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The variations of the hybrid h-parameters and the gain of the transistor with tem- 
perature have been studied by obtaining an analytical expression. The values of the 
h-parameters are calculated in the entire temperature range 2 1 3 - 4 7 3  K with the help 
of the expression obtained and the calculated values are in good agreement with the 
experimental data. The gain of the transistor extracted from the obtained values of the 
parameters  is seen to be in excellent agreement with the experimental values. 

It is well-known that transistor parameters are dependent on the nature of the 
material used in the manufacture, and the junction temperature of a transistor 
in turn affects the properties of the materials. In other words, one can say that 
the transistor junction temperature is one of the responsible factors for the varia- 
tion of its parameters. Several workers have tried to control its variation with 
temperature by using suitable biasing systems. In the present analysis, our aim 
is to study the variation of the transistor parameters and its gain with temperature, 
the controlling system not being of interest here. The entire analysis is made with 
hybrid h-parameters, and a common emitter stage is selected as an example. 

Virtually all of the electrical characteristics of the transistor can be ultimately 
related back to a few fundamental semiconductor parameters, such as minority- 
carrier concentration, mobility and several universal constants such as electronic 
charge, Boltzmann's constant, etc. Both the leakage current and the carrier con- 
centration are functions of temperature. With the above background one can 
conclude that the transistor parameters vary with temperature. 

Hybrid h-parameters 

In this section, expressions for hi, he, hf and h~ are derived as functions of tem- 
perature with the help of the carrier concentration, mobility and leakage current. 
The expression for the carrier concentration [1] can be expressed as 

2 
n i - - -  pT a exp ( -  q/T) (1) 
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where p and q are constants, their values depending on the transistor material 
(e.g. for Ge, p = 3.1 1032 and q = -9101).  By expansion of the exponential term 
into a power series and neglecting of its lower values terms, Eq. (1) can be ap- 
proximated as 

2 ni = (P3 T3 + P2 T2 + PI T + Po) + (P-1 T-1 + P-2 T - 2  + P-a T-3) (2) 

where the p's are constants and can be evaluated from constants p, q and Eq. (1). 
Through numerical analysis of Eqs (1) and (2), it is found that the contribution 

is much larger than that due to the second bracket. of the first bracket towards ni 
Therefore, for the simplicity of the analysis, the contribution of the second bracket 
can be ignored. Thus, Eq. (2) reduces to 

n~ = p3T 3 + p2T 2 + p i t  + Po. (3) 

The expression for the leakage current can be expressed as 

I~o -- leo exp ( -  r /T - To) (4) 

where r is a constant and 1~o is the leakage current at temperature T = T o. By ex- 
pansion of the exponential term and neglecting of the lower-value term, Eq. (4) 
can be approximated as 

I c o =  R3T ~ + R~T 2 + R1T + R o (5) 

where the R's are constants and can be calculated via constants related to the 
leakage current. 

The transistor parameter boo is proportional to conductivity, i.e. hoec~ conduc- 
tivity (a)c~ mobility ~ ) x  carrier concentration. Therefore, hoa~#ni. At the same 
time, we know that [2] g e T  a/2. Thus, from Eq. (3), we have 

hoe~T3/2(P3T3 + P2 T2 + Pl T + Po) (6) 

With the help of Eq. (6) and experimentally observed curve 3 between (hoe,T/hoe,N) 
and temperature T, one can express the normalized value of hoe as 

hoe,T/hoe, N = ao T3 + bo T2 + coT + d o (7) 

where ho~ T is the value of parameter hoe at a temperature T, hoe,N is the same at 
normal temperature, i.e. at the reference temperature, and a 0, b o, c o and d o are 
constants. 

