
S E M I C O N D U C T O R  F I L M  T H E R M O E L E C T R I C  E L E M E N T S  

AS R A D I A T I O N  T E M P E R A T U R E  S E N S O R S  

A. F .  C h u d n o v s k i i  a n d  B. L. S h i n d e r o v  UDC 536.532:536.3 

The sensit ivity is calculated for a thermoelec t r ic  unit used as a radiation t emper -  
ature sensor  in a null method. 

Temperature  measurement  by radiation methods has a number of advantages over the contact method. 
These include the capability of obtaining undistorted resul ts ,  efficiency and simplici ty of measurement ,  and 
the averaging of temperature  over large areas .  

The basic element of the radiation temperature  sensor  is the sensitive element (SE) - a semicon-  
ductor film thermounit  made up of severa l  thermoelements .  The SE is connected in a null indication 
scheme. The optical symmet ry  of the sensor  body s t ructure  allows the measurements  to be made by com-  
paring the thermal  radiation of the test surface with that of a reference  surface whose tempera ture  can be 
measured by a contact method. Clearly,  when the radiant fluxes being compared and the emittances of the 
test  and reference  surfaces  a re  equal (zero signal in the null indicator), the tempera tures  a re  equal. 

The thermoelements  considered as radiation tempera ture  sensors  make possible an instrument  with 
high sensit ivity (of the order  of 0.05~ The null indicator a r rangement  makes possible absolute mea-  
surements  without calibration of the sensitive element, and the instrument readings during operation a re  
not distorted by possible change in the thermoelement  charac te r i s t i cs  with time. 

The insignificant mass  of the film thermounit  gives the SE a comparat ively  small  time constant (150 
to 200 msec),  so that measurements  of the tempera ture  of a surface which changes with time can be made, 
and the temperature  can be recorded  on a r eco rde r  if need be. 

The operating principle of the radiation the rmomete r  is i l lustrated in Fig. 1, where 1 is the film 
thermounit  (see Fig. 2); 2 a re  windows in the sensor  body which expose the working junctions at t empera -  
ture T 1 and the compensation ]unctions at  temperature  T 2 to the test surface at tempera ture  Ta and the 
reference  surface at TK, respectively.  A null indicator is connected to the opposite electrodes of the 
thermounit-responding to the signal E = f(AT), where AT = T 1 - T 2. Clearly,  when AT = 0, T a = T K (con- 
dition of symmetry) .  At the moment of equality of tempera tures  T a and TK, the latter is measured by a 
contact method (thermocouple, thermis tor ,  etc.). It is a lso c lear  that the condition AT = 0 when T a = T K 
also holds when the infrared emittances of the test and reference  surfaces  are  equal (the reference  s u r -  
face is the junction of a semiconductor  thermopile of finite size). The re fe rence  surface tempera ture  
T K is controlled by the amount and direct ion of current  passing through the thermopile,  and can have val -  
ues both larger  and smal ler  than the temperature  of the surrounding medium. 

Figure 2 shows the SE, made up of five semiconductor  legs 1, deposited in vacuum on a thin mica 
substrate  2. The substrate  thickness is 10 p, and the film thickness is 3 to 4 ~. The legs a re  in tercon-  
nected to form a unit with antimony electrodes 5, also deposited by heating in vacuum. Item 3 is a black 
layer  deposited on the f ree  side of the subs t ra te  to form the windows, and 4 a re  thin copper wire leads 
(0.02 ram). The thermounit  dimensions are  given in ram. 

The following mater ia ls  can be used as thermoelements :  

1) leg f rom hole-conduction B i - T e - S b ,  whose parameters  in a thin layer are:  thermal  e lec t ro -  
motive force o~+ = 160 pV/deg;  e lectr ical  conductivity ~+ = 500-600 ~- l"  cm-1; thermal  con- 
ductivity ~+ = 1 .5 .10  -2 W / c m -  deg; 
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Fig. i .  Principle of the radiation measurements by a compari- 
son method. 

Fig. 2. The f i l m  t h e r m o e l e m e n t  unit .  

2) leg f r o m  e l e c t r o n - c o n d u c t i o n  PbTe  with p a r a m e t e r s :  o~_ = 180 PV deg; cr_ = 400-500 f~-l .  cm-1;  
~ ~- 1 . 5 . 1 0  -2 W / c m - d e g .  

