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Abstract: A set of thermodynamic descriptions of the ternary compounds (mainly a-CuInSe2, GCUI~SQ, CuIn3Se5 and 
CuIn$k8) in the Cu-h-Se system was established by adopting sub-lattice model. The model parameters are carefully evalu- 
ated by integrating the experimental data of thermodynamic properties, phase equilibrium and theoretical calculation of 
formation energies of different point defects. The evaluated Gibbs energies of the compounds reasonably agree with that es- 
timated from EMF experiment and ab initio calculation. The calculated phase relationships in the Cu-In-Se system are in 
accord with the experimental phase diagram. The obtained standard enthalpy of formation of CuInSez is close to that re- 
ported in the literatures. 
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1. Introduction 

Since the chalcopyrite CuInSe2 (CIS) was first 
synthesized in 1953, the Cu-In-Se ternary system 
has attracted considerable attention due to its appli- 
cation as an absorber material in solar cells. 
CIS-based cells currently hold the world-record en- 
ergy conversion efficiency (19.5%, AM 1.5 G, 100 
mW/cm2> for thin film technologies [I].  his com- 
pound has a large homogeneity range of composi- 
tion and complicated phase relationships with the 
other phases. A small deviation in composition 
about the stoichiometry or the existence of secon- 
dary phases produces large changes in CIS material 
properties and thus its device characteristics. There 
is a lack of reliable thermodynamic data for the ter- 
nary compounds in the Cu-In-Se system. Unfortu- 
nately these properties are essential to understanding 
reaction pathways to synthesis of CIS and develop- 
ment of novel processes to fabricate cost-effective 
high-quality CIS films. 

Common experimental measurements of the 
thermodynamic properties cannot be directly used to 

estimate the Gibbs energy of these ternary com- 
pounds as it is not easy to know their corresponding 
compositions due to the large homogeneity range of 
the ternary compounds as shown in Fig. 1. 
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Fig. 1. Pseudo-binary InZSe3-Cu2Se phase diagram [2]. 

In this work, a set of thermodynamic descriptions 
for the dominant ternary compounds in the Cu-In-Se 
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system is established by integrating the available in- 
formation, which includes 

(1) Experimental measurements of the thermo- 
dynamic properties of the Cu-In-Se ternary com- 
pounds. 

(2) Experimental measurements of phase equilib- 
ria including Cu-In-Se ternary compounds. 

(3) Established thermodynamic model of the 
three sub-binaries, i.e., Cu-Se, Cu-In and In-Se. 

(4) Ab initia calculation on the defect formation 
energy in the Cu-In-Se ternary compounds. 

2. Experimental 
2.1. Ternary compounds 

Four ternary compounds Cu131n3Sell, CuInSq, 
CuIn3SeS and CuIn5Se8, located on the Cu2Se-In2Se3 
pseudo-binary section (Fig. l), were identified as 
stable phases though several other compounds have 
been reported [2-41. The CuInSe2, CuIn3Se5 and 
CuIn5Se8 phases have large homogeneity ranges. 
Under atmospheric pressure, the CuInSe2 has two 
polymorphs separated by a first order transition be- 
tween chalcopyrite (a) and sphalerite (6) structures. 
The CuIn3Se5 has a tetragonal chalcopyrite-like 
structure and the CuInsSes has a hexagonal structure. 
Interestingly, it was found that another phase often 
co-exists with a hexagonal CuIn5Se8. This 
co-existing phase could be a trigonal [5] or tetrago- 
nal [6] structure. The Cup,In$3ell is reported as a 
line compound [2], which is stable within the narrow 
temperature range of 923-947°C. 

2.2. Thermodynamic properties 

Only few thermodynamic data are available for 
CuInSq compounds. The heat capacity of CuInSe2 
was measured by Boehnke et al. using the pulsed 
and semi-adiabatic calorimetric techniques, but only 
at very low temperatures (< 300 K) [7]. The litera- 
ture values of the enthalpy of formation of CuInSe2 
at 298 K are summarized in Table 1. No thermody- 
namic information is available concerning the 
CuIn3Se5 and CuIn$e8 compounds yet. 

