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Abstract- We used three calorimetric methods: direct reaction, progressive precipitation and indirect mixing calorimetry. We 
obtained the enthalpies of formation of eight compounds: Ga3Mo, Ga5Mo, GaNb3, Ga5Nb4, Ga3Nb,  -GaCr3,  -GaCr3 and 
Ga4Cr. Those data permits to improve thermodynamic models and understand the behaviours of GaAs semiconductor towards 
the three transition metals molybdenum, niobium and chromium. 
 
Index Terms- Calorimetry, gallium alloys, semiconductor, enthalpy of formation, binary compounds.  
 
I. INTRODUCTION 
 
The use of GaAs semiconductors in technology 
reveals a problem of contact with the exterior circuit. 
Indeed gold which is inert facing germanium and 
silicon reacted in a complex manner with GaAs. So we 
have to search pure metals which are chemically inert 
with this compound. Molybdenum, niobium and 
chromium can accomplish this task. For this reason 
thermodynamic data of the ternary systems (Ga, As, M 
= Mo, Nb, Cr) are needed to compute phase diagrams 
which indicate the behaviour of the pure elements 
towards GaAs. Firstly we present a calorimetric study 
for three binary systems (Ga-M = Mo, Nb, Cr); where 
the enthalpies of formation of the compounds of these 
systems are measured using three different 
calorimetric methods. The difficult of this study reside 
in the discrepancy between the two melting 
temperatures of the two components Ga and M. the 
melting temperature of Mo (2623 °C), Nb (2469 °C) 
and Cr (1863 °C) requires a high temperature of 
heating to obtain diffusion in the low gallium content 
alloys. Where as the low melting temperature of 
Gallium (30 °C) can induce melting and segregation of 
pure gallium during the preparation of the mixture and 
samples at room temperature. 
In this paper, after giving the principles of the 
calorimetric methods, we will give the results 
concerning the compounds Ga3Mo, Ga5Mo, GaNb3, 
Ga5Nb4, Ga3Nb, 3GaCr , 3GaCr  and Ga4Cr, 
which can permit the optimisation of the binary phase 
diagrams  
 
II. CALORIMETRIC METHODS 
 
The measurements were carried out in a differential 
calorimeter devised for measuring heat effects at 
temperature ranging from 800 K to 1800 K, build for 
the calorimetric applications [1]. The integral 
calorimetric signal is proportional to the heat transfer 
between the samples and the calorimeter. Each 
experiment included the calibration and 

measurements. All the preparations of samples were 
made in a glove box under pure argon [2]. The choice 
of the calorimetric methods depends on the nature and 
the situation of the compound in the phase diagram. 
The powder of gallium used is obtained from massive 
lingo by milling frozen metal added with the liquid 
nitrogen [3]. To avoid errors, one has to be careful 
when carried out calibration, weighting the samples 
and using heat content tables. One has also to elude the 
oxidation of the samples obtained, by performing the 
inert gas circulation system. 
 
A. Direct reaction Calorimetry 
In a glove box the mixture in suitable proportions of 
the powders of the gallium and the metal M is 
homogenised and compressed using a power press at 
room temperature to obtain samples of about 10 to 80 
milligrams. They will be placed with small pieces of 
alumina in various compartments of a distributor of 
samples which allowed us to transfer them to the 
calorimeter and put them inside without any contact 
with air. The samples will be dropped one after other 
in a working crucible of the calorimeter kept at a 
temperature lower than the melting point of the 
compound under study but high enough to ensure the 
rapid diffusion of the components into each other. The 
rise of temperature in the sample induced reaction of 
alloying, so the calorimetric signal is the sum of the 
heat contents of the pure metals and of the enthalpy of 
formation of the compound. Figure 1 shows the two 
parts of the calorimetric signal [4]. 
 
Calibration of the calorimeter will be obtained by 
dropping cold alumina samples into the working 
crucible. The total heat effect can be written as : 
 

)T(H)M(H)x1()Ga(xHQ f
T
T

T
T 00

 .  (1) 

 
The increment of enthalpy )i(H T

T0
 of the metal i 

between T0 and T is tabulated [5, 6]. Then we can 
deduce the enthalpies of formation of the compound. 
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After each experiment the products must be checked 
by X-ray diffraction (  A542.1)Cu(

21k 
 ) and 

electron microprobe analysis of Castaing to verify the 
composition and structure. 
  
