PULSE METHOD OF MEASURING THE THERMAL
DIFFUSIVITY AND THE SPECIFIC HEAT OF
SMALL SEMICONDUCTOR SPECIME NS
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A pulse method is described by which the thermal diffusivity and the specific heat can be
measured with a bead microthermistor, a carbon bolometer, and a heater film, The thermal
conductivities of several semiconductor and dielectric materials have been thus determined.

Transient methods of measuring the heat transfer coefficients offer certain advantages over steady-
state methods. Among these advantages are fast measurement, easier protection against heat losses, and
the feasibility of miniaturizing the test apparatus. All this applies also to pulse methods, which are now
being rapidly developed. The gist of these methods is that one end of the specimen is heated by pulses from
a special source., A temperature probe at the other end of the specimen records the signal change in time,
With the rate of temperature rise and the magnitude of the thermal pulse known, one can calculate the ther-
mophysical properties of the specimen: its thermal diffusivity (@) and its specific heat per unit volume (cp).
The thermal conductivity is then found from the well known relation A = acp.

The authors have developed a method of measuring the thermal diffusivity and the specific heat of
small specimens, the latter being heated from a miniature heater film which had been deposited on the sur-
face of a standard specimen, Unlike the pulse methods where the test plate is heated from an external
luminous or electronic source [L, 2], our method is treated in terms of a multilayer heating problem. A
system of three adjoining layers is shown in Fig.1l. Layers 0 and I are made of standard material whose
properties are known, while the properties of layer I are to be determined. On the contact surface between
layers 0 and I (surface 0/I) is installed a heater film and on the I/II interface a film-type temperature probe.
We first consider the ideal one-dimensional case, where the thicknesses of heater and probe are assumed
negligible, while layers 0 and Il are assumed so thick that the heat losses at the outer ends of the system
become small, In other words, layers 0 and II are considered infinitely large, This is always valid within
a given test time interval, if the thickness A of layers 0 and II satisfies the inequality
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If the thickness of layer II is zero and the heat transfer from the
end surface of the test specimen is negligible, then the result appears
zhe % the same as (2) but with g; = 0. It follows from the solution to (2) that

] g the temperature curve passes through a maximum, In practice this
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maximum is rather flat and a precise determination of the time to

7 reach that maximum (tymay) is difficult. Much more conveniently, one
determines graphically the time t; /2 Decessary for reaching half the
maximum temperature level,

If only the first term of expression (2) is rétained, then
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Adding the second and the following terms in (2) for a deter-
_ mination of A/, results in a small correction and affects the calcu-
Fig.2. Schematic diagram of lated value of thermal dlffusw%ty accordl.ng to formula (3b) only s%lght—
the instrumentation, ly when A, /2= 0.135. Thus, with the addition of the second term in (2)
we have Ay /) = 0.135 (1-0.02 Ky). With the entire series in (2) added
and with the maximum value K; = 1, moreover, the correction to A, /2
based on the first term only does not exceed 3% [2]. The value of the thermal activity by of a test specimen
(bgand by are assumed known) is determined from the temperature at any point on the ascending portion of
curve (2) as, for example, from the maximum temperature Tyyax:

_1/ 24y
Tinax = I/W Dexp (—— 0.5). (4)

The realization of this measurement scheme involves a few necessary corrections. First of all, the ther-
mal pulse has a finite width, In order to make the errors arising from this circumstance negligible [4, 5],
the pulse width is chosen much smaller than time t; ,, (with a pulse width below 0.02 t, , the correction to
ay calculated according to (3b) is not more than 2%). Secondly, the heater film and the probe film have each
a finite thickness. Regardless of the careful polishing of specimens, furthermore, there appear contact

junctions with nonzero thermal resistances between the heater film and the probe film respectively and the
specimen,

We can now consider the problem of heat transmission through the the system in Fig.1 with layer II
thermophysically equivalent to a contact junction and a temperature probe combination, Equivalency is to
be interpreted here as an equality between the small thicknegs Ay = dy—d; and the thermal diffusivity a, of
layer II and the respective parameters of that contact junction and temperature probe combination.

We will determine the temperature on the outer surface of layer II. For éimplification, we let by =b,

(89 =1). The result for temperature T, at the outer surface of layer II is represented as a series of decay-
ing exponential terms:
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Retaining only the first term of series (5), we obtain ti/z as in (3b) with Aq/y = 0.135 replaced by A1/z as a
function of t; /,:
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where R = (Ay/VagvA{ . If di/Vay > A,/Va,, then the correction to A{, = 0.135 may be disregarded.
Otherwise, one must experimentally determine Ay /288 2 function of t, s, at constant properties of the con-
tact junction and temperature probe. A few corrections arise also from the consideration of the heat trans—
fer between the outer end of layer II and the ambient medium [3] (when inequality (1) is not satisfied). The
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effect of end losses is negligible if

Hd,

<O.1.
A

Condition Hd;/A, -d¢/l = 0.05 is sufficient for disregarding the heat transfer at the lateral specimen sur-
faces, Under the earlier specified conditions, the error in determining ¢, according to formula (3b) does
not exceed 3-5%.

