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ABSTRACT

The kinetics of the heteroepitaxial film growth of GaN on sapphire by
chemical vapor deposition was investigated under a variety of experimental
conditions. The growth rate was observed to be linear with time for all con-
ditions studied and was found to be significantly influenced by the following
factors: composition of the reactants in the vapor, temperature in the re-
action zone, substrate orientation, and dopant concentration. The Gibbs free
energy change for the main deposition reaction was evaluated as a function
of temperature and reactant composition using available thermochemical data
and compared with the observed deposition rate. An apparent discrepancy
between predicted and observed deposition rate was attributed to local differ-
ences in NHs composition due to decomposition and/or to the uncertainty in
available thermochemical data. Significant observations are reported con-
cerning the decomposition kinetics of NH; in different growth ambients.

Gallium nitride (GaN), a III-V compound semicon-
ductor, has a direct bandgap of 3.4 eV at room tem-
perature (1, 2) and crystallizes in the wurtzite struc-
ture. Nominally pure GaN is invariably an n-type con-
ductor with the carrier concentration in the 1018-101%
cm~—3 range and resistivity in the 10—2-10—-3 @Q-cm
range (3-7), the donors presumably being native de-
fects such as nitrogen vacancies (3, 5, 8, 9) or gallium
interstitials., Attempts to change the carrier type by
p-type doping have been unsuccessful, presumably
due to self-compensation; however, addition of group
II elements such as Mg (3) and Zn produce insulat-
ing material (10-12). The large direct bandgap has
prompted interest in this material for optoelectronic
devices and recently GaN metal-insulator-semicon-
ductor (MIS) light emitting diodes have been reported
that emit violet (13), blue (10), green (11), and yel-
low (12) light. In addition, the piezoelectric proper-
ties and high acoustic velocities in this material make
it attractive for acoustic devices (14). A major prob-
lem encountered in these device applications has been
the quality of the material, particularly the reproduci-
bility in the synthesis of material suitable for devices.
The preparation of this material is an intriguing and
challenging problem.

Gallium nitride is chemically inert but thermally un-
stable; GaN decomposes into the component elements
prior to melting (15-18) (the normal decomposition
temperature is ~800°C) and the high temperature and
pressure for the coexistence of solid and liquid [esti-
mated to be 2000°C and 105 atm (19)] make melt
growth unfeasible. All practical methods for the syn-
thesis of GaN utilize an active source of nitrogen, such
as ammonia, NHy. The most promising growth tech-
nique for device material has been the heteroepitaxial
chemical vapor deposition utilizing NHj;, a vapor source
of Ga (usually GaCl), and a sapphire substrate. A sig-
nificant feature of this process is the use of NH; as an
active nitrogen source under conditions where NHj is
thermodynamically unstable. Thus, factors influencing
the kinetics of NH; decomposition are highly relevant
to this deposition process.

The present work was undertaken to interrelate the
growth conditions, the growth kinetics, and the film
characteristics for the heteroepitaxial deposition of
GaN films, We present the following relevant observa-
tions and analyses: a development of the thermody-
namics for the deposition reaction, measurements of
the catalytic decomposition of NHj in typical growth
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environments, and measurements of growth kinetics
under a variety: of experimental conditions. These
experimental observations are discussed in terms of
the optimum conditions for GaN film growth for device
applications.

Gallium nitride growth apparatus.—A previous study
(2%) has established the main GaN deposition reaction
to be

GaCl(g) + NH3(g) = GaN¢sy + Hpcey + HCley 1]

for the conditions used in the present investigation. The
growth apparatus is a conventional hot wall open flow
reactor and is diagrammed schematically in Fig. 1. The
essential zones of the reactor are a source zone where
GaCl(y) is generated by passing HCl over Ga, a mixing
zone where GaCl) is mixed with NHj), and the
deposition zone where the reaction mixture produces a
deposit of GaN on the substrate as well as on the re-
actor walls. A sidearm, containing a crucible filled with
Mg, is used to introduce Mg vapor into the mixing
zone for the purpose of Mg doping. The temperature
of the Mg source and the carrier gas flow rate deter-
mine the relative amount of Mg introduced. A stop-
cock and forechamber accommodate the introduction
and withdrawal of the substrate without cooling the
system to room temperature, thus facilitating several
successive runs with a minimum of interruption. Pal-
ladium-diffused hydrogen was the carrier gas for all
components. Thermocouples were used to monitor the
temperature of the Mg source crucible and the sub-
strate, Sapphire substrates of either basal plane orien-

tation (0001) or R-plane orientation (1102) were used.
Further details of the process, such as specific tem-
peratures and flow rates, are given in the discussion
below and in a previous publication (13).

