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ABSTRACT

The technique of dynamic differential calorimetry is discussed as a method
for the quantitative determination of several thermodynamic properties of crys-
tals. Some results on heats and entropies of fusion of binary tetrahedral semi-
conductors are reported.

INTRODUCTION

The method of dynamic differential calorimetry’-? has frequently been
applied for the quantitative measurement of thermal effects in a great variety of
both organic and inorganic materials. If a differential thermal analysis (DTA) ap-
paratus is employed under standard conditions and accurately calibrated*”, sever-
al thermodynamic properties, namely heats of formation, allotropic and order—dis-
order transition energies, specific heats and heats and entropies of fusion, can be
quantitatively evaluated. In several cases the accuracy of results can be compared
with direct and indirect calorimetric measurements.

A detailed discussion of the more important factors affecting the quantita-
tive DTA (i.e., particle size, heating rate, sample state, holder dimensions, ¢tc.)
was made by David® and some theoretical implications of the method were
elucidated by Faktor and Hanks’. These authors suggested that heat changes can
be determined with an experimental error of +4-7%.

In this paper, as an introduction to the experimental problem of the con-
nections between thermodynamic and bonding parameters'®, the method of
dynamic differential calorimetry is described and preliminary results are reported
on heats and entropies of fusion of some binary tetrahedrally coordinated com-
pounds.

TECHNICAL PROCEDURES AND CALIBRATION

The DTA apparatus consisted of a fully automatic standard thermoanalyser
with operating range 25-1550 °C. Sample and reference material (Al;O;) were con-
tained in two crucibles supported by a Pt-PtRh 10% differential thermocouple,



268

which altematively measured both differential em.f. and sample temperature.
The entire assembly was enclosed in an alumina cup in order to obtain a uniform
thermal field. Measurements were performed under standard conditions, i.e., lin-
ear heating rate of 5°C min~", chart speed of 0.4 cm min~" and recorder sensi-
tivity of 4 £V cm™", which allowed the detection of thermal effects involving tem-
perature differences of about 0.3 °C.

Two different calibrations were obtained by using alumina crucibles (Fig. 1a)
under reduced helium pressure (about 300 Tosr) and vacuum sealed quartz am-
poules (Fig. 1b), containing elements and substances with known heat of fusion,
melting in the temperature range 150-1100°C.
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Fig. 1. Schematic DTA assembly for calorimetric measurements with alumina crucibles (a) and quartz
ampoules (b)-

If AH is the heat absorbed (evolved) during fusion (solidification) by uz moles
of a given standard substance, then'':

(4
AH=KI ATdt
o

where [; AT dr = A4 is the peak area occurring in the time (O, #) and K the heat
transfer coefficient of the system.

Generally K increases with increasing temperature and a dependence-law
K o T? has been suggested®'2. However, the uncertainties of literature data and
e:q:enmentalmﬂtsmthewhbratwnmweandthepamhxchammsof
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the apparatus do not allow, in our opinion, the establishment of a rigorous
analytical expression for the K coefficients. The K(7) function is, therefore, an
empirical curve which must be experimentally determined for each single appar-
atus.

We found that within experimental errors our results can be fitted very well
by the following linear relation

K=a+bT caljecm® (T in°C)

The constants a and b, refined by the least-squares method, were found to be
a=1.69 and b = 0.13- 10} for the calibration with alumina crucibles (Table 1)
and a =0.72 and b = 1.77- 10° for the one with quartz ampoules (Fig. 2).
The calibration curves were drawn by means of the analysis of both heating
and cooling thermograms (with an exception for antimony and tellurium which
show supercooling), each point being the mean result of at least three different
thermal cycles. Before each single run, the charges (0.5-1.5 g) were melted with
a heating rate of 20°C min~!, in order to obtain massive ingots in crucibles.
As regards the measurements, we note that the uncertainty of the heats
of fusion AH; of standard substances and the systematic errors A4 = +0.1 cm?
and AK = #+0.08calcm? in computing the peak areas and the K constants, re-
spectively, allows us to calculate the AH values with an experimental error of £6%.
However, the mean variation in the results of Table I is only 2%. The large

TABLE 1

MELTING POINTS, EXPERIMENTAL AND CALCULATED VALUES OF
HEATS OF FUSION OF STANDARD SUBSTANCES

Substance Melting point, Heat transfer Heat of fusion. A%
TeCC) ~ coefficient, AHy (kcal mol—!)
K (cal em=2)
Expr. Calc.