Electro-motive force (EMF) measurements were 
performed by Ider [8] to extract Gibbs energy in- 
formation of ternary compounds (e.g., CuInSe2, 

CuIn3Se5, and CuIn5Se8) from the appropriate gal- 
vanic cell reactions. It is noted that since the exact 
composition of the participating ternary compounds 
is generally unknown and may be far from the 
stoichiometry, the resulting thermodynamic proper- 
ties directly calculated from cell reactions may not 
be quite reliable. 

Table 1. Literature values of the standard formation 
enthalpy ( AH: ) and energy ( AE? ) of u-CuInSez 

2.3. Phase diagrams 

The phase diagram of Cu2Se-In2Se3 
pseudo-binary section [15-171 and projection of liq- 
uidus surface [5,7,15-16,181 have been reported by 
several authors. These phase diagrams, however, are 
quite divergent and thus very difficult to assess. 
Godecke et al. reported a series of phase diagrams of 
the Cu-In-Se system based on thorough experiments 
using more than 240 alloys [2-41, where the phase 
diagrams, including a projection of liquidus surfaces, 
a projection of four-phase plane, three isothermal 
sections and ten isopleths, are self-consistent. 

3. Ab in& calculation on the ternary 
Cu-In-Se compounds 

The formation energies of different point defects 
in various Cu-In-Se ternary compounds were calcu- 
lated by Zhang [14] using an ab initio method. The 
existence of a series of unusual ordered defect com- 
pounds (ODC) along Cu2Se-In2Se3 section and their 
large off-stoichiometry are explained by the particu- 
larly low formation energy of the (2Vcu+1ncu) defect 
pair in these compounds. 

The CuIn3SeS and CuIn5Se8 can be considered as 
ODC’s of CuInSe2 and formed by the reaction 
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n(CuInSe2)+m(In)~Cu(~-3"~~In~~+~~Se2n+3~(C~) (1) 
where n = 2.5, m = 0.5 for CuIn3Se5 and n = 4, in = 1 
for CuIn5Ses. The energy change of the reaction aEr 
is calculated by 

(2) 
where AEneu is the formation energy of 
non-interacting neutral defects, AEht is the intra-pair 
interaction energy, and AEod is the pair-pair ordering 
energy. The formation energies of CuIn3Se5 and 
CuIn5Se8 compounds can then be calculated by 

= m n e u  + mint + m o d  

(3) 
M&n3se5 = 2.5AE&nse2 +0.5E1n - 

1.5Ec" + mr(cuh3se5) 

(4) 
AE$rn5se8 = 'MSuInSe, + 'In - 

3Ecu + Mr(Cuh,se,) 

As the defect compounds are related to the 
end-members in the sub-lattice model, their forma- 
tion energies are used to estimate Gibbs energy of 
the other end-members besides that corresponding to 
the stoichiometric composition. It can largely reduce 
the arbitrary aspects of the model parameters. For 
example, the formation energy of Incu is defined as 
the energy change of the reaction. 
CuInSe2(a) + In = InInSez(a) + Cu ( 5 )  

InIns~(a) is regarded as an end-member in the 
sub-lattice model of CuInS%(a) and its Gibbs en- 
ergy can be estimated from the formation energy of 
hC". 

4. Establishment of thermodynamic 
descriptions 

In this work, sub-lattice models [19] are used to 
describe thermodynamic properties of the ternary 
compounds. Unlike conventional thermodynamic 
optimization evaluating model parameters from 
abundant sources of phase diagrams and thermody- 
namic experiments, only one set of data was selected 
for this work to avoid the possible confusion caused 
by randomly mixing the divergent data for such a 
complicated system. 