Basic reaction.—There are four reactions of central
interest for the GalN deposition, two concerning the
supply of reactants to the reaction chamber and two
concerned, respectively, with the formation and deple-
tion of GaN. The Ga source reaction is its conversion
to GaCl by the reaction

BGagy + HCl(gy = GaCleg + 8/2 Hagy
4+ (1 —p8) HCl [2]

where g is the conversion efficiency. At the tempera-
ture in question, the equilibrium conversion efficiency
is essentially unity; however, the extent of attainment
of equilibrium depends on several factors, principally
the residence time of the HCl() over the liquid Ga
source, the Ga surface area, and the nature of the stir-
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ring of the gaseous environment in the source zone.
The other reaction that concerns the source of reactants
is the decomposition of NHz(g)

3a
NHj3g) = (1 — a) NHaeg) + o/2 Nag) + 5 Hygy [3]

where o is the degree of dissociation and is influenced
principally by the temperature, partial pressure -of
NHj;g), the residence time of NH; in the reaction
zone, and the catalytic nature of the environment in
the reaction zone. The main formation reaction of GaN
was given in Eq. [1]. As was already mentioned, GaN
is unstable at elevated temperatures and tends to de-
compose into the elements

1
GaN¢) = Gamy + ?Nztg) (4]

It is informative to compare the standard Gibbs free
energy changes for the last three reactions, as given
in Fig. 2. It is obvious from this figure that the decom-
position of NHs and GaN is overwhelmingly favored
in the temperature regime of interest (growth temper-
atures ca. 1200°-1400°K). The fact that epitaxial growth
actually occurs at these temperatures is a consequence
of the sluggishness of the NH;s decomposition. It is ap-
propriate to consider the influence of the extent of am-
monia decomposition, «, and the conversion efficiency
to GaCl, g, on the driving force for the deposition re-
action by applying the reaction isotherm to Eg. [1]

AG = AG® 4 RT In(acantuci@ms) / (Ggacianns) [5]

where a’s are the activities of the different species de-
noted by the subscripts and AG and AG® are the change
in Gibbs free energy and the standard Gibbs free en-
ergy, respectively.

Assuming that the gaseous species are ideal and GaN
is a pure phase, then

agay = 1, emci = (1 — B)Puc, Cgact = BPHCDL
anp = Pu2 + B/2 PuC1 4 32/2 PxH;, @vmz = (1 — a)PNug

The flow rate of HCl is much smaller than that of
NH; or Hy, or
Prc1 << PNH3 PHp

and the total pressure is 1 atm, thus

PHg = 1 — Dnmj
and we may write

AG = AG®° + RT {In(1 — g/B)

+ In[1+4 (32/2 — 1)pxu3l/ (1 — o) prust  [6]
Here

AG® = (AG°gan + AG°Hel + AG’Hy)
— (AG°gact + AG°NH3)

and AG®’s are the standard Gibbs free energy of forma-
tion for each species in guestion. Literature values for
AG® as a function of T (in °X) are

AG°gan = 1.34 x 10-2T2 — 15.27T + 1.48 (15)
AG gac1 = 2.14 X TIn T — 29.42T — 1.68 x 10% (21)
AG°ne1 = 141 X TInT — 12.71T — 2,08 x 10 (21)

with AG°ny, = 0 and AG°ypj taulated in the JANAF
table (22),

AG® and AG can therefore be plotted as a function of
T with different values of « and 8, as shown in Fig. 3
and 4. As can be seen in these figures, AG® and all
AG’s go through a maximum as temperature changes.
The peak shifts toward the lower temperature side
with decreased value as either « increases or g de-
creases. This indicates the existence of an optimum
temperature as far as the local thermodynamic affinity
is concerned. The broken lines in the figures indicate
the temperature regime commonly used for growth.
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It should be noted that the affinity in question is the
initial affinity and as the reaction proceeds the con-
cenfration of HCl increases and causes the affinity to
decrease in accord with Eq. [5].