B. Progressive Precipitation Calorimetry 
This technique is used for rich gallium alloys. We 
started with an empty working crucible at the 
temperature of manipulation where we dropped small 
pieces of pure gallium in order to constitute a gallium 
bath. Calibration of the calorimeter is simultaneously 
made by gallium. Then cold pieces of the metal M will 
be added, and the heat effect of each addition was 
measured and corrected from the enthalpy increment 
of pure metal M taken from the literature [7]. The 
integral enthalpy of formation of the (Ga-M) alloys at 
working temperature will be obtained by cumulating 
the successive heating effects. The manipulation must 
be stopped when the reaction becomes very low. 
Although the composition of the compound is not 
reached but its enthalpy of formation can be deduced 
(Fig. 2). To prevent oxidation of the samples the 
calorimeter must be kept under argon during the 
experiment. 

 
Figure 1: Calorimetric signal when a complete reaction occurs 

(a) Endothermic part  (b) Exothermic part 
 

 
Figure 2: Calorimetric signal when an incomplete reaction 

occurs 
(a) Endothermic part  (b) Exothermic part 

C. Indirect mixing Calorimetry 
The compound under study will be prepared outside 
the calorimeter by mixing powders of the two pure 
metals and compacting them. Then pellets are celled in 
a silica tube under pure argon and annealed at the 
suitable temperature during about one month. The 
formation of the compound must be cheeked by X-ray 
diffraction and electron microprobe. At last, samples 
of 10 to 20 milligrams will be dissolved in a very large 
bath of gallium in the calorimeter at high temperature. 
Knowing the enthalpy of heating and of dissolution of 
pure metal M and the enthalpy of melting of gallium 
the enthalpy of formation of the compound can be 
evaluated by reference to pure solid component at 
room temperature (Fig. 3). 
 
RESULTS AND DISCUSSION 
 
A. (Ga-Mo) system: 
Four compounds appear in the (Ga-Mo) phase 
diagram of Brewer and Lamoreaux [8]. We measured 
the enthalpy of formation of the two compounds 
GaMo3 and Ga5Mo. 
 

 
Figure 3: Principle of the indirect mixing calorimetry. 

 
GaMo3 compound : its enthalpy of formation was 
measured by direct reaction calorimetry at two 
temperatures : 
 1150 °C using a calorimetric cell made from 

chromel-alumel thermocouples. 
 1300 °C using a platinum-platinum 10% rhodium 

calorimetric cell the results by reference to solid 
molybdenum and liquid gallium were successively : 

 
∆fH(GaMo3, 1150 °C) = -18600 ± 1000 J/mol  
∆fH(GaMo3, 1300 °C) = -17800 ± 1000 J/mol  
 
For both experiment X-ray showed that the samples 
have the A15 structure without any traces of other 
phases. 
The enthalpy of formation of the same compound was 
measured using progressive precipitation calorimetry 
method by dropping small of compressed pure 
molybdenum into a liquid bath of gallium at 1300 °C. 
we obtained ∆fH(GaMo3, 1300 °C) = -19225 ± 500 
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J/mol from the results of the integral enthalpy of the 
alloys in the two phase domain [9]. To assure a 
consistency of the three determinations of the enthalpy 
of formation of the GaMo3 compound we choose (Fig. 
4): 
∆fH(GaMo3, 1150 °C) = -19000 ± 1000 J/mol referred 
to solid molybdenum and liquid gallium.  
While Kleppa [10] by only direct mixing calorimetry 
method obtained -16600 ± 2500 J/mol at the same 
reference states. 
 
Ga5Mo compound: It was not possible to study and 
synthesis this compound by direct reaction because of 
its low temperature of peretictic decomposition. The 
determination of the enthalpy of formation of Ga5Mo 
requires indirect mixing calorimetry. Then the mixture 
of the two components in suitable proportions was 
compacted and annealed, under argon, at 680°C for 
one month. The dissolution was carried out in an 
infinite bath of liquid gallium at 1300 °C. We carried 
out two experiments of dissolution each one for five 
samples and finally obtained: 
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Figure 4: Integral Enthalpy of the (Ga-Mo) alloys at 1300 °C 

referred to liquid Ga and solid Mo. 
 