4.1. Sub-lattice model for different ternary com- 
pounds 

The a-CuInSez belongs to the family of I-III-VIZ 

chalcopyrite semiconductors whose structure is 
similar to the zinc-blende structure where each of the 
two cations (Cu and In) is coordinated by four ani- 
ons (Se), but the Se is coordinated by (2Cu + 2In) 
with different nearest-neighbors. The Se deficiency 
is mainly caused by Cu occupying an interstitial po- 
sition [14]. The sub-lattice structure of a-CuInS% is 
thus considered as: 
0 ,  In, Val1 0 ,  In, Va)l (Seh (Cu, Vah. 

Calculating Gibbs energy of this phase described 
by a sub-lattice model requires the information of 
the Gibbs energy for 18 end-members, e.g. 
CulInlSe2Val, CulCulSqVal and ValCulSezVal. In 
the same manner, the sub-lattice structures of 
CuIn3Se5 and CuIn5Ses are expressed by 
0 ,  In, Val1 (Cu, In, Val3 (Cu, Val1 
and 
(Cu, In, Va), (Cu, In, Va>5 (Se)s (Cu, Va)l. 

The 6-CuInSez is a disordered phase of 
a-CuInSq with a sphalerite structure where the two 
metals (Cu and In) can be replaced by each other 
much more easily than in a-CuInSe2 to achieve al- 
most random mixing. The sub-lattice structure of the 
S-CuInS% is considered as (Cu, In, Va),(Se),(Se, 
Va), to keep its composition close to the section of 
Cu2Se-In2Se3, as observed experimentally. 

4.2. Evaluation of Gibbs energies of 
end-members in the sub-lattice model 

4.2.1. Gibbs energy of formation of CuInSez (a) 
To estimate the Gibbs energy of formation of 

CuInSe2(a), the EMF results reported by Ider [8] 
were utilized. Three different kinds of galvanic cells 
were designed such as 

Cell I: W, In(l), In@3(s) // YSZ // Inz03(s), 
Cu2Se(P), Cu(s), CuInSez(a or S), C, W. 

Cell II: W, In(]), In203(s) // YSZ // In203(s), 
CulIn3Se5(s), CuInSe2(a or S), C, W. 

Cell 111: W, In(l), Ln203(s) // YSZ // In203(s), 
CulIn5Se~(s), CulIn3Se5(s), C, W. 
The overall reaction of cell I is expressed as 
2CuzSe(P) + In(1) e CuTnSe2(a or 8) + 3 Cu(s) (6) 

In this work, the composition of CuInSe2 is as- 
sumed to be in stoichiometry because the CuInSe2 
phase has a relatively narrow composition range 
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when it is in equilibrium with Cu$3e(p). Thus if the 
solubility of In in Cu2Se(p) phase is negligible, the 
Gibbs energy of formation of CuInSep(a) can be di- 
rectly calculated by 

(7) f 
GCuInSez(u) = AGR(cellI) + 2G&2se(p) 

and AGR was reported by Ider [8] as 
A& = -99520 + 54.507 J/mo1(949-1044 K) (8) 

From assessment of the Cu-Se system [20], the 
G&se(p) is expressed by 

G&se(p)= -60221.86 - 95.47T + 10.21nn(T) - 

0.01P+ 3 . 7 0 ~  104p -53288.13/T J/mol (9) 
Plugging Eqs. (8) and (9) into Eq. (7) yields 

GCuhSe2(a)= f -209963.72 - 36.43T + 20.41nn(T) - 

0.02? + 7.40 x lo4? - 106576.26/T J/mol (10) 

The standard enthalpy of formation of CuInSe2(a) at 
298 K calculated from G&,hse2(u) obtained by Eq. 

(10) is around 218.50 kJ/mol, which is similar to the 
literature values listed in Table 1. 