Experimental
It is obvious from the foregoing discussion that the
concentrations of GaCl() and NHz(g) are key factors
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in determining the basic thermodynamic driving force
for the deposition reaction. Hence, factors affecting
their concentration will certainly influence the nature
of the GaN deposit. In this section we describe the
téchniques that were employed to study the conversion
efficiency of Gagy to GaCly and the parameters in-
volved in the decomposition of NH;. In addition, we
describe techniques that were used to measure the
growth rate of the deposits under a variety of experi-
mental conditions.

Determination of the Ga-GaCl conversion and the
extent of NH3; decomposition.—Both the Ga~-GaCl con-
version and the extent of NHj decomposition were ac-
complished by a straightforward acid-base titration
technique. For all determinations, the actual growth
system was used (Fig. 1) with the addition of a
manometer connected to the sidearm to monitor the
pressure of the system and the addition of a series of
three traps at the outlet to trap the effluent gases for
analysis. The three traps were used to ensure that there
was complete trapping of the gas in question. The con-
ditions of temperature, gas composition, and gas flow
rates spanned the range of interest for the actual epi-
taxial growth procedure. In the case of the Ga-GaCl
conversion, a mixture of HCI and H; gases was flowed
over the Ga boat in the source zone and the unreacted
HCI collected in a series of three aqueous traps. The
total HC1 collected was determined by titration with
a standard 0.1N NaOH solution. The actual HCI flow
rates were checked by running the experiment without
the presence of Ga, thus, no conversion of the HCl. A
cross check on the Ga-GaCl conversion was obtained
by measurement of the weight loss of the Ga boat in
the source zone. In the case of the NH3 decomposition
study, the approach was similar except that in this
case a NH3-Hg gas mixture, after passing through the
furnace, was passed through a series of traps containing
HC]; the first trap contained a standardized 5N HCl
and the second and third 1N HC). The respective flow
rates of NHz and H; were 1060 and 1440 ml/min and
the back pressure caused by the traps was approxi-
mately 0.8 psi, a pressure well below the level corre-
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sponding to any significant leak rate. The amount of
NH; trapped was determined by titration of the re-
maining HCl in all three traps using a standard 1IN
NaOH solution. In these experiments, an appreciable
amount of time was allowed for the system to-reach
a steady state before sampling of the effluent was be-
gun. The NaOH and the HCI solutions were standard-
ized using potassium biphthalate weighed on a Mettler
microbalance. The indicators used in the standardiza-
tion and the HCI titration were o-cresolphthalein and
methyl red, respectively. Similar to the HCI case, the
actual flow of NH; was checked by flowing the gases
through a cold furnace under conditions such that no
decomposition would occur.

Growth rate determination.—The growth of GaN was
determined by weighing the sapphire substrate on a
Mettler microbalance prior to and subsequent to the
GaN deposition for a given time of deposition with
specified deposition conditions., The growth rate, ex-
pressed in terms of micrometers per minute was ob-
tained by converting the weight gain to thickness. The
latter assumption was justified as reasonable by ob-
servations of the deposit using both optical and scan-
ning electron microscopy. The growth rate was also
determined by direct thickness measurements by frac-
turing the sample and viewing the layer in cross section
with a vernier lens, using optical microscopy.

