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ABSTRACT

The experimentd thermochemicd and phase diagram data for the GaN system have
been critically assessed  utilizing the CALPHAD (CALculation of PhAse Diagrams)
method. A consgent thermodynamic description has been achieved through optimization
of Gibbs energy expressons for the GaN compound and (Ga+N) met, and by accounting
for nonided behavior in the gas phase a high temperatures The caculated phase
diagram predicts that GaN sublimates incongruently, but can reech its maximum
congruent melting temperature if a corresponding overpressure of nitrogen is maintained.

INTRODUCTION

Although dgnificant progress has been made in the development of Ill-nitride
optodectronic and €eectronic devices, severd chdlenges reman for the further
advancement of gdlium nitride processng technology. These chalenges include the
production of subdstrate qudity bulk crystads and preventing therma degradation during
device processing or operaion caused in pat by dissociative sublimation and/or therma
decompogition of GaN. Knowledge of the pressure-temperature-compostion phase
diagram would be hepful in undersanding such processes as thin film and bulk crysta
growth, conventiond and rapid thema anneding, and contact formation. An
experimental  determination of the GaN sydem is time consuming and experimentaly
difficult given the high mdting temperature of GaN and extremey high equilibrium
nitrogen pressures encountered in this sysem (1). Thus, the assessment of the avalable
thermochemicd and phase diagram data usng gppropriate thermodynamic modeds and
thelr interpolation and extrapolationsis attractive.

This paper reports a thermodynamic andysis of the GaN system utilizing CALPHAD
procedures for caculation of phase diagram and thermochemisry by using the BINGSS
(2 ard Thermo-Cdc (3) software packages. Consstent mode representations of dl
avalable thermodynamic properties in this sysem dlowed cdculaion of reasonable
edimaes of missng propeties including the meting and sublimation temperatures of
GaN, and the equilibrium nitrogen and gdlium partia pressures in the sysem. The
caculation results can further be used in optimizing growth processes.



EVALUATION OF EXPERIMENTAL DATA

Although there has been intense interest in GaN and rdated materids, very little
information on the thermochemistry and phase equilibria in the GaN system has been
published. The paucity of information is mainly associated with the high N, pressures at
elevated temperature, and the controversa thermad behavior of GaN (4-12) resulting
from the large kinetic barrier encountered for both the synthess and decompostion of the
compound (4,7,8,13-21). The experimenta data (9,15,16,22-37), their uncertainties as
asessed by the present authors, and the methods of investigation of phase equilibria are
summarized in Tables | and 1. Only data representing the three-phase equilibrium solid
(GaN) + liquid (Ga-rich) + gas (mosily N,) were used in the assessment. It was bdieved
that measurements that did not involve a liquid phase were not likely to have been made
a eguilibrium. Also the results of kinetic studies on the growth and heat trestment of
GaN (4,7,8,14,15,39-42) were not included in the thermodynamic assessment as they
were assumed to have been collected at non-equilibrium conditions.

Thermochemicd Data

Thermodynamic functions of pure condensed and gaseous gdlium and of liquid
nitrogen were teken from the SGTE databank (38). The Gibbs energies of the solid and
liquid phases in the Ga-N system were assumed to be pressure independent, while a high
pressures the gas phase was considered nonided. Since the equilibrium partid pressure of
Ga vapor in the system is much lower than the corresponding N, pressure (32), the gas
mixture was assumed to be an ided solution of non-ided gases. The thermodynamic
description of the nitrogen fugacity as a function of temperature and pressure was
evauated in (4344). The most recent evauation (44), implemented in the “Allprops’
program (45), includes a fundamentd equation explicit in the Helmholtz energy with 28
coefficients valid to 1- 10* am and 2000 K. The latter description has been extrapolated to
5. 10* atm and 2800 K and adopted in the present work.

GaN is essntidly a goichiometric compound with narrow homogeneity range and
therefore was treated as a line compound in the assessment. The wurtzite structure was
taken as the only stable solid form (46). Although the metastable zinchlende structure can
be produced in thin films (47,48) and & high-pressure a NiAs-type modification is
expected in Group Il nitrides (49), these structures were not considered. The reported
melting temperature of GaN is controversd and varies from 1973 to over 2573 K
(16,28,31-33). It is experimentdly difficult to mantan a high equilibrium pressure of
nitrogen over GaN during thermda equilibration. An N, overpressure that was too low
would lead to a loss of nitrogen and formation of gdlium droplets on the surface of GaN
(7,9,12,22,27,40,50,51). The Garich liquidus temperaiure at the edtablished N, partid
pressure would then be the measured temperature, and necessarily below the compound
melting temperature. Therefore the highest reported vaue of 2791 K (52) predicted from
the semiempiricd theory of eectronegativity was pre-sdected as the congruent melting
temperature of GalN.