4.2.2. Estimation of Gibbs energy of CuInSe2(6), 
CuIn3Se5 and CuInSSes 

As mentioned before, EMF experimental results 
can provide only a rough estimation of the Gibbs 
energy of formation of CuInSe&3), CuIn3Se5 and 
CuIn5Ses mainly because of their non-stoichiometric 
composition during cell reactions. Ider [8] reported 
the Gibbs energy change of reaction for cell I 
through 111 as 
&(ce11~)=-89520 +45.10T 

J/mol (1055-1150 K) (11) 

J/mol (868-1045 K) (12) 

J/mol (1054-1 197 K) (13) 
In the exactly same manner as CuInSe2(a), the 
Gibbs energies of formation of other ternary com- 
pounds (i.e., CuInSe&), CuIn3Se5 and CuIn5Ses) 
were estimated as 

= -209963.72 - 145.83T+ 20.41nn(T) - 

G~(c~lln) = 90160.16 - 110.77T 

&(ceum)= 109180 -125.90T 

GCuInSez(&) f 

0.02T2 + 7.40 x lo4? - 

106576.26/T J/mol (14) 
G&n,se5 = - 438646.71 - 1794.61T + 

259.98nn(T) - 0.09844?+ 2.404 x 

lou5? - 528546.24/T J/mol (15) 
G,LUInSSe8 = - 717569.69 - 3404.57T + 

499.55nn(T) - 0.1478? + 4.0666 x 

- 1163668.00/T J/mol (16) 
On the other hand, the Gibbs energy of CuIn3Se5 

and CuIn5Ses at their stoichiometry can also be es- 
timated by ab initio calculation where they are con- 
sidered as ordered defect compounds of CuInSez. In 
the same pattern as Eqs. (3) and (4), the Gibbs en- 
ergy of formation of CuIn3Se5 and CuInsSe8 are ex- 
pressed by 
AG&h,se5 = 2.5AG&,se2 + 0.5GIn - 

(17) 
1.5GcU +AG,.(CuIn3Se5) 

(18) 
AGLn5se8 =4AGLnse2 +GI, - 

3GcU +AG,(CuIn5Ses) 

In this work, the volume and entropy change for 
the defect formation reaction is assumed to be negli- 
gible and thus the values of AGr(CuIn3Se5) and 
AGr(CuIn5Ses) are identical to AEr(CuIn3Se5) and 
AEr(CuIn5Ses) calculated by equation (3) and (4) 
where the values of MneU, AEht, and AEQd are taken 
from [14] as shown in Table 2. The value of 
AGhuInse2 (a) is directly calculated from equation 

(10). 

Table 2. Parameters used to calculate &of CuIn3Se5 
and CuIn5Ses eV 

In summary, the estimated Gibbs energies of 
formation from ab initio study are 
G&h3Se5 = -557341.00 - 337,26T+ 

51.036Tln(T) - 0.055 12 +1.85~10-~p - 

26644 1 .OO/T Jim01 (19) 



Shen J.Y. etaZ., Thermodynamic description of the ternary compounds in the Cu-In-Se system 485 

G&,se, = -892788.00 - 538.09T+ 81.6577ln(T) - 

0.0881? + 2.96~10-T - 
426305 .WIT J/mol (20) 

4.23. Estimation of Gibbs energy of other 
end-members 

The Gibbs energy of other end-members in the 
a-CuInSe2, P-CuIn3Se5, y-CuIn5Se~ compounds is 
estimated using defect formation energy calculated 
by Zhang [14] according the reaction to form point 
defect such as (5). 
For example, 

- 0  
G:alhlSe2Val - GCuInSe2(cr) + Eva(cu) -G& 

G&lh,Se2Cul -GcuInse,(a) + Ecuti) +G& 

(21) 

(22) - 0  

ergy of formation (AGf) are compared with the re- 
sults of EMF experiment and ab initio calculation, as 
represented in Fig. 2. 
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4.2.4. Optimization of parameters in Gibbs en- 
ergy expressions 