Experimental Results

Conversion efficiency of HCI to GaCl (8) and the ex-
tent of decomposition of NH; (a).—The quantities g
and « are essential for the prediction of the affinity
of the main deposition reaction and were determined
for a variety of experimental conditions in the range of
interest for actual deposition systems. Figure 5 shows
the results of the determination of the HCI conversion
efficiency as a function of the HCl flow rate at a tem-
perature of 950°C. As expected, the conversion effi-
ciency decreases as the flow rate increases, presumably
due to a decreased residence time. For the highest flow
rate studied, the conversion efficiency was ~97% as
compared with ~99% for the slowest flow rate (which
was ~1/10 of the maximum). Thus, for all the condi-
tions used in the present study, the conversion may be
regarded as complete.
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The degree of NH; dissociation was determined as a
function of temperature for several different environ-
ments and the results are summarized in Fig. 6. As
shown by this figure, if the NH; contacts only pure
quartz tubes (vitrified or devitrified) or a new graphite
liner (Grafoil) the degree of dissociation is linear
with temperature and ranges between 2 and 6 and 5
and 10%, respectively, for the temperature interval
of 900°-1150°C. If, however, GaN is predeposited on
the Grafoil liner, the thermal history of the liner be-
comes important. When the predeposited GaN was
annealed in an ambient of NHj sufficient to prevent
decomposition of Gal, the extent of decomposition was
the same as for the pure graphite environment. When
GaN is annealed in pure N; or pure Hs prior to expo-
sure to NHs, a significant enhancement in « occurs at
elevated temperatures, with an apparent threshold
temperature of ~1050°C for the Hs annealing case. To
ascertain the reason for the enhanced catalytic effect
and the significance of an apparent threshold tempera-
ture, the surfaces of GaN were examined by scanning
electron microscopy (SEM) after appropriate anneals
and the results are shown in Fig. 7. After annealing in
a pure Hy ambient at 1000°C for 1 hr, the appearance
of Ga droplets due to the decomposition is easily de-
tected. Subsequent annealing in a NHjz-containing
ambient results in a uniform texture if annealing is
carried out at a temperature below the threshold tem-
perature, presumably due to the reformation of GaN
from the Ga droplets. By contrast the droplets will
persist if the annealing with NH; is performed above
the threshold temperature. The supposition of the pres-
ence of Ga in the SEM micrographs was confirmed
using x-ray diffraction. Since GaN itself was shown to
have little influence on the decomposition of NHjs, there
are two possible reasons for the anomalous enhance-
ment in the catalytic decomposition of NH; caused by
the partial decomposition of GaN: the presence of pure
liquid Ga, or the coexistence of Ga-GaN.

To determine the role of liquid Ga, a sample of pure
Ga was placed in a boat located at the NHj; inlet.
There was no significant influence on the NH; decom-
position for temperatures below 1000°C and a thin coat
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Fig. 7. Secondary emission micrographs of GaN-predeposited Grafail liner: (a, left) after annealing in Hg-only ambient for 1 hr gt
about 1000°C after pussing NHg through the liner shown in (a) for 30 min; (b, right) at temperagtures below the “threshold” point; and

(c, bottom) at temperatures above the “threshold” point.

of GaN formed on the Ga. Above 1025°C, however, a
dramatic change occurred; significantly more NH3z was
decomposed and the Ga reacted to form a large amount
of dark gray spongy material which filled the tube
but did not block the gas flow. Between 1000° and
1025°C, a golden spongy material was generally formed
with no enhancement in the extent of N3 decomposi-
tion. The fact that pure Ga reacts with NH; at all
temperatures investigated implies that it does not de-
compose NHj rapidly, otherwise NH; would not be
available for the formation of GaN.

The material obtained above 1025°C was analyzed
by x-ray diffraction and by chemical analysis. It was
found to be a conglomerate containing about 60% Ga
and 40% GaN in polycrystalline form. The SEM micro-
graphs of this material, Fig. 8, demonstrated the gen-
eral porosity of the materials (Fig. 8a) which was the
result of the formation of numerous fine dendritic crys-
tallites (Fig. 8b). The Ga in the conglomerate was re
moved with aqua regia exposing micrometer-sized
GalN dendrites (Fig. 8c). The catalytic nature of this
conglomerate material was investigated by placing a
sample near the NH; inlet and performing the titra-
tion analysis as previously described. The results,
shown in Fig. 6, show a similar behavior to the hydro-
gen-annealed GaN material except that the “thres-
hold” temperature is lower. This confirms that the co-
existence of Ga and GaN has a significant catalytic ef-
fect for the decomposition of NH;. The lower threshold
temperature for the conglomerate material is presum-
ably the result of more total surface area.