∆fH(Ga5Mo, 25 °C) = -21500 ± 2500 J/mol at by 
reference to solid molybdenum and gallium [11]. 
The results of this compound can not be compared 
with others because of the lack of experimental 
determination in the literature. 
 
A. (Ga-Nb) system 
The phase diagram given in the Massalski 
Compilation [12], is established by Pan and Latisheva 
[13] in the gallium rich part and Jorda et al. [14] in the 
poor part. The phase diagram presents six intermetallic 
compounds, the seventh is only stable between 1205 
°C and 1285 °C. We examined three of those 
compounds by calorimetry. No experimental 
determinations founded about this system in the 
literatures. 
 
GaNb3 compound: This compound decomposes 
peritectically at 1860 °C. It was studied by direct 
calorimetry. Calibration of the calorimeter was 

achieved by dropping alumina samples into the 
working crucible stabilised at 1450 °C. The enthalpy 
of formation obtained after six measurements is [3]:  
∆fH(GaNb3, 1450 °C) = -17000 ± 1000 J/mol referred 
to solid niobium and gallium. 
The X-ray analysis confirmed the A15 structure of this 
compound and did not detected any traces of other 
phases. 
 
Ga5Nb4 compound: We used the progressive 
precipitation calorimetry to study this compound. The 
temperature of the experiments is choose equal to 
1400 °C lower then 1540 °C where decomposes 
peritectically the Ga5Nb4 compound. It allowed us to 
meet the solid compound and obtain his enthalpy of 
formation from measurement of the enthalpy of 
formation of the two phases domain liquid and solid 
(Fig. 5). We deduced: ∆fH(Ga5Nb4, 1400 °C) = -29000 
± 1000 J/mol referred to the two components solid. 
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Figure 5: Integral Enthalpy of the (Ga-Nb) alloys at 1400 °C  

referred to liquid Ga and solid Cr. 
 
Ga3Nb compound: This compound has the lowest 
temperature of the peritectic decomposition (1120 °C). 
The indirect mixing calorimetry was the convenient 
method to his study. It was elaborated by mixing, 
compacting and annealing powders of pure metals Ga 
and Nb at 1060 °C during 20 days. 
Its porosity was revealed by microscopy. The X-ray 
diffraction confirmed the right preparation of the 
Ga3Nb phase. Four samples of about 15 to 17 
milligrams were dissolved one after one in a large bath 
of gallium at 1400 °C under argon. The enthalpy of 
formation of the compound is obtained: 
∆fH(Ga2Nb, 25 °C) = -38500 ± 3000 J/mol referred to 
the two components solid. 
 
A. (Ga-Cr) system: 
The enthalpies of formation have been measured for 
two binary compounds GaCr3 and Ga4Cr richest and 
least rich in chromium of the (Cr-Ga) system. Two 
types of calorimetric methods were used: 
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Direct reaction calorimetry to measure the enthalpy of 
formation of   and   GaCr3 compounds and 
progressive precipitation calorimetry to measure the 
enthalpy of formation of Ga4Cr (Fig. 6). We have 
published these results in details in a recent paper with 
a thermodynamic optimisation for the binary (Ga-Cr) 
system using Calphad method which permits us to 
calculated phase diagrams too [15]. We just recall 
essentially the enthalpies of formation obtained. 
∆fH( GaCr3, 1050 °C) = -8200 ± 300 J/mol referred 
to solid chromium and gallium. 
∆fH(  GaCr3, 1150 °C) = -7250 ± 400 J/mol referred 
to solid chromium and gallium. 
∆fH(Ga4Cr, 645 °C) = -19000 ± 1000 J/mol referred to 
solid chromium and liquid gallium. 
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Figure 6: Integral Enthalpy of the (Cr-Ga) alloys at 645 °C 

referred to liquid Ga and solid Cr. 
 
CONCLUSION 
 
This study shows the efficiency of the calorimetric 
methods in measuring of the enthalpies of formation of 
binary compounds based on gallium. Thus eight 
compounds of three binary systems were studied and 
can used to improve thermodynamic models, calculate 
phase diagrams and expect behaviours of metallic and 
semiconductor phases. This procedure can be applied 
to ternary compounds if needed. 
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