In 156.6 1.72+£0.08 0.78+0.02%-b 0.79%0.06 +1.3
Sn 2319 . L71x006 1.71+0.020 1.7210.12 +0.6
Bi 27114 1.73+008 2.60+0.05-° 260+0.19 0

Cd 3210 1.70+0.10 1.48£005* 1.51 +0.11 +20
Pb 3274 1.75+0.06 . 1.14+0.013 1.13£008 -09
Zn 4195 1.79+007 1.74+0.03* 1.65+0.12 -50
Te 449.6 1.74 £0.10 4.18+0.13*° 4.20+0.30 +035
Sb 630.5 1.74+005 4.74+001* 4.82+034 +1.7
Al 660.1 1.751£005 2.56£0.01* 2.60£0.18 +16
KBr 734 1.80+0.08 6.1 =0.1° 6.15+£043 +0.7
N2C1 801 1.81+0.i0 6.7 02 6.61+046 -13
Ag 9608 186+0.10 27840083 27240.19 -22
Au 1063 1.81+0.11 305+0.10° 3.08+0.21 +10
Cu 1083 1.83+0.11 3.1 x0.1* 3.10+021 0

SRef. 15. PRef. 16.
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Fig. 2. Temperature vanation of the heat transfer coefficient for the calibration with quartz ampoules.
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discrepancy (5 %) of zinc, observed in both calibrations, might be due to the too
high value assumed for its heat of fusion. In fact, variation falls to 3% if Kel-
ley’s® value AH; = 1.595 kcal mol™! is adopted.

EXPERIMENTAL RESULTS

We measured heats and entropies of fusion of the following tetrahedral
semi-conductors with melting points below 1400 K: Ge, AISb, GaSbh, InSb, InAs,
InP, CdTe, HgSe, HgTe, CuCl, Agl and In,Te;. Single crystals (A®™BY com-
pounds) and powders (A"B'" compounds) were employed as starting materials.
Omﬁmmphswmmeparedmpolyaystallxnefombythcmmsymhssme-
thod starting from stoichiometric amounts of “Specpure” elements (John-
so&—Manhey)andcheekedmthmmogmph;cmdtﬁnmnogmphmexammens
For In;Te;, X-ray powder diffraction patterns belonging to an apparent zinc-
blende-type structure, were obtained only after long annealing of the powders at
about 550 °C. According to Thomassen et al.'%, a solid-solid phase transition of
mda—d:sotdertypeappmrsforthscompoundnarthememngpmntomaays-
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tals showed the zincblende structure, with an exception for Agl, which changed
form wurtzite to zincblende structure at 150 °C.

_ Calorimetric measurements were performed by both previously d&cnbed
methods with three different therma! cycles for each compound. Typical ther-
mograms are reported in Fig. 3. The results of various runs were in excellent
agreement and considerably within experimental errors.

CuCl
422
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L 6(51_\
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Fig. 3. DTA hesting thermograms of some tetrahedrally coordinated semiconductors.

For AiSb, InAs, InP, CdTe, HgSe and HgTe the sealed tube technique only
was employed. In fact, under normal helium pressure, large deviations of DTA
curves from the base line were indicative of a loss of weight in the samples
beginning below the melting point. In any case, in computing the peak areas,
only the heating thermograms were considered.

The melting points of all compounds were determined by means of a care-
ﬁﬂcalibmhonoftheapparatusmthstandaxdelements They agreed with the
literature data with a mean accuracy of +5K.

The melting points, heats and entropies of fusion are in Table 2, and com-
pared with the data obtained or estimated by other authors. The good agreement
showsthevalﬂxtyofthemethodandltsapplx:abﬂntytothesmdyofthwether-
modynamic properties in more complex semiconducting compounds.
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