We know that in a transistor, the collector current, base current and emitter 
current are all functions of the leakage current. Therefore, via Eq. (5) as well as 
the experimentally observed variation of the normalized value of the transistor 
parameter hi~ with temperature [3], a relation similar to Eq. (7) can also be assigned 

t o  h ie  : 

hie,T/hi~,N = aiT 3 + biT 2 + Q T  + d i. (8) 
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Similarly, one can write for hfe and h~ 

hr~,w/hfe,y = a f T  ~ + b f T  2 + e f T  + d , .  (9) 

hre,T/hre,N = arT 3 + brT 2 + e f t  + dr. (10) 

As stated above, the a's, b's, o's and d's are constants and can be calculated with 
the help of the physical constants related to the transistor under study, but this 
is very complicated work. To avoid the complications, the constants are calculated 
from an experimental curve [3]. The four different temperatures T = 213 K, 253 K, 
373 K and 433 K are taken to find out the constants a's, b's, o's and d's. From 
the values of these constants, the transistor parameters hoe, hie, hfe and h:e are cal- 
culated in the entire temperature range 213-473  K. 

Gain of the transistor 

The gain G of the transistor is defined as 

G T - hfe,T RL 
ha" RL + hie,T (11) 

where hi  = hie,T, hoe,T -- hfo, T hre,z, RL is the load resistance and suffix T rep- 
resents the temperature at which the gain of the transistor is to be calculated. 
It is necessary to state here that the temperature variation of the load resistance 
has been ignored due to its very small value and also for the simplicity of the 
calculations. 

On substitution of the value of the h-parameters as in Eqs ( 7 -  10) into Eq. (11), 
the expression for the gain G T reduces to 

a~T z + b iT  2 + c;T + d~ 

GT = A s T  6 + A s T  5 + A 4 T  4 + A373 + A2 T2 + A 1 T  + A o + a;T 3 + b~T z + c~T +d~ 

where 

a'f = hfr b'f = hfe,NRLbf, c~ = hfe,N RLCf, d} = hfe, NRtflf., 

A s = Aaiao - Baraf 

A 5 = A(aib o + biao) - B(arb f + braf) 

AI  = A(cia o + bib s + aic0) - B(cra r + brb f + arcr) 

Az = A(diao + cib0 + bics + aids) - B(draf + crbf + brcf + ardr) 

A2 = A(dlb o + cic o + bid0) - B(drbf + crcr + brdf) 

A1 = A(dico + Cdo) - B(drcf + cflO 

A o = Adid  o - a d r 4  

A = hie,Nhoe,NR L, B = h~e,NhfeNR L 

a~ = hie,Nai, b~ = hie,Nbi, e' i = hie,Nc i and d" = hie,Nd i . 

(12) 
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Equat ion  (12) can be fur ther  simplified to 

G~ 1 = B6 T6 + BsT ~ + B4T ~ + BaT a + B2T 2 B1T + Bo 
a~T 3 + b~T 2 + c~T + d; (13) 

where B6 = A6, B5 = As, B4 = A~, B3 = A3 + a'i, B2 = A~ + b'i, B~ = A1 + c'i 
and  B o = A  o +  d~. 
On the fur ther  s implif icat ion o f  Eq. (13), one gets 

N2T2 + N1T + N~ (14) 
GTt = M3T3 + M2T2 + M1T + M~ + a~T 3 + b~T ~ + c~T + d~ 

where the M ' s  and  N ' s  are constants ,  given by  the relat ions be low:  

a'fMz = B6, a'fM2 + b'~Mz = Bs, a'fM~ + b'fM2 + c'fMa = B~, 

a'fio + b'fM~ + c'ri2 + d'~i~ = B~, N~ + b'~Mo + c'rM~ + d~M~ = B~ 
N~ + c'~io + d'~i~ = BI, No + d~Mo = Bo. 

Thus,  via calcula t ion of  these constants ,  the gain of  the t rans i s to r  can be calcu- 
la ted is the entire t empera tu re  range 2 1 3 - 4 7 3  K.  