For comparison purposes, the catalytic activity of a
well-known catalyst for NHz decomposition was eval-
uated in our system. The catalyst was fine Fe particles
obtained by decomposition of FeCl; on Grafoil in a
hydrogen ambient and caused virtually complete de-
composition of the NHj3 at 1150°C, as seen from Fig.
6, and it is known that this catalyst is of comparable
effectiveness at lower temperatures as well, It must
be emphasized that the GaN-Ga conglomerate would
not be an effective commercial catalyst for ammonia
synthesis; however, its catalytic effect would certainly
influence the chemical vapor deposition of GaN.

Growth rate studies.—The growth rate of heteroepi-
taxial GaN depends on the following parameters: the
growth temperature, the flow rate of reactants, sub-
§trate orientation, growth environment, and Mg-dop-
ing,

To study the influence of these growth variables, dif-
ferent temperature profiles, providing growth tempera-
tures within the range of interest as indicated in Fig.
2-4, were investigated and two representative profiles
selected for more extensive examination. The results
are summarized in Fig. 9 and 10 for average tempera-
tures of 1050° and 950°C, respectively. The modest in-
crease in the furnace temperature during actual growth
(the dashed curve) as compared to the profile when
only Hy carrier gas is passed through the furnace
(the solid curve) is attributed to the exothermic na-
ture of the reaction. Since it was established that the
growth rate is linear, for given growth conditions (Fig.
11), the growth rate for each individual condition may
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Fig. 8. Secondary emission micrographs of Ga-GoN mixture: (g, left) at 50X; (b, right) at 2500 ; and (c,

after removing Ga.
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growth, Several important trends that are apparent

from these graphs may be summarized as follows:
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(i) Growth temperature—Comparison of identical
substrate positions for the high and low temperature
cases established that the growth rate decreases with

Downloaded 09 Feb 2012 to 128.125.76.3. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Vol. 125, No. 7
1000

A. 1T02)-substrate at 2cm
Tota! flow rate 2500ml/min.

DNH3=O.4220fm, pHu:O.OOGmm
900 g, 10001)- substrate at 2c¢m

Total flow rate 2500 mt/min.
Pyu_=04220tm

800 P, =0006atm

C. (ITO2)-substrate at 2

| Total flow rate
700 2550 mi/min.

P =0.4i6atm
H3

(pern)

N
600 |- B, =0020atm

500

400

300

THICKNESS of GaN

200

100

Lo L 1 1
O 40 80 120 160 200 240 280

GROWTH TIME (minutes)
Fig. 11. Plot of undoped GaN layer thickness ys. growth time

increasing temperature within the temperature regime
of interest for both R-plane and basal-plane substrates.
The temperature gradient at a specific growth site is
generally not a major factor unless it is extremely
shallow or steep. For shallow gradients, the heat of
reaction is not conducted away as rapidly and the tem-
perature increases as growth proceeds with a conse-
quent influence on the growth rate and the surface
morphology. For steep gradients, there is evidence of
a homogeneous reaction in the gas stream prior to the
heterogeneous reaction at the substrate.

(i1) Flow rate.—The influence of gas flow rate concerns
the total flow rate, the carrier gas flow rate, and the
flow rates of the reactant gases (HCl and NHj). The
influence of changing the individual reactant gas flow
rates was most extensively studied. The results for
two sets of NH; and HCI flow rates, with the hydrogen
carrier gas flow rate kept constant, are shown in Fig.
9 and 10, and the influence of varying individual re-
actant gas flow rate is described in Fig. 11 and 12. It
is evident that the growth rate increases with increas-
ing flow rates of the reactant gases if either one or
both rates are increased.

(iit) Substrate position.—As shown in Fig. 9 and 10,
the growth rate decreases as the substrate position is
moved downstream from the NHj; inlet, presumably
due to the depletion of the reactant species caused by
deposition on the Grafoil liner prior to encountering
the substrate.

(iv) Swubstrate orientation.—The growth rate on the

(1102) or R-plane orientation was observed to be
greater than that on the (0001) or basal-plane orien-
tation for all the conditions investigated in this study,
as shown in Fig. 9-12.

