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Abstract: Based on thermodynamic equilibrium theory, a chemical equilibrium model for GaN growth is given in
electron cyclotron resonance plasma enhanced metalorganic chemical vapor deposition (ECR-PEMOCVD) system.
Calculation indicates that the growth driving force are functions of growth conditions: group Il input partial pres—
sure, input V/III ratio, and growth temperature. Furthermore, the growth phase diagrams of hexagonal and cubic

GaN film growth are obtained, which are consistent with our experimental conditions to some extent. Through

analysis, it is explained the reason that high temperature and high input V/III ratio are favorable for hexagonal

GaN film growth. This model can be extended to the similar systems used for GaN single—crystal film growth.
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1 Introduction

GaN is one of the most promising wide band
gap semiconductors for applications in short-wave—
length light emitters and high-temperature elec—

121 Tt is found that the kinetics and

tronic devices
thermodynamics of GaN film growth relate to the
following factors strongly: the kinds of source gas—
es, substrate, growth pressure, growth tempera-—
ture, carrier gas and geometry configuration of re—

actor chamber, which is explained by equilibrium

thermodynamic analysis; growth phase diagram
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thermodynamic and fluid dynamics'”. Many inves—
tigators have made successful predictions for Al-
GalnAsP III-V group materials using thermody-

5

. g . 3~ .
namic equilibrium models' T hermodynamic

studies on metalorganic vapor phase epitaxial
growth'® ™ or molecular beam epitaxial growth'”
of group III nitrides have been also reported and
discussed recently.

This paper reports the thermodynamic study
on GaN film grown in ECR-PEMOCVD system. In
low pressure MOCVD system, diffusion is the

main mechanism of various molecules propagation,

* Project supported by National Natural Science Foundation of China ( No. 69976008) , National High Technology Research and Development

Program of China( No. 715-011-0033)

Wang Sansheng male, was horn in 1973, PhD candidate. He is engaged in the epitaxial growth of III/V group semiconductor materials and

related I||{-fnry for gm\\'lh mechanism.

Gu Biao male, was born in 1938, professor. He is engaged in the low temperature plasma science and its application on the material field.

Received 18 December 2003, revised manuscript received 30 A pril 2004

©2004 The Chinese Institute of Electronics



1042 oo &

i 25 4%

so the quasithermodynamic equilibrium can be
reached at the gas-solid interface. The suitable
growth phase diagrams of hexagonal and cubic
GaN are calculated. The different growth mecha-

nisms of hexagonal and cubic GaN are discussed.

2 The theoretical analysis of GaN
growth in ECR-PEMOCVD sys-
tem

In our ECR-PEMOCVD system, trimethyga-—
llium (TMG) was used as the Ga source; H2 was
used as carrier gas. The N source was produced by
discharge of N2 in the ECR zone'"”. GaN was epi-
taxially grown on Si(001)'", or GaAs(001) sub-

[2.1

strates'”™ " In low —pressure MOCVD system, the
growth area locates at the downstream of glow dis-
charge of plasma, which is far away from magnetic
fields in ECR zone, so we assume that no magnetic
field exists in growth area on substrate surface.
Thus the movement of active particles and gas
molecules produced by ECR discharge is mainly a
diffusion process, so we can divide GaN film
growth process into following stages:

(1) Mixed gases and excited particles were de-
livered to the deposition area;

(2) Reactant molecules which remained gas
phase diffused onto substrate surfaces from main
flow;

(3) Reactant molecules were absorbed onto
substrate surface;

(4) Chemical reactions occured between ab—
sorbed molecules or between absorbed molecules
and gas molecules, desired deposition particles and
reaction byproducts were produced, at the same
time desired deposition particles migrated on sub-
strate surface and combined into crystal lattice;

(5) Reaction byproduct molecules desorbed
from substrate surface;

(6) Reaction byproduct molecules diffused in-
to main flow outwards, then were vented to ambi-
ent atmosphere.

In such a system, a quasithermodynamic equi—

librium can be reached to the gas-solid interface.

