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The variations of the hybrid A-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 213— 473 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 A-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 A-parameters

In this section, expressions for 4, k., h; and 4, 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

n} = pT®exp (—q/T) )
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where p and ¢ are constants, their values depending on the transistor material
(e.g. for Ge, p = 3.1 10°2 and g = —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

n = (psT° + poT® + pT + pp) + (T + posT 2 + p_sT7) @

where the p’s are constants and can be evaluated from constants p, g and Eq. (1).
Through numerical analysis of Eqs (1) and (2), it is found that the contribution
of the first bracket towards »? is much larger than that due to the second bracket.
Therefore, for the simplicity of the analysis, the contribution of the second bracket
can be ignored. Thus, Eq. (2) reduces to

n = psT° + p,T° + piT + p,- 3)
The expression for the leakage current can be expressed as
I, = Ir;o CXP(—’”/T - To) (4)

where r is a constant and I, is the leakage current at temperature 7' = T;,. By ex-
pansion of the exponential term and neglecting of the lower-value term, Eq. (4)
can be approximated as

ICO = R3T3 + Rsz + R]_T + ‘RO (5)

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

The transistor parameter A, is proportional to conductivity, i.e. .o conduc-
tivity (¢)x mobility (u)x carrier concentration. Therefore, h,oum;. At the same
time, we know that [2] po7®? Thus, from Eq. (3), we have

ot T (psT° + poT? + pyT + pg) (6)

With the help of Eq. (6) and experimentally observed curve 3 between (fqe,1//0e.N)
and temperature T, one can express the normalized value of /., as |

hoe,T/hoe,N = aOTS + bOT2 + cOT + dO (7)

where h,. ¢ is the value of parameter A, at a temperature T, A, is the same at
normal temperature, i.e. at the reference temperature, and a,, b, ¢, and d, 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 &, with temperature [3], a relation similar to Eq. (7) can also be assigned
to Ay

hie,T/hie,N = aiTg + b,-»Tz + ClT -+ di' (8)
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Similarly, one can write for 4, and 4,
e tlhren = asT° + beT* + T + d, . ®
hre,T/hre,N = arT3 + brT2 + ch + dr' (10)

As stated above, the a@’s, b’s, ¢’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 = 213K, 253 X,
373 K and 433 K are taken to find out the constants a’s, b’s, ¢’s and d’s. From
the values of these constants, the transistor parameters A, /., 4 and 4. are cal-
culated in the entire temperature range 213—473 K.

Gain of the transistor

The gain G of the transistor is defined as

hfe,T RL

Gp= —toTfL
T by Ry + hier (an

where hy = Mg, Foe;r — Pror Mo, Ry 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 z-parameters as in Eqs (7—10) into Eq. (11),
the expression for the gain Gt reduces to

&T? + biT? + T + df
AT+ AT? + AT+ AT3 + AT+ AT+ Ay + &T° + BT + T +d;
(12)

GT:

where

a; = ho nR0Gs> by = hexRiby, cf = heex Ricp, dp = heNRLd;,
A¢ = Aaa, — Ba.ay

A; = A(ab, + bay) — Blab: + b.a;)

Ay = A(ga, + b, + acy) — Ble,ar + bbs + a.cy)

Ay = Alday + cby + bicy + ad,) — B(d.ay + cby + bee + ady)
Ay = A(dby + cicy + bid)) — B(d.b; + ccr + body)

Ay = A(dc, + ¢dy) — B(de; + c.dyp)
4,
A
a

Add, — Bdd,
hie,Nhoe,NRLz B = hre,Nhfe,NRL
= hena, b = hiexbss ¢ = hiene; and & = hiend; .

I
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Equation (12) can be further simplified to

_ ByT® + B.;T° + B,T* + B;T® + B,T*B,T + B,

G—l
T a;T® + biT? + T + df

(13)

Where Bﬁ = Aﬁ, B5 = A5, B4 = A4, B3 = A3 + a;, Bz = A2 + b;, Bl = Al + C’i
and By = A, + di.
On the further simplification of Eq. (13), one gets

N,7? + N,T + N,

Gzt = M,T®* + M,T® + M\,T + M
T 8 2 1 ot aT® + biT? + T + dj

(14)

where the M’s and N’s are constants, given by the relations below:
an?, = Bﬁ, d;*Mz + b:‘Ms = B5= a;'Ml + bf:'M2 + C;Mg = B4,
atMy + beM| + ctMy + diMs = Bs, Ny + biM,, + c;My + diM, = B,
N, + M, + diM, = B;, N, + diM, = B,.