The specific heat G, of GaN in the temperature range 298 to 1773 K was evauaed by

(53). The expression is based on low temperature caorimetric measurements in the range
of 5to0 300 K (36,37) and extrapolated to higher temperature. The expression adopted is:

C,=44.377+1.260- 107 T-1173- 10°T° (Imal- K) [1]

The standard enthapy of formation Dy Hags and absolute entropy "Sy0g determined by
cdorimetry and derived from partia pressure data are lised in Table 1l and vay
condderably. The second law enthdpy and entropy vdues (27,31,32) estimated from
high-pressure, high-temperature data reflect the derivative of the experimenta data and
therefore are prone to error. The combustion calorimetric values D; Hogg = -111.2 kImol

(34) and "Spg = 365 Jmol- K (36) were thus assigned a grester significance in the
assessment.

Since the congruent melting temperature of GaN has not been reliably measured, the
enthalpy and entropy of fuson are not known. Estimates (52) based on the two-band
electronegativity theory yiedded vadues of DS, for InN as 43 Jmol- K, 67 Jmol-K for
GaN, and 70 Jmol- K for AIN. In contrast, a comparison with smilar 111/ compounds
(54) predicted much lower entropies of fuson for the Group Il nitrides. The vaue for the
AIN, for example, was suggested to be 23 Jmol- K. In the present assessment, the
thermodynamic properties a the meting temperature were fitted and compared with the
previoudy estimated vaues.

Temperature- Composition Phase Diagram

The T-x diagram of the GaN sysem is unknown. There are only four independent
sts of measurements of the solubility of nitrogen in liquid gdlium in the 1400 to 1850K
temperature interva (24,27,30,31). The assessed Ga-rich liquidus curve and these data
are shown in Figure 1(a). It is obsarved that three of data sets (24,27,30) show limited
solubility, < 0.5% a N, in this temperature range, while one measurement (31) suggests
that up to 1 % a. N can be dissolved in gdlium at 1773 K. Based on the steep dope of
the liquidus curve, the low solubility of nitrogen in other Group Il metds, and
comparison with the evduated AI-N phase diagram (55), it is reasonable to expect the
formaion of a liquid miscibility gagp on the Garich sde of the phase diagram. A liquid
solution model was selected that was capable of predicting liquid phase immiscibility.

Pressure- Temperature Diagram

The vaues of the nitrogen partid pressure in equilibrium with (GaN + Ga-rich liquid)
mixtures, corresponding to the Garich liquidus on the T-x diagram, are summarized in
Table | and shown in Figure 2. The highest temperature a which GaN is experimentaly
observed to remain stable is 2573 K at a nitrogen pressure of 6- 104 am (31). The results



of the mog extensve high-pressure study (31) suggest that the temperature extrapolated
N, pressure is goproximately 4.5- 104 am at the predicted melting temperature of 2791 K
(30). Ovedl, the P(N,) daasst shown in Figure 2 is condgtent within the assessed

experimental errors, except for one set of measurements (27). These data show a lower
GalN decomposition temperature a a given N, pressure.

THERMODYNAMIC MODELS AND PARAMETER OPTIMIZATION

Solid GaN was treated as drictly stoichiometric in the assessment. Its Gibbs energy is

referenced to the stable dementa references (Hser). The enthapy term H* is the sum of
enthalpy vaues for gdlium and nitrogen in their gable forms a 1 am and 298 K, i.e,

H™ = "Hgazos + %2 Hyy 208 Combining the G, expression [1] with the caorimetric values
of DHags = -111.2 kImol (34) and ‘Sygg = 36.5 Jmoal- K (36) gives the following
expresson:

Ggan - HY =-128925+ 271,073 T-44.377- T- InT-6.301- 103 T2+58639- 10°T(Imd) [2]

Only the first two termsin this expression were re-adjusted in the optimization procedure.

The (Ga+N) liquid phase was modded as a disordered solution using a Redlich-Kister
polynomid (56) to describe its excess Gibbs energy. The totd Gibbs energy for the liquid

is represented by the reference (ref), ided (id), and excess @ contributions in terms of one

mole of atoms:

GHe = "¥GHa + Gt + #Ghe, [3]

where

961 =, G + %G, (34

G119 = RT (Xealea + XIX,) [3b]

TG =X @ Legh (eam %) ] =01 [3¢]
j

In these expressons x; is the aomic fraction of Ga or N and IL are adjustable model
parameters with a temperature dependence given by ngﬂ,f"N =la+lp. T.

Accounting for nonidedl behavior of the gas phase and assuming that the vapor phase
in equilibrium with the compound GalN is modly the N, species, the partial molar Gibbs
energy of nitrogen in the liquid mixture was arived a by goplying the Lewis-Randdl
rule (57):



GLI(PTX) =%GY,(1am,T) + RT- Inf?* (P,T)}, [4]
wherefR%° (P,T) isafugacity of pure nitrogen gas.

