition that 
exp(-Bb) << I, which (slightly increasing the inequality) reduces to p-I/2 << k-I/2 min{b, (kd/2a)I/2}. Multiply- 
ing the inequality by p-V where v > 0 (e.g., v = i), we use the inverse Laplace transformation and obtain the 
small-time condition 

(kt)~/2<< rain {b, ( - ~ ) ' / ' } .  

Similar  conditions for  t a re  imposed in the case  of expansion in a se r i e s  of powers of the probabil i ty functions 

( k t ) ' / 2  ~ .  r n i n  , - - ,  - - .  �9 
l a - - A I  a + A 

Combining the inequalities we finally obtain the smal l  t condition: 

(k0'/2 << rain{b, /_~_.~),/2 ~, 1 (iz) 
2 a  } ' l a I + I A I , "  

To obtain the order of magnitude of the small-time interval we consider a specimen ~vith dimensions 
d = 4b = 4 cm, and coefficients I = 1.3W'm -I'K-I C = 6.5'103J'kg-1"K-1 and p = I08kg'm-3. If sucha 
specimen is contained in a vacuum (a ~ 4 W" m -2" K -l) the small-time interval is determhled by the first term 
in (12) and its value is t << 120 sac. In a still air chamber a is increased by a factor of ~5, but the first term 
in (12) remains a minimum; thus, for the considered cases expression (12) can be replaced by the simpler in- 
equality 

(kt) '/2 << b. (13) 

We turn  to express ion  (11), which cha rac t e r i ze s  the increase  in the t r an sv e r se  t empera tu re  drop  due to 
the Ett ingshausen effect  in the initial period of t ime af ter  application of a constant  magnetic  field at t = 0. I t  
is apparent  that in a f i r s t  approximation the increase  conforms to a power law with exponent 1/2. The f i r s t  
co r r ec t i on  t e r m  takes into account the heat  loss f rom the surface  of the spec imen and reduces  the genera l  in- 
crease. 

In adiabatic conditions (a  = 0 ) the co r r ec t i on  ~ begins at the t e r m  propor t ional  to kt. The smal l - t ime  
c r i t e r ion  is a lso simplified and takes the following form:  

(kt) ~/~ << min {b, ~ - } .  (14) 

In the formulat ion and solution of the problem in p rac t ice  we can ignore the slight changes in t e m p e r a -  
tu re  in express ion  (2) for the Ett ingshausen heat  flux wE, i .e . ,  we can~regard wE = const. This s implif icat ion 
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leads  to slight changes in the resu l t an t  equation (11), viz . ,  to the d i sappearance  of t e r m s  of the fo rm 
2/akt (A2/x 2 + j2/aXTm) in the c o r r e c t i o n  }. 

2. Remova l  of  Magnetic Field.  The p rob lem of the d i sappea rance  of AT E when the magne t ic  field is  r e -  
moved  is fo rmula ted  as follows: 

j2 1 OT 02__~ T _. ~z (T - -  T,,) ff -- , (15) 
Oy 2 ~ ,  k Ot 

0T(0, t) a(T(O, t ) - -T~ , )=O,  (16) 
Oy 

~, Or(b, t) + a (r  (b, t) - -  T,,) = O, 
oy (17) 

T (y, O) = Tm+ G--  H exp (IgY) ~ H+ exp ( ~  ~y), (18) 

where  

~2= 2a G 12d 
~d 2a~ 

H~ = exp (~zb~) [aG~ A (6+Tm)l(~qza-T-A) +[aG+ A ( T ~ + O ) I ( ~ a ~ A ) .  
exp (hi 3) I0q8 + a) z - -  AZl - -  exp (--hi8) [(X[8 - -  a) = - -  A21 

(19) 

(20! 

As the init ial  condition (18) we use the solution of the s t eady - s t a t e  p rob lem,  in which the t e m p e r a t u r e  
d rop  along the y axis  is given by the equation 

kTst = (H+ exp (-- hi3 ) - -  H )(exp (b[3) - -  1). (21) 

The solution of s y s t e m  (15)-(18) is a l so  obtained by the Laplace  method.  If  we confine ou r se lves  (as in 
the case  of appl icat ion of H ) to the init ial  por t ion of the decay of AT ( t ) ,  the expres s ion  cor responding  to it 
for  &T(p )  takes  the f o r m  

a |fk-~J~+ ~cth ~ (22) 
hT"(p) = -hTs~t 1 - -  

p a l/-k-%-i + B 

P e r f o r m i n g  the inverse  Laplace  t r a n s f o r m a t i o n  as  in (9),(11) and using inequali t ies of type (12) we ob-  
tain an equation for  the decay  curve  of the EtCingstmusen effect:  