Results and discussion 

The exper imenta l  values of  the h-parameters  a t  four  different temperatures ,  
which have been used to calculate the constants  a 's ,  b 's ,  c 's and  d's, are l isted in 
Table  1 and  the ob ta ined  value o f  these constants  are l isted in Table  2. F r o m  these 

Table 1 

The experimental values of the h-parameters at four different temperatures, which have been 
used to calculate the constants a's, b's, c's and d's 

Temperature, 
K 

213 
253 
373 
433 

hie,T 
hie,T 

0.70 
0.845 
1.48 
2.0 

hoe,T 
hoe,T 

0.85 
0.94 
1.32 
1.80 

hre,T 

hre,T 

0.65 
0.845 
1.58 
2.40 

hfe,T 
hfelK 

0.85 
0.94 
1.18 
1.33 

The normal (reference) temperature is 20 ~ i.e. 293 K 
hie.N = 2.894 �9 103 ohm 
hoe,N = 9.599 " 10 -3 ohm 
hr~,N = 9.607 " 10 -4 
hf~ = 97.09 
R L = 5 �9 103 ohm (assumed) 
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Table 2 

The values of constants  a's, b's, c's and  d's obtained with the help of the experimental  values 
of the h-parameters listed in Table 1 and  the expressions reported in Eqs ( 7 i  10) 

Paramete r s  a b c d 

hie 
hoe 

hre 
h~ 

3.7238" 10 -s  
9.1515 " 10 -s  
1.550 �9 10 -7 
1.972 "10 -s  

- - 2 . 0 7 6 - 1 0 - ~  
- -7 .413"  10 -~ 
- -  1 . 2 2 2 . 1 0 - 4  
- - 1 . 8 1 0 " 1 0  -~ 

7.233" 10 -3 
2.134" 10 -z  
3.650" 10 -2 
7.468" 10 -a 

--0.2556 
--1.252 
--3.081 
- -  0.1102 

constants, the normalized values of the h-parameters, i.e. hie,T/hie,N , hoe ,T/hoe ,N , 

h~ex/hre,N and hie T /h~'~,N have been calculated in the entire temperature range 
213-473  K;  the results are shown in Figs 1 - 4 .  The normal or reference tem- 
perature is taken to be 20 ~ i.e. 293 K. The values of the h-parameters at the ref- 
erence temperature (293 K) and the used value of the load resistance R L are also 
listed in Table 1; via calculation of the values of the constants in Eq. (14) related 
to the gain, the transistor gain G has been calculated in the entire temperature 
range 213-473  K with the help of Eq. (14), and the value obtained is shown in 
Fig. 5. 

From Figs i - 4  it can be concluded that the expression obtained in Eqs 
( 7 -  10) gives excellent agreement between the calculated and experimental values 
of the h-parameters. From these equations, one can also calculate the normalized 

A 
2o1_ J 
1.0 

~ 2s3 293 333 373 413 ~3 P" 
Temperature ~ K 

Fig. 1. The normalized value of hie in the temperature  range 213-- 473 K, obtained via Eq. (8). 
The solid line shows the calculated values and  the circles are the experimental points 

A 

2~ t 10_ o _ _ . o - - ~  " - ' ~ t  

| t I t I I I~ , , . .  0"6213 253 293 333 373 413 453 

Temperature ~ K 

Fig. 2. The normalized value of h~  in the temperature  range 213-- 473 K, obtained via Eq. (7). 
The solid line shows the calculated values and  the circles are the experimental points 
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A 

213 263 293 333 373 413 453 
Temperature ~ K 

Fig. 3. The normalized value of hre in the temperature range 213--473 K, obtained via Eq. 
(10). The solid line shows the calculated values and the circles are the experimental points 

i 

~ 1.o ~ ~  N 

:~ 0'6213 253 2w 333 373 413 453 
Temperature ~ K 

Fig. 4. The normalized value of hfe in the entire temperature range 213--473 K, obtained 
via Eq. (9). The solid line shows the calculated values and the circles are the experimental 

points 

400 

200~ n 

lOOt l 
213 253 293 333 373 413 453 

Temperature ~ K 

Fig. 5. The gain of the transistor in the entire temperature range 213--473 K. The solid line 
represents the calculated values and the circles represent the experimental points 

values of the h-parameters (hie , hfe, hoe and hre ) at any temperature. It can also be 
concluded that, to control the variation of these parameters with temperature, one 
has to add a system displaying an opposite nature of variation, i.e. the tempera- 
ture stability in a transistor can be maintained using a thermistor or diode, which 
is in agreement with the previous findings [41 . 