The Gibbs energy expressions of the ternary 
compounds are adjusted to satisfy the relevant ex- 
perimental phase relationships reported in Refs. 
[2-41. The results are compared with the available 
data. It is believed that the complicated phase rela- 
tionships may play an important role in controlling 
the chemical potentials of these compounds within a 
reasonable range. The parameters for Gibbs energy 
are optimized as 

GCuhSe2(a) 0 = -251102.38 - 688.51T-135.95Tln(T)+ 

0.032- 3.47 x 104p - 
265806.00/T J/mol (23) 

GCuhSe2(6) 0 = -186607.3408 + 505.39T- 

114.8771n(7‘) J/mol (24) 
GEuh,seS = -550466.88 + 1175.69T- 

249.24Tln(T) - 0.001022- 

1.22 x I O - ~ T ~  - 582645WT 

J/mol (25) 
G&h,se8 = -940623.58 + 1916.46T-389.81Tln(T) + 

7.32 x lod? - 2.90 x lo-’? - 

1006060.00/T J/mol (26 ) 
The optimized Gibbs energy (Go)  and Gibbs en- 
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-200 i 
P i Ab initio 

p -400 

E 
6 -600 

- 
0 

A 
, 

1 I I 

0 500 1000 1500 2000 
TI K 

Fig. 2. Optimized (a) Gibbs energy (G?, and (b) 
Gibbs energy of formation (AGf) of a-CuInSe2, 
p-CuIn&3e5 and y-CuIn5Ses compared with those esti- 
mated from EMF experiments and ab i n h  calcula- 
tion. 

-1000 I 

5. Conclusions 
The EMF experimental results, ab initio calcula- 

tion and phase equilibrium data were successfully 
combined to establish the reliable descriptions of 
Gibbs energy for ternary compounds in the Cu-In-Se 
system. The EMF result was directly adopted only 
for the estimation of Gibbs energy of CuInSez(a) by 
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assuming the stoichiometric composition. The in- 
fluence of the solubility of indium in Cu2Se(p) on 
the electronic transfer and thus the Gibbs energy of 
formation was also considered. The reaction was 
considered as 
2C~~-~$n,Se(fl) + (1-y)In(l) ++ CuInSe2(a or 6 ) + 

The number of electron to be transferred is (3-6y) to 
form one mole of CuInSe2(a). The difference of 
Gibbs energy of formation between CU~-~ , I~ ,S~(  p) 
and CqSe is calculated using the formation energy 
of the defect pair (2VcU+Iku) in Ref. [14]. This ap- 
proach, however, yields an unreasonable value of 

(3-6y)Cu(~). 

enthalpy of formation for CuInSe2 at 298.15 K, 
whereas the calculation using G&, ,se(p, expression 
in Eq. (9) shows the reasonable results, which are in 
a good agreement with most of literature values. 

The comparison of the optimized Gibbs energy of 
the CuInSe2(G), CuIn3Se5 and CuIn5Se8 with that es- 
timated by EMF experiment and ab initio calcula- 
tion demonstrates reasonable agreement. The phase 
relationships concerning these ternary compounds 
follow the experimental isothermal section of the 
Cu-In-Se system at 500, 800, and 900 OC shown in 
Figs. 3-5, respectively. The obtained standard en- 
thalpy of formation of CuInSQ is close to that reported 

In c u  In c u  
Fig. 3. Isothermal sections of Cu-In-Se at 500 "C: (a) calculation and (b) experimental evaluation [4]. 
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Fig. 4. Isothermal sections of Cu-In-Se at 800 OC: (a) calculation and (b) experimental evaluation [4]. 
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Se 
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In c u  
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Fig. 5. Isothermal sections of Cu-In-Se at 900 OC: (a) calculation and (b) experimental evaluation [4]. 

in the literatures. It can be concluded that a set of re- 
liable Gibbs energy expression was obtained, al- 
though its precision would be further improved with 
additional experimental and theoretical study. 
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