(v) Growth environment—The enhanced NH; de-
composition caused by the coexistence of Ga-GaN, as
described in the previous section, has a direct influence
on the growth rate at temperatures where part of the
system is above the threshold temperature of ~1000°C
for enhanced ammonia decomposition (cf. Fig. 6).
Thus, for the higher temperature series, described in
Fig. 9, there is a significant decrease in the growth
rate if the growth environment includes Ga-GaN co-
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existence, as the result of the annealing of pregrown
GaN in a Hy ambient. For the low temperature series,
however, where there is no part of the system above
the threshold temperature (Fig. 10), there is no dif-
ference observed for two different growth environ-
ments. -

(vi) Mg-doping.—A previous study (1) had shown that
the rate of GaN deposition was lower during Mg dop-
ing than during growth prior to the doping. This im-
plied that either Mg doping retarded the growth rate
or the growth rate was not linear with time (i.e, the
growth rate was smaller at later times when Mg dop-
ing was occurring). The present study has established
that the growth rate of the undoped layer is linear with
time, thus Mg doping must decrease the growth rate.
This decrease was established experimentally, with
the results shown in Fig. 13. As can be seen from this
graph, there is a substantial decrease in growth rate
for either substrate orientation as the partial pressure
of the Mg (as controlled by the temperature of the
Mg reservoir) is increased in the growth system.

Discussion

Catalytic effect.—It has been established in this study
that the growth environment can significantly influence
the extent of NH; decomposition; limited decomposi-
tion occurs in quartz and graphite environments (up
to ~10%) whereas more extensive decomposition oc-
curs (up to ~60%) above a threshold temperature of
950°-1050°C if Ga and GaN coexist. It is appropriate
to compare these results with previous investigations
and to speculate on the causes and implications of this
behavior, Other workers (20, 23) have reported that
graphite and devitrified quartz exhibit catalytic effects
for NH; decomposition in various vapor growth sys-
tems. As established in the present study, however,
their influence is relatively modest compared to the
Ga-GaN mixture. Recently, Raman spectroscopy has
been applied to profile the NH; composition in the
vicinity of a graphite susceptor in a CVD system and
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Fig. 13. Plot of percentage growth rate (with respect to the
undoped) for doped GaN layer vs. Mg source temperature.

the catalytic effect of graphite confirmed (24). (This
latter work, which measures the NH; concentrations at
individual points, should be contrasted to the integral
effects obtained in the previous studies and in the pres-
ent work.) Our results of the modest catalytic effect
of quartz and graphite for the decomposition of NHj
are thus in agreement with the present literature,

Our significant finding, however, concerns the more
pronounced enhancement of NH; decomposition with
the coexistence of Ga-GaN above a threshold tempera-
ture. The need for the coexistence of both Ga and GaN
clearly implies a critical interaction between the two
components. This is analogous to the interaction be-
tween metal and support in the case of supported-
metal catalysts (25, 26) except that there is no clear
definition of which component plays the role of sup-
port in the present case. Two types of interaction might
be possible: either a “bifunctional” catalyst (27) in
which one reaction occurs on one component to yield
an intermediate product which further reacts on the
other component, with neither one capable of produc-
ing the enhanced effect alone, or a modification of the
chemical properties of one of the components at the
interface (28). For the latter case, the enhancement
might be caused by a modification of one or more of
the following at the interface: the electronegativity
of the metal, the surface composition, and the surface
structure. There is no clear evidence to allow an
evaluation of the relative merits of possible mecha-
nisms and detailed account of catalytic mechanisms is
beyond the scope of this study.