Thus,  the decay  of AT E conforms  in a f i r s t  approximat ion  to a 1 -- C 4 ~ "  law. The equation for  the decay of 
the ef fec t  in adiabat ic  conditions is obtained f rom (23) with a = 0: 

ATad (t) ~_ ATst [ 1 4 V-~" ] ]#~- b + . . . . .  (24) 

The obtained expres s ions  can be  used to de t e rmine  the the rmophys ica l  p a r a m e t e r s  of semiconduct ing 
spec imens  by the following p rocedures :  

1) f rom m e a s u r e m e n t s  of the decay of the Et t ingshausen effect  (24) the t h e r m a l  diffusivity k can be  d e -  
t e rmined .  To do this the re la t ion  1 - A T ( t )  (ATs t ) -  = f ( t  ) is graphed.  Near  the or ig in  the graph is a 

ff2 1 1/2 s t ra igh t  line of gradient  tan ~, equal  to 4w- b- k . Then 

k = ~ b 2 tg~ ~; (25) 
16 

and specific: hea t  c V of the subs tance  we can calculate  the t h e r m a l  conduc- f rom the known densi ty  p 
f rom the equation 

2) 
t ivi ty  X 

,% = kc9; (26) 

3) the Et t ingshausen heat  w E can be de te rmined  f rom m e a s u r e m e n t s  of the init ial  r i s e  of the Et t ings-  
hausen  ef fec t  (11) f rom the equation 

(27) 
V7 ~ 

we 4 V-k- .tg O, 
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where tan 0 is the gradient of the straight-line portion of relation A T ( t  1/2) near the origin. 

Since expression (2) for WE contains easily measured quantities, it is also possible to obtain the nu- 
merical  value of the coefficient B(r ,  Iz*), whose value is required for determination of the degree of degener- 
acy of the gas, the current carr iers ,  and their scattering mechanism. 

Thus, we have shown that measurements of the Ettingshausen galvanomagnetic effect is a varying mag- 
netic field can be used to obtain (in addition to determination of the GTM effects themselves) additional infor- 
mation about the thermophysieal properties of the investigated materials.  

N O T A T I O N  

b, width of specimen; d, S, perimeter and area of cross section; I, current strength; j, current density; 
H, magnetic field strength; T, absolute temperature; Tm, ambient temperature; X, k, :a,  RH, thermal conduc- 
tivity, thermal dfffusivity, electrical conductivity, and Hall coefficient of investigated material;  a, coefficient 
of heat transfer between specimen and surroundings; B (r, ~*), coefficient dependent on scattering mechanism 
and degree of degeneracy of electron gas; k0, e, Boltzmann constant and electron charge; WE = AT, Ettings- 
hausen heat released or absorbed on faces of specimen perpendicular to y axis; ~ (z), probability function; 
W~, v( z ), Whittaker function; Dv(z ), parabolic cylinder function; t, time; p, Laplace transform parameter. 
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USE OF P E R I O D I C - H E A T I N G  M E T H O D  F O R  

M E A S U R E M E N T  OF T H E R M A L  A C T I V I T Y  

C O E F F I C I E N T  OF GASES 

L. P.  F i t i p p o v ,  F .  G. E l ' d a r o v ,  
and  S. N. N e f e d o v  

UDC 536.2.083 

A method of increasing the sensitivity of the circuit for measuring the thermal activity coeffi-  
cient of gases by the periodic-heating method is proposed. The thermal activity of argon, carbon 
dioxide, and air at 1300~ was measured. 

Among the new developing methods of measuring the thermophysical properties of substances the peri-  
odic-heating method meri ts  great attention. This method consists essentially in recording the temperature 
fluctuations of a fast sensor (wire or foil} due to heating by alternating current in the medium under investiga- 
tiom The method is based on the use of electronic circuitry, is suitable for automation, and can be used to 
carry  out investigations in a wide range of temperature and pressure. 

This method was f irst  proposed in [1, 2], where it was used to determine the thermal activity coefficient 
of liquids (foil sensor) [1, 2]. Later, American authors [3, 4] used practically the same measuring circuit to 
determine the thermal conductivity of gases by means of wire sensors. This technique was subsequently de- 
veloped successfully in [5, 6]. Some modifications of the method of measuring the thermal activity coefficients 
of fluids have been used in a series of investigations [7, 8]. 
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