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A INTRODUCTION

Metalorganic vapour phase epitaxy (MOVPE) has developed over the past ten years into the premier
technique for the epitaxial growth of the group III nitrides. Since GaN or AIN substrates have not been
generally available, GaN epitaxy has been carried out on highly lattice mismatched substrates, such as
silicon [1,2], sapphire [2,3] and GaAs [3,4]. Advances in growth technology, in particular the use of
thin AIN [5] and GaN [6] buffer layers on sapphire substrates, produced dramatic improvements in
material quality and led to the development of n-type and p-type doping processes [7,8] as well as the
growth of (AL,Ga,In)N compounds and heterostructures [9-11]. The success of MOVPE in the
production of high brightness light emitting diodes [12] and short wavelength injection lasers [13] has
resulted in a rapid expansion of research and development in this materials system.

In spite of the enormous potential of MOVPE for the production of commercial nitride devices, little is
known about the fundamental chemistry and transport processes that govern the GaN growth process.
Strong gas phase reactions occur at room temperature between the metalorganic sources, typically
trimethylgallium (TMGa) or triethylgallium (TEGa), and ammonia (NHs) [14-17]. As a result, it is
necessary to introduce the group III and V sources into the reactor through separate inlet tubes and mix
the reactants at elevated temperatures near the growth surface. The optimum parameter space for group
III nitride growth is typically determined empirically in a given reactor configuration. In general, high
growth temperatures (>1000°C), high V/III ratios (>1000) and high gas velocities are required to
produce continuous GaN films with a low background n-type doping and a high electron mobility [18].
Conditions are similar for the growth of AlGaN alloys, although the growth rate of AIN is typically
much lower than that of GaN. Reduced temperatures (<800°C) and very high V/III ratios (>10000) are
required for the growth of InGaN alloys [19]. In addition, it is difficult to grow high In-content nGaN
layers in a hydrogen carrier gas [20]; therefore, nitrogen is favoured as the carrier gas when growing
InGaN heterostructures [12].

Recent studies have begun to focus on the development of a comprehensive growth model to explain
these effects [21-23]. Several extensive reviews have previously been written discussing the growth
methods and properties of (Al In,Ga)N layers grown by MOVPE [24-26]. This Datareview, therefore,
focuses on the chemical aspects of GaN growth, reviewing the current understanding of the gas phase
chemistry, surface reactions and transport processes that govern the growth of GaN and its related
alloys, AlGaN and InGaN.

B MOVPE GROWTH PROCESS

Insight into the fundamental mechanisms controlling the MOVPE growth of GaN and related alloys can
be obtained by studying the effect of external parameters such as substrate temperature and source gas
flow rate on growth rate and composition. This type of investigation has been carried out extensively
for the group III arsenides and phosphides. In general, a study of growth rate dependencies can be used
to assess the extent of gas phase pre-reaction of sources as well as to distinguish between growth
processes that are limited by mass transport, kinetics or thermodynamics.
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B1 Growth Efficiency

A comparison of the growth efficiency of GaN, defined as the experimentally measured growth rate
divided by the molar flow rate of the group III sources into the reactor, with that of other materials
systems offers insights into the relative importance of chemical reactions occurring upstream of the
growth surface. Stringfellow has listed the growth efficiency of various chemical precursors in the
MOVPE growth of GaAs and InP-based compounds [27]. High growth efficiencies are typically
reported for those growth sources that do not undergo extensive gas phase reactions. The growth of
GaAs from TMGa and AsH;, for example, usually exhibits a growth efficiency of about 1000 - 10000
um/mol of reactant. In contrast to this, growth efficiencies in the range of 500 - 1000 um/mol are
obtained for the growth of InP due to a gas phase reaction between triethylindium (TEIn) and PH;.

TABLE 1 contains a collection of growth efficiencies for GaN [28-35], AlGaN [35-37] and InGaN
[12,19,30] reported in the literature for a variety of growth conditions and reactor geometries. GaN
exhibits moderate growth efficiencies in the range of 600 - 6000 um/mol. Reported growth efficiencies
for ALLGa;..N are lower (<2000 um/mol) and, in general, decrease with increasing Al fraction (x) as
shown in FIGURE 1 [35]. AIN growth efficiencies are also strongly dependent on reactor pressure.
Chen et al [28] reported a growth efficiency of 1000 um/mol for AIN grown at 85 torr dropping to zero

for atmospheric pressure growth. In,Ga,,N alloys have very low growth efficiencies (<300 um/mol)
due to the high TMIn flow rates which are required to incorporate In into the material at elevated
temperature.