Usng equation [4], the experimental nitrogen vapor pressure data dong the liquidus

line have been introduced into the assessment in a form of GY"S(PYLS,TV°, x"*°), where

VLS

symbol denotes conditions a the three-phase equilibrium. Vaues for

foure(PYES TVE°) were caculated using the “Allprops’ program (45). As an example of

N2 ?

the magnitude of the deviation from ided solution behavior, the fugecity fy," & the
experimental pressure P/5°= 2.03- 104 atm (31) and T'"°= 1912 K is caculated to be
5.57- 10°am.

The CALPHAD procedure of obtaining a smultaneous quantitetive fit to al available
thermochemical and phase diagram data is described esewhere (258). In the
optimization process, each set of data from Tables | and Il was asigned a certain weight
based on the evauaed accuracy of the experimenta method, the vdidity of the results,
and the compdibility with other datasets The thermodynamic functions for the liquid
phase and for the GaN compound were optimized using the BINGSS software (2). The
best overdl fit to the experimenta data was achieved with two coefficients for the excess
Gibbs energy expresson [3c]. The optimized coefficients are liged in Table Il dong
with modified Gibbs energy expresson for the compound GaN in which the firs two
coefficients were reassessed.

Tablelll. Optimized parameters for the Ga-N system.

Liquid: equation [3c]
O, =-358115+21.74- T 'L =55558.6—7.68 T (¥mol K)

GaN : equation[2]
Ggan - H =-134869 + 270578 T-44.377- T- InT-6.301- 10°. T°+5864- 107T(Jd)

RESULTS AND DISCUSSION

The assessed model parameters listed in Table [11 were used to cdculate the phase
diagram and thermochemica properties of the GaN system. The calculated Tx and RT
projections of the RT-x phase diagram are shown in Figures 1 and 2, and compared with
the experimentd data used in this assessment. Except for the Ga-rich eutectic region and
the liquid miscibility gap in Figure 1, the cdculated lines on these projections correspond
to the three-phase equilibrium between GaN compound, liquid (met), and vapor phase.
For example, the temperature dependence of the N, and Ga partid pressures on P-T
projection in Figure 2 corresponds to the three-phase equilibrium dong the liquidus line
on T-x projection in Figure 1; and conversdy, the liquidus and solidus lines in Figure 1




represent phase relations and compositions a the equilibrium partid component pressures
from Fgure 2. For amplicity and snce the equilibrium gas phase is essentidly pure
nitrogen, the vapor compaosition lineisnot indicated on T-x projection.

The caculated T-x diagram is amilar to tha of the Al-N system (55), and shows a
deep liquidus on the Garich dde with an esimated maximum solubility of 7.3 % at. N at
the monotectic temperature of 2791.4 K. The enlarged Garich area in Figure 1(a) shows
reesondble agreement between the cdculated liquidus and the experimenta solubility
data, except for one measurement (31). The predicted liquid miscibility ggp forms a dome
with a maximum a 32 % a. N and 4278 K. The cadculated congruent meting
temperature at 2792 K is nearly identica to the predicted vaue (52) and is very close to
the assessed monotectic temperature.

Figure 2 shows that the caculated equilibrium nitrogen partid pressure is large even
on the Garich dde of the phase diagram. At the meting temperature of GalN the
equilibrium N, pressure is caculated to be 4.85- 104 am and close to the etimated vaue
4.5 104 am (30). The assessed nitrogen partid pressures corresponding to the (GaN +
Garich met + gas) equilibrium compare wdl to the experimental data The calculated
gdlium partid pressures for the three-phase equilibrium are 4 to 8 orders of magnitude
lower than the corresponding nitrogen pressures and are not supported by any
experimental measurements.

It is important to note that two the N, and Ga pressure loops shown in Figure 2, which
define the pressure-temperature gability region for GaN, do not overlap a any

temperature. This implies that the congruent sublimation reaction GaN® = Ga’ + %N,
for which the rdaion Pg = 2Py, should hold, is not redized under equilibrium
conditions. The incongruent sublimation of GaN is aso demonsrated on the isobaric
section of the P-T-x diagram, caculated a 1 am of nitrogen (Figure 3). This figure
shows that a standard conditions GaN sublimates incongruently by decomposing into a
gas phase (essentidly pure nitrogen) and a Garrich liquid & 1052 K which is wel below
its congruent mdting temperature. Incongruent sublimation of GaN has to be accounted
for in the andyss of themd dability studies. The pressure dependence of GaN thermd
dability as cdculated from P-T projection is shown in Figure 4. It demorstrates that the
overpressure of nitrogen should dways be maintaned during processng of GaN a high
temperatures, when no kinetic barrier exids for its decompogtion. The caculated
thermodynamic ingability of GaN is supported by the experimentd evidence of GaN
decomposition beow 1073 to 1123 K in vacuum or in nitrogen a 1 am (9,22,27).
Further discusson on defining conditions of synthess and therma anneding of Group I
nitrides, derived from cdculated P-T-x diagrams of the I1I-N systems, will be presented
in subsequent work.