A schematic diagram of the instrumentation is shown in Fig,2, The heater film I with an electrical
resistance of approximately 1 Q was produced by fusing silver paste on the surface of a standard 20 x 10
x 15 mm quartz base 2 with known thermophysical properties. As a source of thermal pulses we used dis-
charges of a C = 650 uF capacitor 3 controlled by a thyristor switch. The energy of a discharge pulse Cv?
/2 did not exceed 1.5 J, the pulse width did not exceed 1 usec. The temperature probe in the first testmode
comprised a carbon bolometer not thicker than 15 p and produced by a technology shown in [6], in the sec-
ond test mode it comprised a high-sensitivity bead microthermistor 5 (diameter 0.1 mm), In the first case
the bolometer was deposited on the surface of a thick standard quartz specimen (d,—d; = 1.5 cm) so as to
satisfy condition (1). In the second case, the surface of the test specimen remained free except at the point
of contact with the thermigtor. -Before installation into the apparatus, specimens 4 (with characteristic
section dimensions from 3 x 3 to 5 x 5 mm and 1 to 5 mm thick) were carefully polished without destroying
their plane-parallel geometry. Reliable thermal contacts were effected by adequate pressure and by filling
the contact junctions with vacuum-grade oil or glycerine, In practice, under a vacuum of 10~% to 10~3 mm
Hg and T = 400%K, end and lateral heat losses could be disregarded over the entire range of thermal con-
ductivity of the test specimens. The signal from the temperature probe was transmitted through a bridge
circuif 6 with a model F-301-1 amplifier 7 and recorded by means of a model H-326-1 high-speed instru-
ment 8. The total specimen temperature was measured with the aid of a separate heater 9 from room tem-
perature up to 100°C, The thermal diffusivity was calculated by formula (3b), The specimen thickness was
adjusted so as to make time ty /, less than 1.5 sec. When the thermistor was used and t; /, was less than
1.5 sec, Ay/, depended strongly on t; /2 and this relation could be established experimentally on standard
materials. Within test accuracy, this relation could be described well by expression (6) with the value of
R determined experimentally, and it was found unaffected by the thermal properties of the fest specimens
(ranging from quartz to bismuth). In the thermistor measurement A, s, did not deviate from the value Al 5
= 0.135 by more than 10% at t;/, = 1.5 sec but by as much as 50% at t;/, = 0,75 sec. With the use of a car-
bon bolometer A; /;became less dependent on t, /, (because of lower R values in (6)). The error in the ther-
mal diffusivity of standard materials at room temperature, with ¢ = 2 .10-"-107% m?/sec, did not exceed 7%
at t/, = 1.5 sec and reached 15% at t;/, = 0.5 sec. After the thermal activity had been calculated, the spe-
cific heat was evaluated on the basis of formula 4). Here Ty,5x was determined from a preliminary cali-
bration of the temperature probe. The constant ratio N = Q/v* of the effective Q in a thermal pulse (per
unit area of specimen surface) to the capacitor voltage v squared was also determined in preliminary mea-
surements. '

The formula for calculating the specific heat from thermistor measurements (b, = 0) follows from
(4) and (3b):
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with the constant B = 2v2/7 exp(—0.5)N, The value of B is conveniently determined from tests with standard
materials. The measurement error in the specific heat relative to the value according to formula (7) reached
15-20%. ‘

We used this method (with a microthermistor) to test at room temperature several materials for
which no or ingufficient thermal diffusivity (and thermal conductivity) data are available.

On the basis of the relations derived here, the test conditions were set up so as to keep the error in
the thermal diffusivity according to (3b) within 7% of the empirical formula (6). The thermal conductivity
of cadmium sulfide and cadmium selenide single crystals, calculated from values of specific heat given in
the literature, is 13 and 7.1 W/m.deg respectively. The difference between our measurements and the only
available published data (20.2 W/m-degfor CdS [7] and 4.2 W/m.degfor CdSe [8]) may be due to different
impurity levels and degrees of structural perfection in the specimens, Tests at temperatures up to 100°C
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indicate a slight drop in the thermal conductivity of CdSe at a rate of 2.1073 deg™!. The values of thermal
conductivity 0,46 W/m - deg for the polycrystalline Seignette salt specimen and 0.42 W/m . deg for the amor-
phized ternary CdGeAs, compound agree closely with the published data (0.42 W/m .deg for Seignette salt
[8] and 0.5 W/m .deg for CdGeAs, [9]). Depending on the method of heat treatment, CdGeAs, appears in a
random oriented or in an ordered crystalline form. In the latter case A = 6.5-7.8 W/m .deg; i.e., the ther-
mal conductivity is 15-20 times higher than of the amorphous form. Single crystals of naphthalene have a
low thermal conductivity, which is characteristic of compounds with weak intermolecular forces. The bond
anisotropy results in an anisotropy of the thermal conductivity in naphthalene: in the direction of high-en-
ergy bonds, i.e., parallel to the {100} planes Ayp = 0.55 W/m .deg is 1,2 times higher than Ay = 0.46 W/m
-deg in the perpendicular direction, The well known published value A = 0.38 W/m .deg [10] refers, evident-
ly, to polycrystalline naphthalene specimens. Weaker intermolecular Van der Waals forces are responsible
for the low value of thermal conductivity A = 0.17 W/m - deg obtained in our tests for polycrystalline carbon
tetrabromide,

NOTATION
A is the thermal conductivity;
a is the thermal diffusivity;
c is the specific heat;
b is the thermal activity;
H is the heat-transfer coefficient;
P is the density;
Ty, T, are the temperature of the respective interface above ambient;
Q is the heat content in a pulse, per unit area of specimen surface;
80 = bo/by;
82 = by/by;

g' = (8o +81)/ (1 +g81);
Ki=@1-g)/(1+g;

Ky = (1-g1)/(1 + g9);

R = (Az/\/a‘z)VA{)/z;1

l is the specimen width;

C is the capacitance of the capacitor;

Vp is the voltage across the capacitor;

tmax is the time to reach the maximum temperature;
ti /2 is the time to reach half the maximum temperature;
N, Amax, Ay /2 are the constant coefficients;

By is the thickness of layers 0 and II;

dy is the thickness of layer I;

dy ig the total thickness of layers I and II;

Ay =dy—dy
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