Thus, via calculation of these constants, the gain of the transistor can be calcu-
lated is the entire temperature range 213—473 K.

Results and discussion

The experimental values of the A-parameters at four different temperatures,
which have been used to calculate the constants a’s, b’s, ¢’s and d’s, are listed in
Table 1 and the obtained value of these constants are listed in Table 2. From these

Table 1

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

Temperature, e Boer JFrer R
K hieT % hreT hge N

213 0.70 0.85 0.65 0.85
253 0.845 0.94 0.845 0.94
373 1.48 1.32 1.58 1.18
433 2.0 1.80 2.40 1.33

The normal (reference) temperature is 20°, i.e. 293 K
hieny = 2.894 - 10% ohm

Broery = 9.599 * 102 ohm

Brn = 9.607 * 10—

B, = 97.09

R, = 5" 10% ohm (assumed)
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Table 2

The values of constants a’s, b’s, ¢’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—10)

Parameters a b c d
Die 3.7238 - 10-8 | —2.076 - 105 7.233-10°3 —0.2556
hoe 9.1515-10-% | —7.413 1073 2,134 - 102 —1.252
B 1.550 -10-7 | —1.222-10¢ 3.650 - 102 —3.081
By, 1972 -10-% | —1.810 - 103 7.468 - 103 —0.1102

constants, the normalized values of the A-parameters, i.e. e 1/flien: Hoe1/Hoens
he t/hen and hg 1 /B 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 A-parameters at the ref-
erence temperature (293 K) and the used value of the load resistance Ry are also
listed in Table 1; via calculation of the values of the constantsin 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 1—4 it can be concluded that the expression obtained in Eqs
(7—10) gives excellent agreement between the calculated and experimental values
of the A-parameters. From these equations, one can also calculate the normalized
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Fig. 1. The normalized value of A 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
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Fig. 2. The normalized value of 4, 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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Fig. 3. The normalized value of A, 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
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Fig. 4. The normalized value of % 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
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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 A-parameters (., A, Ao and £,.) 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 [4].

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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work , the constants a, b, ¢ and d are calculated from the experimental data, but
these constants can also be calculated with the help of physical constants. Via
these expressions, one can also study the variation of other parameters.

%
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REsUME — On a étudié, a I'aide d’une expression analytique obtenue pour le but poursuivi,
la variation des parametres % hybrides et ’amplification du transistor avec la température.
On a calculé, & 'aide de cette expression, les paramétres £ dans tout I'intervalle des tempéra-
tures comprises entre 213 et 473 K. Les valeurs calculées sont en bon accord avec les données
d’expériences. L’amplification du transistor, calculée & partir des valeurs obtenues, est en
excellent accord avec les valeurs d’expériences.

ZUSAMMENFASSUNG — Die Anderung des Hybrid-Parameters und die Verstarkung des Tran-
sistors mit der Temperatur wurden untersucht, indem ein analytischer Ausdruck hierfiir er-
halten worden ist. Die Werte der A-Parameter wurden im ganzen Temperaturbereich von 213
bis 473 K mit Hilfe des erhaltenen Ausdrucks berechnet und die berechneten Angaben sind
in guter Ubereinstimmung mit den Versuchsergebnissen. Die aus den erhaltenen Parameter-
werten errechnete Transistorverstirkung stimmt mit den Versuchswerten sehr gut iiberein.

Pesrome — BBuIo H3y4eHO H3MEHEHHE C TEMIIEPATYPOH CMEMIAHHBIX A-IIAPAaMETPOB H YCHIICHHS
TPaH3uCTOPa € ITOMONUIBIO NONIYYCHHOTO AN HUX AHAJMTHYCCKOTO BLIPAXKEHWS. SHAYSHHS A-
napaMeTPOB OBUIN BEIYECIICHEI BO BCel TeMIIepaTypHOi o6:1acTr 213—473 K Ha 0CHOBE mONyveH-
HOTO BBIPAKEHMS W 3TH 3HAYEHUA XOPOMIO COTNIACYFOTCH C JKCHEPMMEHTAIBHBIMH JaHHBIMH,
VcHnense TPaH3UCTOPA, BRIACIEHHOE M3 IIOJLyYeHHBIX 3HAYECHIH TAPaMeTPOB, KaXeTCs, JOIDKHO
OBITH B XOPOIIEM COTTIACHH ¢ SKCIIEPUMEHTAILHBIMYA 3HAYCHAIMIL.
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