TABLE 1 Reported growth efficiencies (Rg/F(III)) for GaN, AlGaN and InGaN.

Materials Sources Xory Rg/F(II) | Reactor Substrate V/II | Ref
system (pm/mol) | pressure | temperature | ratio
(torr) (&)

GaN TMGa + NH; 1.0x 10° 85 700 - 1000 | 1350 | [28]
TMGa + NH,3 9.5x 107 780 500 -1000 | 1350 | [28]

TMGa + NH; 58 x 10° 760 1090 4780 | [29]

TMGa + NH; 2.5x10° 760 1020 6017 | [30]

TMGa + NH; 1.4x10° 760 1000 3760 | [31]

TEGa + NH; 6.0 x 107 45 950 2460 | [32]

TMGa + NH; 1.0x 10° 57 1040 3950 | [33]

TEGa + NH;3 6.4 x 10° 60 1030 4077 | [34]

TMGa + NH, 2.2x10° 100 1100 4000 | [35]

AlLGa; N | TMGa+ TMAI + NH; 0.33 1.5x 10° 100 1100 4000 | [35]
TMGa + TMAI + NH; 0.58 1.0 x 10° 100 1100 4000 | [35]

TMGa + TMAI + NH; 1.0 1.0 x 10° 85 500 - 800 1350 | [28]

TMGa + TMAI + NH; 1.0 0.0 780 500 -1000 | 1350 | [28]

TMGa + TMAL + NH;3 ~0.20 2.6 x 107 70 1025 286 | [36]
TEGa + TEAl + NH,3 1.4 x 10° 76 1000 6770 | [371

In,Ga,,N | TMIn+TMGa+NH, | 0.14-0.20 | 1.3 x 10° 760 800 - 830 6250 | [30]
TMIn + TMGa + NH, 0.06 1.9 x 10 760 800 9025 | [29]
TMIn+TEGa+NH; | 0.12-0.24 | 2.9x 10° 76 500 -800 | 20000 | [19]
B2 Parametric Studies

The experimentally measured growth efficiency of GaN as a function of substrate temperature is shown
in FIGURE 2 [28,38]. The temperature dependence of GaN growth efficiency is similar to that
obtained for GaAs growth [39]. At lower growth temperatures (<600°C), the growth rate increases
with substrate temperature, indicative of a kinetically-limited process. A weakly temperature
dependent region exists from about 600 to 1000°C, where the diffusion of Ga species to the substrate
limits the growth rate. The growth rate in this region exhibits a weak power law dependence on growth
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FIGURE 1 Growth efficiency of AlGaN as a function of composition [35]. Reactor pressure = 100 torr,
growth temperature = 1100°C, V/III = 4000, TMGa flow rate = 17 pmol/min; TMAI flow
rate varies from 0.8 to 17 pmol/min.
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FIGURE 2 GaN growth efficiency as a function of temperature as reported in [28] for reactor pressures
of 780 torr (solid squares) and 85 torr (open squares) and in [38] for 760 torr (open circles).

temperature characteristic of a diffusion limited process. GaN is typically grown under these mass
transport-limited conditions where the growth rate is proportional to the gas phase mole fraction of
TMGa. At temperatures above 1000°C, an increase in temperature results in a slight decrease in growth
rate due to either gas phase pre-reactions or desorption of N or Ga species from the surface.

Assuming a simple boundary layer model and a constant inlet flow rate of reactants, the growth rate of
GaN is independent of reactor pressure in the mass-transport limited regime. The experimental data
shown in FIGURE 2 for various reactor pressures is consistent with this behaviour.