It is reported™", when mixed with H2, TMG
was decomposed irreversibly above 600C accord-
ing to the following homogeneous reaction near the
vapor-solid interface:

Ga(CH3)s(g) + (3/2)Ha(g) —Ga(g)+ 3CHa(g)
(1
Then Ga(g) reacted with reactive nitrogen atoms
delivered from gas phase to gas-solid phase inter—
face, resulted in GaN film growth, namely
Ga(g)+ N(g)= GaN(s) (2)
where g and s denote gas phase and solid phase, re-
spectively.
The equilibrium constant expression of reaction

(2) is Kp= (3)

PGap N

The following condition of restriction can be ob-
tained from reaction (2)

pla— poa= pY— px (4)
where pt. and pX% denote input partial pressure of
corresponding element respectively, pc. and px~ de-
note equilibrium partial pressure of corresponding
element respectively. The driving force of reaction
(2) can be obtained from expression (3) and (4)
Ap = p?:.-.— P Ga

p:} p?;.-l( 1 - x) + \'II[J?;;;( | - x}z + 4/K|)
Ga —
2

ph/2(1+ x = (1= %)%+ 4/(K,pl?)) (5)
where x= p/pta, denotes input V/III ratio.
The equilibrium constant of reaction (3) is the fol-
lowing expression

AG’= - RTInK, (6)
AG’ can be obtained from the following expres—

. [16~ 20
slon

AG'= A+ B/T+ CTInT + DT + ET* (7)
where A = - 2.090 X 10°, B= 8. 484 X 10°, C=
- 2.547X10°,D=9.189X10 % E= 2.570X10" "

As is pointed out, the above analysis is suit—
able for both hexagonal and cubic GaN, but the
value of AG' is different for hexagonal and cubic
GaN growth. The above value of AG is for hexago-
nal GaN growth. Because the value of AG’ for cubic

GaN is unknown now, we consider the different
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value of AG’ for that between graphite and dia—
mond'*"". Within the temperature range of 600~

900°C, the value of AG (absolute value) of diamond
is 4% ~ 13% of that of graphite, however, when
the structure difference of hexagonal and cubic
GaN is considered not so large as that of graphite
and diamond, we assume that the value of AG’(ab-
solute value) of cubic GaN is 30% of that of
hexagonal GaN. The reason for adopting the above
assumption is that the following calculated growth
phase diagrams of cubic GaN are well fit to our ex—
perimental data, and the calculating deviation is
5% or so, according to our recent theoretical calcu-
lation based on the thermodynamic and statistical
physics'™ . In the following discussion, GaN is re-
ferred to hexagonal GaN if cubic GaN or hexagonal

GaN is not used in the text.

3 Results and discussion

Figure 1 shows the equilibrium partial pres-
sure of Ga(g) and N(g) over GaN films as a func—
tion of input V/III ratio. The dotted denotes pcu:
the dashed denotes vapor pressure of Ga metal,
pts. We can see that the equilibrium partial pres—
sure changes dramatically when V/III ratio equals
to 1, and that almost all Ga elements are segregat—
ed into solid phase when V/IIl ratio is greater than
l. So the equilibrium partial pressure of Ga(g) is
very low. Contrary to this situation, almost all of N
elements are segregated into solid phase when V/
[Il ratio is less than 1. So the equilibrium partial
pressure of N element will become very low.

Figure 2 shows the driving force for GaN de-
position, Ap as a function of input V/III ratio for
several input pressure of pts at 700°C. The driving
force depends on input V/III ratio and input par-
tial pressure of the group Il elements. The Ap de—
creases with the decrease of Ap@., when Apa re—
mains constant, the Ap increases with the increase
of the V/III ratio up to 1, then it becomes constant
for V/III> 1, reflecting the deposition of Ga into

the solid phase as shown in Fig. 1.
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Fig. 1  Equilibrium partial pressure of Ga(g) and
N(g) over GaN films as a function of input V /I ra-
tio with ptais 1.33X 10" *Pa (a), 1. 33X 10" “Pa (b)

at 700°C, respectively
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Fig. 2 Driving force for GaN deposition, Ap as a
function of input V/III ratio for several input pres—