We now ca lcu la t e  the s e n s i t i v i t y  of the t h e r m o u n i t  equipped with a type M195/1  g a l v a n o m e t e r  as  nu l l  
i nd i ca to r ,  with c u r r e n t  fac to r  C I = 1.0 �9 10 -8 A / d i v i s i o n ,  and i n t e r n a l  r e s i s t a n c e  r G = 50 f~. 

We take the t h e r m o u n i t  s e n s i t i v i t y  AT = T 1 - T 2 to be the t e m p e r a t u r e  d i f fe rence  be tween  the j u n c -  
t ions  r e q u i r e d  to def lec t  the g a l v a n o m e t e r  one d iv is ion .  This  def lec t ion  is  d e t e r m i n e d  by the s igna l  e, which 

in  our  case  is :  

e = C s (re + rtu ) --= 1.0.10zs.90=0.9. l0 -6 V / d i v i s i o n ,  

where  r t u  = 40 S2 is  the total  r e s i s t a n c e  of the t h e r m o u n i t  with c u r r e n t  and connec t ing  leads.  Hence  the 

t h e r m o u n i t  s e n s i t i v i t y  is: 

AT = T I - -  T2 e 0,9. lO -G "~ 1,0.10 -a d e g / d i v i s i o n ,  
au 860.10 -~ 

Here  ce u is  the coef f ic ien t  of the t h e r m a l  e l e c t r o m o t i v e  fo rce  unit ,  cons i s t i ng  of five legs (2.5 t h e r m o -  

couples) .  

We a l so  need to know the t e m p e r a t u r e  d i f f e r ence  be tween  the t e s t  and r e f e r e n c e  s u r f a c e s  for  which 

the t e m p e r a t u r e  d rop  at  the junc t ions  is  AT. We cal l  the m i n i m u m  drop T a - T K = C T, c o r r e s p o n d i n g  to 
the r a d i a t i o n  t h e r m o m e t e r  s e n s i t i v i t y ,  the i n s t r u m e n t  cons tant .  Since the re  is i n t e r a c t i o n  be tween  the 
t h e r m o u n i t  junc t ions  and the tes t  and r e f e r e n c e  s u r f a c e s  only via  r a d i a n t  heat  t r a n s f e r ,  we ca lcu la te  the 
r a d i a n t  h e a t - t r a n s f e r  coef f ic ien t  h r in  the t e m p e r a t u r e  r a n g e  of i n t e r e s t .  

We c o n s i d e r  the ca se  where  one is  r e q u i r e d  to m e a s u r e  the t e m p e r a t u r e  of the ground or  vege ta t ion  
cover .  The r ange  of poss ib l e  t e m p e r a t u r e s  is  T a = +60 to - 40~  -~ 330 to 230~ The m a x i m u m  t e m p e r a -  
t u r e  d i f f e rence  be tween  the s u r f a c e  and the s u r r o u n d i n g  m e d i u m  under  n a t u r a l  condi t ions  does not exceed 

:~20~ and the m i n i m u m  is  0~ 

To d e t e r m i n e  the r a d i a n t  h e a t - t r a n s f e r  coef f ic ien t  we use  the equat ion  for  r a d i a n t  heat  t r a n s f e r  be -  
tween  two in f in i t e  p a r a l l e l  b lack  s u r f a c e s  [1, 2] 

t-7~7 ) I 

where  

h r 
(T~-/_1. 

Z a T 1 

100 100 
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Fig .  3. ' S e n s o r  window [A) s e c t i o n  a long  the ~ h e r m o -  

uni t  l e g s ;  B) s e c t i o n  a c r o s s  the  t h e r m o u n i t  l egs] .  The  
d i m e n s i o n s  a r e  in era.  

x ~ y  

Under  a c t u a l  cond i t ions  the  d i m e n s i o n s  of the s u r f a c e  w h o s e  t e m p e r a t u r e  i s  be ing  m e a s u r e d  a r e  l im i t ed  by  
the window (see  Fig .  3). T h e r e f o r e  the r a d i a n t  h e a t - t r a n s f e r  coe f f i c i en t  i~: 

h' ~ R.5,7.  I0 -u (x + y) (xU+ y~), 
r 

w h e r e  

1 zin % sin ~ = 1 ab ~ 0,08. 