Table IV shows the optimized thermochemica properties for the compound GaN.
When compared with the experimenta vaues from Table Il, the assessed standard
enthapy of formation and absolute entropy a 298 K are much closer to the direct
caorimetric determinations in (34) and (36), respectively, than to the values derived from
partia pressure data (27,32).



TablelV. Caculated thermochemica properties for the GaN compound.

D? Hzggk\]/md D?SQgs Jmol- K 08298 Jmaol- K Tm K DSn Jmal- K
-117.1 -99.5 37.0 2792 315

The cdculated entropy of fuson is comparable with the predicted value of (54), in
contrast to the much higher estimates of (52). The absence of experimenta information
on the enthdpy of mixing in the liquid, which would help in separaing optimized Gibbs
functions into enthdpy and entropy terms, makes it difficult to choose a rdiable vaue for
DS, from an optimization based entirely on the phase diagram and vapor pressure data.
Therefore, more experimental data on melt properties are needed to produce a reliable
description of the liquid phase in this and other Group 111 - nitrogen systems.

CONCLUSION

A st of consgent thermodynamic data on phases and phase equilibria in the Ga-N
system has been produced based on criticdly evaduated experimental data. The best
description of the thermochemica and phase diagram data has been achieved with the
Redlich-Kister polynomia for the liquid phase, a line compound modd for GaN, and
accounting for non-idedlity in the gas phase with an equation of state for nitrogen.

The compound GaN is predicted to melt congruently at 2792 K provided a nitrogen
pressure in excess of the equilibrium pressure 4.85- 10* am is mantained. The GaN
sublimation behavior, as evaduated from the temperature dependence of component
parttid pressures, is likdy to be incongruent in the entire temperature range of GalN
exigence. Its decompostion temperaiure a one amospheric pressure of nitrogen is
cdculated to be 1052 K. This thermd indability of gdlium nitride should be taken into
account in annealing experiments at elevated temperatures.
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Tablel

Summary of experimental data for the three- phase equilibrium:

solid(GaN) + liquid(Garrich) + vapor(N2)

Tempera- Nitrogen Assessed
Experimenta methods ture range, pressure uncertainty, | (Ref.)
K range, atm %
+DT +DP
Thermal treatment of GaN in N,, NH; | 1023-1343 0.83 1 20 9
Thermal treatment of GaN in vacuum 873-1273 | 10°-10 1 20 15
Thermal treatment of GaN in N, in 1873 700 1 5 16
high pressure autoclave
Thermal treatment of GaN in N, 973-1073 1.0 1 1 22
Thermal treatment of GaN in vacuum 1373 ~ 107 1 30 23
Formation of GaN from Gd and 1173-1423|  6-600 1 20 24
NHs. decomposition of GaN in H
Formation of GaN from Gd and 1173-1373 ~100 1 20 25
NHs3
Formation of GaN from Gd and 1273 ~100 1 20 26
NHs
Thermd treatment of GalN in N2 in 1173-1523 | 10-7,000 0.5 20 27
ahigh pressure vess
Thermd treatment of GalN in N2 in 1473-1853 not 2 20 | 28-30
ahigh pressure autoclave monitored
Growth of GaN from Ga-rich mdt 1273-2573 | 100-60,000 | 1-10 | 5-15 | 31,32
in N ; heat treatment of GaN in N»
in high pressure autoclave
Growth of GaN from Gd and NHs; 1223 not 1 - 33
heat treatment of GalN in vacuum monitored
Tablell Experimenta heat of formation and standard entropy of GaN at 298 K.
T, D?Hpog | £ DDH | "Syeg | *DS

Experimental methods K k¥mol | k¥mol | Jmolx | JmobK | (Re)
Derived from P(T) curves 1173-1523 | -152.1 15 - - 27
Derived from P(T) curves 1273-2573 | -152.2 15 19.24 4 31,32
Combustion of GaN ina 1223-1373 | -111.2° 5 - - 34
bomb-caorimeter
Double comparison with 208-1500 | -104.3 20 36.4 6 35
AIN, AlSb and GaSh
Cp(T) messurements 5-300 - - 36.5 3 36
Cp(T) messurements 55-300 - - 36.9 3 37

*- re-cdculated using data for Gaand Ga,O3 from (38).
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Fig. 2 P-T projection of the three-phase equilibrium GaN + liquid + gas.
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