The implications of these results are obvious. Since
several runs are made in succession in the same reac-
tion zone in a typical growth system, the treatment of
this zone between runs will clearly influence the basic
driving force for the deposition reaction, particularly
in the early stages of the deposition. Furthermore, the
early stage of the deposition is critical since the initial
nucleation will have a pronounced influence on the
deposition in general, It was found that the morphol-
ogy of the GaN is changed if GaN is grown in the pres-
ence of coexisting Ga-GaN as would be expected from
the decrease in the affinity for the reaction that re-
sults from the NHs; decomposition. Another example
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is the procedure established to improve the micro-
structure for GaN light emitting diodes by use of
higher affinities at the early stage of growth. This was
achieved by the use of Ar gas instead of H, gas as a
carrier gas (29). Furthermore, if nitrogen vacancies
are the dominant donors in GaN that are responsible
for the large intrinsic electron concentration, their
concentration would be expected to vary with a change
in the chemical potential of nitrogen which is clearly
a function of the NH3/Hjy ratio. Obviously, in cases
where one wishes to maximize the affinity of a reaction
involving nitrogen as a reactant, one should avoid con-
ditions conducive to the decomposition of NHs. The
general concept of catalytic potency of the reactor en-
vironment will certainly be important for other CVD
processes, such as the synthesis of GaAs and GaP,
especially when NHj is used as a dopant.

Growth kinetics—The experimental observations
concerning the growth rate of GaN heteroepitaxial
layers can be summarized as follows: (i) the growth
rate is constant with respect to time; (ii) the growth
rate decreases with increasing temperature within the
temperature range of 850°-1150°C; (iii) the growth
rate increases with increased flow rate of NHz and/or
HCI, and generally saturates; (iv) the growth rate is
a function of the substrate position in the gas stream,
it decreases as the substrate position is moved further
downstream; (v) the growth rate depends on the cata-
lytic nature of the growth environment and decreases
under conditions of greater NH; decomposition; (vi)
the growth rate is significantly more rapid on R-plane
substrates as compared o basal-plane substrates; (vii)
the concurrent incorporation of Mg in the deposit, pro-
duced by the presence of Mg vapor in the growth zone,
decreases the growth rate substantially.

The temperature dependence of the growth rate is
an apparent contradiction to predictions based on ther-
modynamics, as illustrated in Fig. 8 and 4. Since, in the
majority of the growth runs studied, the extent of NH;
decomposition in the bulk stream was less than 10%,
one would predict an increase in the equilibrium ex-
tent of reaction with increasing temperature in the
temperature range studied. One would also expect the
relative attainment of equilibrium to increase with in-
creasing temperature since the detailed kinetic proc-
esses involved should be enhanced with increasing tem-
perature, This apparent contradiction may be the re-
sult of a combination of two or more factors: inaccu-
rate literature values for the thermodynamic data and
the discrepancy between the bulk extent of decompo-
sition of NH; and the local extent of decomposition in
the vicinity of the reaction interface. The weakest
factor in the development of the thermodynamics of
the deposition reaction is the standard Gibbs free en-
ergy of formation for GaN (15). These values were
estimated since direct measurements of the standard
enthalpy of formation, entropies, and heat capacities
are not available at present. Thus, a discrepancy in the
values that would displace the maximum in the curves
in Fig: 3 and 4 downward by ~250°K is not an unrea-
sonable expectation. Furthermore, it must be noted that
the extent of decomposition of NH; that was experi-
mentally determined in the present study was an inte-
grated effect. It is possible and indeed probable, based
on the recent work of Sedgwick (24), that the local
extent of decomposition would shift the maxima in
these curves to lower temperatures. It is obvious that
in nonuniform reacting systems, such as CVD reactors,
an in situ analysis technique for composition and tem-
perature, with fine space resolution, is necessary to
rigorously establish the thermodynamics near an inter-
face.

The relative importance of two rate-limiting mecha-
nisms in the epitaxial growth, mass transfer and sur-
face reaction, cannot be clearly established for the
present CVD system, but there is some evidence that
it is a mixed controlled case. While there is a definite
dependence of growth rate on the substrate and crys-
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tal orientation (item wvi), an observation commonly
used to imply the existence of a surface reaction-con-
trolled process, there is a dependence on the rate of
supply of the reactants (items iii through v), com-
n}only associated with mass transfer control mecha-
nism. It is certainly clear that the reaction is not sur-
face catalyzed since the deposition is not restricted fo
a definite surface and nucleation is easily accom-
plished. (These two conclusions are based on the fact
that the deposition of GaN is not surface sensitive;
for conditions used in typical growths, polycrystalline
GaN can be deposited on practically any surface in the
growth chamber, such as the fine textured Grafoil liner
and fused quartz substrate holder.) It appears that
there may be a horhogeneous reaction producing a
precursor for the GaN deposit. Indeed, in the presence
of steep temperature gradients, noncoalescent ran-
domly oriented GaN clusters appear on single crystal
sapphire substrates and, for extreme conditions, ultra-
fine powders (~100A) of GaN are formed (30).