The growth rate of GaN has been reported to be strongly dependent on the V/II ratio used during
growth. In the kinetically-limited regime, where the GaN growth rate is temperature dependent, the
growth rate decreases with increasing V/III ratio, i.e. with increasing NH; flow rate [40,41]. At higher
temperatures, Briot et al [41] have observed an increase in the GaN growth rate with increasing NH;
flux for V/III <5000 and a decrease in growth rate at higher V/II ratios. A growth mechanism
involving competitive adsorption on the surface was proposed to explain the complex dependence on
VAII ratio.
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B2.7 MOVPE of GaN and related compounds

The high NH; mole fractions used in GaN growth can complicate an analysis of the effect of V/III ratio
on growth rate. Since NH; typically constitutes a major fraction of the inlet gas stream, a large change
in the V/III ratio significantly changes the gas phase properties thereby altering the fluid and thermal
profiles in the reactor. Consequently, an increase in the V/III ratio can produce a decrease in GaN
growth rate simply by decreasing the flux of reactant species to the growth surface irrespective of a
change in gas phase or surface reactions.

B3 AlGaN Alloys

The growth rate and composition dependence of AlGaN
growth is strongly dependent on reactor geometry and flow

conditions, as a result of the strong gas phase reactions that " Al Ga_ N/c-face sapphire
x -X

occur between TMAI and NH;. Ruffenach-Clur et al [42]
have reported that, in the absence of substantial gas phase
pre-reactions, the AlGaN solid phase composition is

V /i =10,000 p
Tg=980°C S

0.8

linearly dependent on the gas phase composition with
approximately unity slope as shown in FIGURE 3. Sayyah
et al [43], on the other hand, reported a sublinear
dependence of Al composition and a decrease in growth
rate with increasing TMALI flow, similar to the behaviour
shown in FIGURE 1. The reported differences in AlGaN
growth rate and composition dependence indicate that the
MOVPE growth of Al-containing compounds is strongly
dependent on reactor geometry, process conditions and gas
phase residence time. These growth dependencies are 02t .
indicative of a process that is controlled by gas phase .
kinetics. :
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The growth of InGaN alloys by MOVPE is complicated by Al gas phase composition

several factors including the high volatility of nitrogen over
InN and the decrease in In incorporation when hydrogen is
used as the carrier gas. The equilibrium vapour pressure of
nitrogen over InN is several orders of magnitude higher
than for AIN or GaN [44]. As a result, reduced growth temperatures (<800°C) and very high V/II
ratios (>10000) are required in order to obtain a sufficient overpressure of nitrogen and maintain a
stable growth surface [45]. The solid phase composition of nGaN is strongly dependent on the growth
temperature [19,46). The In fraction decreases sharply with an increase in growth temperature for a
given gas phase mole fraction, as shown in FIGURE 4. Higher growth rates also lead to an increase in
In composition [47].

FIGURE 3 AlGaN solid phase composition
versus gas phase composition [42].

Several simple rate models have been proposed to explain InGaN growth behaviour [23,48]. In
general, the incorporation of In on the growth surface is viewed as a competition between incorporation
and desorption kinetics and the formation of metallic In on the surface. The rate of In desorption
increases with increasing growth temperature. The In composition is therefore predicted to increase
with decreasing growth temperature and increasing growth rate.

The composition and morphology of InGaN is also strongly dependent on the carrier gas used during
MOVPE growth. An N, carrier gas reduces the formation of In droplets on the surface and leads to
higher In fractions for a given set of growth conditions compared to H, [20]. Furthermore, the addition
of small amounts of hydrogen to the gas stream during nGaN growth in a nitrogen carrier gas reduces
the In composition by as much as 25% [49]. The effect of hydrogen on the incorporation of In is not

419



B2.7 MOVPE of GaN and related compounds

> 1.0
= In Ga, N
Q o8t
[
2
! 500°C
T 0.6
w
3 04r 700°C
= 800°C
= I
5 02 //,J
Q
E 1 1 .
0 0.2 0.4 0.6 0.8 1.0
™I
TMI+TEG

FIGURE 4 InGaN solid phase composition versus gas phase
composition as a function of growth temperature [19].

yet fully understood. Hydrogen increases the surface grain size and RMS roughness of GaN buffer
layers grown at low temperature [50] and reduces the growth rate of GaN at high growth temperature
[51,52]. Consequently, the addition of hydrogen to the growth environment may decrease the lifetime
of In species on the growth surface resulting in a reduction in In incorporation. The gas phase transport
of In from the growth front is also reduced by the lower gas phase diffusion coefficient of In in N,
versus H,. Such reduced gas phase transport leads to an increase in the local In partial pressure near the
growth front.