Asz~tming d i m e n s i o n s  fo r  the  wirtdow (Ftg. 3), we c a l c u l a t e  the  r a d i a a t  h e a t - t r a n s f e r  c o e f f i c i e n t  h r 
f~ r  the  c a s e  T a = 530"K, T~ = 330"K (here  a~d he i~w we neap.me tha t  ~he f i Im t e m p e ~ . t ~  ~s n e g l i g i b l y  

d i f f e r e n t  f r o m  that  ~f the  s u r r o u n d i n g  m e d i u m  To) 

w 
h r ~  ---- 0,08.5,7.10 - :  (3.3 + 3,3) (10,89 + 10,89) = 6,55~ 10 -~ 

crn 2.deg 

If T a = 330~ T i = 310~ then  

w 
hl rain = 0,08.5,7. I0 -~ (3,3 + 3,1)(10,89 + 9,61) = 6. I0 -~ 

em z. deg 

The m e a n  r a d i a n t  h e a t - t r a n s f e r  c o e f f i c i e n t  a t  the  uppe r  l i m i t  of m e a s u r e m e n t  (T a = 60~ iz  

�9 ' h" w 

h~/W-c)= ~ 2 - cm r , deg 

By a s i m i l a r  c a l c u l a t i o n  f o r  the  lower  l i m i t  of m e a s u r e m e n t  (T u = ~30"K, T i = 230~ and T a = ~31)~K, 
T 1 = 250oIQ, we find the m e a n  r a d i a n t  h e a t - t r a n s f e r  coe f f i c i en t  

w 
h~ 1-40 . c )  = 2 , 4 . 1 0  - 5  

cmz �9 deg 

S e n s i t i v i t y  of R a d i a t i o n  T h e r m o m e t e r  (See F ig .  4). The c a l c u l a t i o n  does  not  accoun t  fo r  c onvec t i ve  
and r a d i a t i v e  hea t  t r a n s f e r  in  the  s e c t i o n  l c o r r e s p o n d i n g  to the d i s t a n c e  be tw e e n  the junc t ions .  

We c o n s i d e r  the  t h e r m a l  b a l a n c e  equa t ion  for  the  h e a t - s e n s i t i v e  ~ur face  S on the m e a s u r i n g  jurtctLon 
s ide  o[ the t he rmoun i t :  

H e r e  Qrneas  = (Ta - T1)Shr i s  the hea t  f lux  t r a n s f e r r e d  by r a d i a t i o n  f r o m  the t e s t  s u r f a c e  wi th  t e m -  
p e r a t u r e  q'a; Qconv  = 2S(TI - T0)hK is  the  conve c t i ve  hea t  f lux g iven  out by the two s i d e s  of the  h e a t - s e n -  
s i t i v e  s u r f a c e  R to the  s u r r o u n d i n g  m e d i u m  wi th  t e m p e r a t u r e  T 0. H e r e  hKiS  the convec t ive  h e a t - t r a n s f e r  
coe f f i c i en t ;  Q r a d .  su r .  = S(T1 -To )h0  i s  the  h e a t  f lux  r a d i a t e d  by  the s u r f a c e  S to the  s u r r o u n d i n g  m e d i u m ,  
the  t e m p e r a t u r e  of the s u r r o u n d i n g  m e d i u m  is  T 0, and h 0 i s  the  r e d u c e d  c o e f f i c i e n t  fo r  r a d i a t i o n  f r o m  the 
f i l m  to the  s u r r o u n d i n g  m e d i u m ;  Q r a d .  t e s t  -~ S(T1 - To)K~ i s  the  hea t  f lux r a d i a t e d  by  the s e n s i t i v e  s u r f a c e  
t o w a r d s  the  t e s t  s u r f a c e ;  Qcond = (Xequivfq//} (T1 - T2) i s  the  hea t  f lux  t r a n s f e r r e d  v i a  conduc t ion  of the 
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Fig. 4. Model for calculating 
sensitivity. 
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Fig .  5. C a l c u l a t i o n  s c h e m e  
(d imens ions  a r e  in  cm).  

f i l m  and s u b s t r a t e  ( lequiv)  f r o m  the m e a s u r i n g  junc t ions  a t  t e m p e r a t u r e  T 1 to the c o m p e n s a t i o n  junc t ions  
a t  t e m p e r a t u r e  T 2. Denot ing  B = kequ iv f0 / /S  and c a r r y i n g  out a n u m b e r  of t r a n s f o r m a t i o n s  of the  o r i g i n a l  
Eq. (1), we o b t a i n  

( ) B (T1--T2). (2) T a _ _ T I = ( T  1 _ T o  ) 2h~ , h o -i-1 + 
-h~ <-f i r  ~ - r  

F o r  the  e m i t t a n c e  of the  c o m p e n s a t i o n  s u r f a c e  we can  ob ta in  an  equa t ion  ana logous  to Eq. (2): 