The pronounced decrease in the growth rate caused
by Mg doping, as illustrated in Fig. 13, might arise
for two reasons: the displacement reaction between Mg
and GaCl to produce a less reactive source of Ga, and
the poisoning of the growth surface by the adsorption
of Mg or MgCl. The Gibbs free energy of formation
of GaCl is about —35 kcal/mole at the growth tem-
perature (21), whereas it is —110 kcal/mole for MgCl,
(22).. Thus the displacement reaction

Mg(G) + 2GaCl(G) = MgCl(G) + 2Ga(Q)

should be complete in the vapor, if kinetic factors are
favorable. From the geometrical configuration of the
growth reactor (Fig. 1) the reaction will take place
between the sidearm entfrance and the NHj inlet tube;
thus, GaCl will be depleted before mixing with NHs.
Since in the growth of insulating layers, it is necessary
to have a partial pressure of Mg that is 10-20% of the
value for the partial pressure of GaCl in order to fully
compensate the native donors in GaN, the depletion
of the GaCl concentration due to this reaction can be
significant.

One may calculate the decrease in the growth rate
due to the addition of Mg, making the assumption that
the above reaction goes to completion and that the re-
duced Ga does not react to form GaN, Comparison of
such calculations with observations for the R-plane
substrates (Fig. 13) shows good agreement at lower
Mg concentrations, whereas the actual growth rate is
depressed even further at Mg concentrations corre-
sponding to full electrical compensation. This implies
a surface poisoning effect at these higher concentra-
tions, in addition to the depletion effect. It is. also
noticed in this regime of Mg concentration that there
is a change in the surface morphology (31), as might
be expected for a surface poisoning effect. The pro-
posed surface poisoning effect correlates to a detri-
mental change in the substrate surface. This change
may be caused either by a high Mg concentration in
the lattice inducing a change in the GaN layer surface
morphology or the presence of adsorbed Mg species on
the growth surface. For growth on the basal plane, a
pronounced effect was observed even at low Mg source
temperatures, which is consistent with our observation
that surface morphologies are altered with low Mg
concentration for the basal-plane substrate (31).

Summary

The nature of the growth ambient in the chemical
vapor deposition of GaN was found to influence the
extent of NHs decomposition. Pure quartz, graphite,
and GaN surfaces had a minor influence on the decom-
position (up to a maximum of ~10%) whereas the
coexistence of Ga and GaN caused extensive decom-
position (up to ~60%) for the temperature range of
950°-1050°C. The catalytic effect of the growth en-
vironment is thus a significant variable when NHj is
used. as a reactant or dopant in chemical vapor depo-
sition processes.
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Several significant trends in the growth rate of GaN
are reported for typical growth conditions: (i) The
growth rate is linear with time. (ii) The growth rate
decreases with increasing temperature, in the range
850°-1150°C. (iit) The growth rate increases with in-
creasing reactant composition. (iv) The growth rate
decreases as the substrate is located further down-
stream. (v) The growth rate decreases when the
growth environment favors the catalytic decomposition
of NH;. (vi) The growth rate is more rapid on R-plane
sapphire substrates than on basal plane sapphire sub-
strates. (vii) The growth rate decreases substantially
when Mg is concurrently incorporated in the deposit.

An apparent discrepancy between the temperature
dependence of the growth rate and the Gibbs free en-
ergy is noted and it is postulated that the discrepancy
arises from local variations in NHj; concentration
caused by decomposition and/or by incorrect thermo-
dynamic data for the reactant species.

Manuscript submitted Nov. 30, 1977; revised manu-
script received March 1, 1978.

Any discussion of this paper will appear in a Discus-
sion Section to be published in the June 1979 JOURNAL.
All discussions for the June 1979 Discussion Section
should be submitted by Feb. 1, 1979.
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