sure of pla at 700C
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Figure 3 shows the calculated phase diagrams for the input partial pressure of III group source gas.
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ferent growth temperatures. In Figures, abscissa (pca> Apca), droplet area(pta< pca< péa), and
represents input V /Il ratio, ordinate represents growth area(pca< ApGa, p < pa).
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Fig. 3 Calculated phase diagrams for hexagonal GaN(a), cubic GaN (b) deposition at different growth temper-

atures “-:droplet area; 1 :etching area; B: growth area

From Fig.3(a), we can get the suitable condi- Combined with the effect of the driving force of
tions for hexagonal GaN growth. When V /III ratio GaN growth, GaN growth areas should be located
is less than 1, the droplet area expands when the within the region that V/III ratio is greater than
growth temperature is decreased. Moreover, the 1. Tt is well known that the growth at high temper—

etching area emerges at high growth temperature. ature is favorable for improving the erystal quality
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of GaN, so when selecting experimental parame-
ters, high growth temperature and high V/III ratio
are desired. Nevertheless, if selected growth tem-
perature is too high, we can see that the etching
area emerges except the droplet and growth areas,
moreover, the etching area enlarges with increasing
temperature, at the same time the growth area is
restricted.

From Fig. 3 (b), the suitable conditions for
cubic GaN growth can be obtained, which are dif-
ferent from those of hexagonal GaN growth. There
is almost no growth area when V/III ratio is less
than 1, the droplet area dominates in low tempera—
ture area, which will be constricted with increasing
growth temperature, while the etching area will be
enlarged quickly. As can be seen, the suitable
growth conditions for cubic GaN is 600~ 700C
growth temperature and the V/III ratio should be
greater than 1. In our experiments, the growth con-
ditions for hexagonal and cubic GaN films growth

are' p ta~1.33 X 10"’ Pa, growth temperature:

600~ 700C, 580~ 650C: input V/III ratio: 10~

100, 2~ 20, respectively. Which are both located in
the growth area of calculated growth phase dia-
grams.

From Fig. 3, as can be seen, at higher growth
temperature ( for example, 800C), even at the
same V/IIl ratio value (for example, 100), when
p?;.-- is low (for example, 1. 33 X 10 “Pa), the cubic
GaN is located in the etching area, while the hexag-
onal GaN is located in the growth area, so hexago—
nal GaN can be epitaxially grown on GaAs(001)"*"
or Si(001) substrate. That is, high temperature is
favorable for hexagonal GaN growth.

It is well known that high input V/III ratio is
favorable for hexagonal GaN growth, which can be
explained from Fig. 4. At a given growth tempera-
ture, for example, 800°C, with the increasing input
V/III ratio, the hexagonal and cubic GaN growth
both trend to the growth area, but, unfortunately,
the growth area of cubic GaN is less than that of
hexagonal GaN. At the low P?’-u range, a etching

area emerges for cubic GaN, so with the increasing

input V/III ratio, p & is reduced and the cubic GaN
growth will be located in the etching area gradual-
ly, but at the same time, the hexagonal GaN
growth is located in the growth area already. T hat
is, high input V/III ratio is favorable for hexagonal
GaN growth'™.

4 Summary

T he theoretical analysis for hexagonal and cu-
bic GaN film growth is carried out with equilibrium
thermodynamic method in our ECR-PEMOCVD
system. The driving force for GaN growth is de-
pendent on the growth conditions including the in-
put partial pressure of III group source (p&), the

V/1II

T hrough calculations the growth phase diagrams of

input ratio, and growth temperature.
hexagonal and cubic GaN film growth are ob-
tained, which are consistent with our experimental
conditions to some extent. Through analysis, we
explained the reasons that high temperature and
high input V/III ratio are favorable for hexagonal
GaN film growth. The above model and analysis
can be easily extended to similar systems, such as
26]

gas source molecular beam epitaxy (GSMBE)'™,

metalorganic molecular beam epitaxy
( MOMBE )", for growing GaN single-crystal
film.
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