F r o m  s i m u l t a n e o u s  s o l u t i o n  of Eqs .  (2) and (3) we ob ta in  

T 1 - -  To. - '  AT = T~- -  T~ 
2 - ~ 2 - h ~  i' h~ -,2B 

h~ -h~ hr 

o r  

AT 1 (4) 
T~-- T~{ 2/3 

Q 

t~fr h 0 
2- I -2  h r  ] 7~r h'r 

If, by way  of e x a m p l e ,  we c o n s i d e r  the  a c t u a l  f i l m  shown in Fig .  5 wi th  h0(G0oc) = 8 . 2 5 . 1 0  -~ W / c m  2 
�9 deg  and hK@0oc) = 1.8 �9 10 --4 W / e m  2 �9 deg  (in a i r ) , *  we ob ta in  

AT 
0.095. 

T ~ -  T,~ 60 ~  

S i m i l a r l y ,  wi th  h0(_40oc) = 2.8 - 10 -5 W / c m  2 �9 deg and hc(_40oC) = 1.6 �9 10 -4 W / c m  2 �9 deg  (in a i r ) ,  we 
have  

AT -46 oc = 0.050. 
T , ~ -  T~ 

Thus ,  the  s e n s i t i v i t y  a t  the  ends  of the r a n g e  +60 to - 4 0 ~  d i f f e r s  by a l m o s t  a f a c t o r  of two. We 
r e c a l l  tha t  the  c a l c u l a t i o n  was  m a d e  fo r  s t r u c t u r e s  wi th  s c r e e n s ,  and no accoun t  was  t aken  of hea t  t r a n s f e r  
in  the  s e c t i o n  1 and of l o s s e s  to  the  l e a d s .  

F r o m  Eq. (4) we can  d r a w  q u a l i t a t i v e  c o n c l u s i o n s  a s  to p o s s i b l e  w a y s  of i n c r e a s i n g  the s e n s i t i v i t y  
of sensors: 

i) the values of h 0 and h K should be reduced, i.e., we should increase the quality of the screens and 
p lace  t h e m  c l o s e r  to the f i l m ,  and a l s o  e i t h e r  e v a c u a t e  the  v o l u m e  con ta in ing  the s e n s i t i v e  e l e -  
m e n t  o r  f i l l  i t  wi th  gas  wi th  l o w - t h e r m a l  conduc t iv i ty ;  

* In c a l c u l a t i n g  h 0 the  r e d u c e d  e m i t t a n c e  of the S E - s c r e e n  s y s t e m  w a s  t aken  a s  0.1; h K was  c a l c u l a t e d  fo r  
the  c a s e  of h e a t  t r a n s f e r  to a f in i t e  s p a c e .  
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2) the value of B should a lso  be reduced by increas ing  the hea t - sens i t ive  a r e a  (dimension a) and 
increas ing  the t he rma l  r e s i s t a n c e  (reducing the f i lm the rma l  conductivity ~equiv and its c ros s  
sect ion f0); 

3) the width b of the f i lm is immate r i a l .  

Calculation of Heat T rans f e r  at  Section l. Omit t ing the in te rmedia te  ma themat ica l  s teps ,  we give the 
final equation 

AT 1 

"T,~--T~ 2 + 2  h~-h; q - ~ q - ~ - r k  ' 
(5) 

where  

k -Xequiv f~ ch (mr) + 1 - 
S sh (rot) 

m = ~/hscrP/~serf0;  hsc r = h K + h0; and p is the p e r i m e t e r  of the f i lm sect ion (in our case  p = 2b). 

Calculating the sens i t iv i ty  f r o m  Eq. (5) for  the ends of the t e m p e r a t u r e  range,  we obtain 

AT = 0.088; AT ] 0.046, 
oC ~ T a - -  T~ 60 ~ T,~-  TH 1-4o 

i .e . ,  the sens i t iv i ty  is reduced (compared with the previous case) by 7 to 8%. 

Calculation of Heat T r a n s f e r  a t  the Surfaces  of the Leads and of Losses  in Heat Flow Due to Lead 
Conductance. In this case  the final fo rmula  for  calculat ing the sensi t iv i ty  is as  follows: 

2 + 2  h~ ho k L 
(6) 

where  

L -  Z~ [w m~t ch (mw/w.) 
S w sh (mw/w) 

is a coefficient  allowing for  one lead on each side. Here  m w = 2 ~/hscr /~wdw for a c i r cu la r  c ros s  section.  