From Fig. 5, it can be concluded that the gain decreases with the increase of 
temperature, which is an experimental fact. It can also be seen that the agreement 
between the calculated and experimental values of the gain (the experimental 
value of gain means that calculated with the help of experimental data) is ex- 
cellent in the entire temperature range of study. Thus, one can calculate the gain 
of a transistor at any required temperature by means of Eq. (14). In the present 
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w o r k ,  t he  c o n s t a n t s  a,  b, c a n d  d a r e  c a l c u l a t e d  f r o m  t h e  e x p e r i m e n t a l  d a t a ,  b u t  

t he se  c o n s t a n t s  c a n  a l so  b e  c a l c u l a t e d  w i t h  t he  h e l p  o f  p h y s i c a l  c o n s t a n t s .  V i a  

t h e s e  e x p r e s s i o n s ,  o n e  c a n  a l so  s t u d y  t he  v a r i a t i o n  o f  o t h e r  p a r a m e t e r s .  

The authors  wish to express their thanks to Dr. V. V. Rao and Dr. G. S. Verma for their 
interest in the present project. One of us (K.S.D.) is also grateful to Dr. R. A. Rashid and  Dr. 
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Rt~SUMI~ -- On a 6tudi~, h l 'aide d 'une expression analytique obtenue pour  le but poursuivi, 
la variation des param6tres h hybrides et l 'amplification du transistor avec la tempdrature. 
On a calcul6, ~t l 'aide de cette expression, les param6tres h dans tout  l ' intervalle des temp6ra- 
tures comprises entre 213 et 473 K. Les valeurs calcul6es sont en bon accord avec les donn6es 
d'exp6riences. L'amplification du transistor, calcul6e ~t partir  des valeurs obtenues, est en 
excellent accord avcc les valeurs d'exp6riences. 

ZUSAMMENFASSUNG - -  Die _Anderung des Hybrid-Parameters und  die Verst/irkung des Tran- 
sistors mit der Temperatur  wurden untersucht,  indem ein analytischer Ausdruck hierfiJr er- 
halten worden ist. Die Werte der h-Parameter wurden im ganzen Temperaturbereich von 213 
bis 473 K mit Hilfe des erhal tenen Ausdrucks berechnet und die berechneten Angaben sind 
in guter fJbereinstimmung mit den Versuchsergebnissen. Die aus den erhaltenen Parameter- 
werten errechnete Transistorverstfirkung stimmt mit den Versuchswerten sehr gut tiberein. 

Pe3~oMe - -  t ~ B i J I o  ~3yqeHO H3MeHeHHe C TeMIIepaTypo~ CMemaHnbIX h-napaMeTpoB it yCH.YleHHII 
TpaH3NCTOpa C UOMOI~Bm noaynerraoro ~7~ Hnx aHa~T~ecKoro  BbIpax~e~LU~. 3HaKeHma h- 
napaMeTpoB 6smit Bbl~tJ~cnenLi Bo Bce~ Te~mepaTypHo~ o6aacT~t 213~473 K Ha ocnoBe noay~ea- 
noro  Bt, Ipa~enrt~ it aTit 3naqentI~/ xopomo cor31acyroTc~i c aKcnepmaeHTarmrm~,ra ~lanH~IMm 
YcHnem~e Tpana~cTopa, Bb~IeneHHoe n3 noayueHnLtx 3nanemi~ napaMeTpoB, ra~reTca, )loa.-rao 
6~,~T~, B xopomeM cornacna c 3rcnepaMeHTam, nL~Mit 3Ha~ennsMa. 
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