Car ry ing  out the calculat ion with Eq. (6), for  our example  we obtain 

~ T a -  T~ = 0.043. 

It is easy  to see  that  the sensi t iv i ty  has been reduced by 5%. 

If we take into account  the effect  on the emit tance  of the optical f i l te rs  required  to avoid in te r fe rence  
f r o m  ref lec ted  so la r  radiat ion,  then the appropr i a t e  co r rec t ion  for  the f i l t e r s  should be used in all  the ex-  
p ress ions  for  the coefficient of radiant  heat t r an s f e r  h~. 

Thus, the final Eq. (3) can be r ewr i t t en  as follows: 

AT 

(where s . f .  indieates a s t ruc tu re  with a f i l ter) .  

If we choose a ge rman ium f i l ter  with Rf = 0.5 [5, 6], then 

AT = 0.046 for measurements at 60~ 
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and 

s.f. 

Hence we obtain the minimum tempera ture  difference between the test  surface at T a and the eom- 
pensation surface  at T K for which the measurement  can still be performed,  i.e., the sensit ivity of the in- 
s t rument  CT, deg /d iv i s ion  is: 

AT 1.10 -~ 
C~(60 ~ = (Ta-- T ~ ) m i n  - -  - -  2.2. i0 -3 d e g / d i v i s i o n ,  

0.033 0.046 

C~(-4ooc) = 1-10-3--~ 4.4.10 -2 d e g / d i v i s i o n .  
0.023 

It should be noted that the whole calculation assumed that the emittances in the infrared of the test  and 
re fe rence  surfaces  are  equal and close to 1. This assumption is valid for soil and vegetation cover  su r -  
faces,  although there a re  undoubtedly differences in the value of emittance for different kinds of soils and 
vegetation covers .  The emittance values for various surfaces  of this type range f rom 0.92 to 0.98 [4, 7]. 
When the emit tances of the test  and reference  surfaces  differ, a correc t ion  should be applied to the mea-  
sured resul ts  or the e r r o r  tolerance should be increased.  

tt follows f rom what has been said that the method of surface tempera ture  measurement  by the rad ia-  
tion the rmomete r  with semiconductor  fi lm thermoelec t r ic  sensor,  based on comparison of the test su r -  
face tempera ture  with that of a re fe rence  surface,  offers high instrumental  resolution. 

The radiation the rmomete r  can be connected to a recorder .  For  this one can replace the galvano- 
mete r  by a DC amplif ier  with a t r ans i s to r  switch at its output. The latter controls and var ies  the direct ion 
of cur rent  in the compensating thermopile circuit.  The reference  surface temperature  recorded is con- 
nected over a diagonal of the nonequilibrium measur ing bridge, replacing the mic roammete r .  This type of 
a r rangement  for automatic measurement  and monitoring of surface temperature  has been current ly  con- 
s tructed and tested. 

T a 

TK 
T1, T2 
E 

O" 

3~ 

C I 
rG 
rtu 
T 

hr,  h0 
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S 
Q 

hK 
h 

f0 
b 

P 
Xw 
fw 
lw 
dw 
Rf 
C T 

N O T A T I O N  

is the surface tempera ture  of test  object; 
is the tempera ture  of compensating surface;  
a re  the junction tempera tures ;  
is the thermounit  e lect romotive force;  
is the thermal  e lect romotive force coefficient; 
~s the e lect r ical  conductivity; 
~s the thermal  conductivity; 
~s the galvanometer  cur rent  constant; 
~s the internal res i s tance  of galvanometer;  
is the res i s tance  of thermounit;  
is the tempera ture  drop at the thermounit  junctions; 
a re  the coefficients of radiant heat t ransfer ;  
is the diaphragm factor ;  
IS 

IS 

IS 

iS 

IS 

IS 

IS 

IS 

IS 

IS 

iS 

IS 

IS 

IS 

the distance between junctions; 
the a rea  of heat-sensi t ive  surface of thermounit,  limited by one window; 
the heat flux; 
the convective hea t - t r ans fe r  coefficient; 
the equivalent thermal  conductivity of film and substrate;  
the film c ros s - sec t iona l  a rea  {thermounit and substrate  legs); 
the film width; 
the per imeter  of f i lm section; 
the thermal  conductivity of leads; 
the c ros s - sec t iona l  a rea  of leads; 
the length of leads; 
the lead diameter ;  
the t ransmit tance  of f i l ter;  
the inst rument  sensitivity. 
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