Thermodynamic calculations [53] predict a large miscibility gap for nGaN solid solutions due to the
large difference in interatomic spacing between GaN and InN. Phase separation in Ing,7/GagsN/GaN
multiple quantum wells grown by MOVPE has been observed after post-growth annealing at 950°C for
40 hr [54]. However, phase separation is generally not observed in ‘as grown' InGaN heterostructures
and In concentrations up to x = 0.80 have been grown without evidence of immiscibility [55].

C GROWTH CHEMISTRY

The gas phase reactions of TMGa and NH;, individually, are relatively well understood. The pyrolysis
of TMGa in H; has been widely studied [56,57], and consists of the step-wise removal of methyl
groups. Under similar thermal conditions, NH; is quite stable in the gas phase [58] and heterogeneous
reactions are considered to be the primary decomposition pathway [59].

In combination, TMGa, a Lewis acid, and NHj, a Lewis base, can form intermediate coordination
compounds at low temperatures. The gas phase reactions of TMGa and NH; at low temperatures have
been reported by several groups [15-17]. At temperatures <150°C, TMGa and NH; react rapidly to
form the adduct trimethylgalliummonamine (TMGa:NHs), as described in EQN (1):

(CH;);Ga + NH; <> (CHs);Ga:NH;,3 (H
Trimethylgalliummonamine has a moderate melting point of 31°C, and a vapour pressure of about 1

torr at room temperature [60]. The estimated and measured strength of the adduct bond are 21.1
kcal/mol and 18.5 kcal/mol, respectively [61].

420



B2.7 MOVPE of GaN and related compounds

Studies [61,62] have shown that at ~90°C, the adduct reacts to form a six member ring, cyclo(trimmido-
hexamethyltrigallium), with the release of one methane molecule per Ga atom. The overall reaction
proceeds in two steps, as indicated by EQNS (2) and (3). The first step is methane elimination to form
(CHs),Ga:NH,, followed by the oligomerisation of this compound.

(CH3)3Ga:NH3 —> (CH3)2Ga:NH2 + CH, (2)
3[(CHs),Ga:NH,]} — [(CH;),Ga:NH,}; (3)

The high temperature gas phase reactions between TMGa and NH; have been studied by Thon and
Kuech [63] using in situ mass spectroscopy analysis within an isothermal flow tube reactor. H, and D,
were used as the carrier gas and the reactants were mixed at elevated temperature (>200°C) at the inlet
of the reactor in order to avoid unintentional low temperature adduct formation. The decomposition of
TMGa in both H, and H,/ND; is shown in FIGURE 5. Methane (CH,) is the primary decomposition
product of TMGa in an H, carrier gas, as shown in FIGURE 5(a). When TMGa is decomposed in the
presence of ND; and H,, FIGURE 5(b), there is an immediate reaction between TMGa and ND,
resulting in the elimination of a single CH;D molecule at temperatures <500°C. Additional CH;D
molecules are evolved with further decomposition of the TMGa species above 500°C. Based on these
results, TMGa and NH; are assumed to react at collision rates to form (CHs),Ga:NH, as shown in EQN
4):

(CH3)3Ga +NH; —» (CH3)2G31NH2 + CH, (4)
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FIGURE 5 Temperature dependence of decomposition for (a) TMG/H; and (b) TMG/H,/ND;.
Immediate reaction between TMG and NDs results in the
elimination of a single CH;D molecule [63].

Formation of the dimeric or trimeric compounds, similar to that described in EQN (3), is expected to
occur.
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The gas phase decomposition results indicate that at typical MOVPE growth conditions, very little if
any (CH3);Ga exists in the gas phase and that the primary Ga-containing precursor within the growth
environment is [(CH3),Ga:NH,]; (x < 3). The GaN growth rate and growth rate uniformity in a given
MOVPE reactor geometry are therefore likely to be determined by diffusion and further reactions of
this species.

D DETAILED GROWTH MODEL

Two and three dimensional transport models have been used to gain insight into the effects of reactor
geometry, flow conditions and carrier gas on the velocity and thermal profiles in a MOVPE reactor.
Transport models of GaN growth have been reported by several groups [21-23,64,65]. These models
involve the simultaneous solution of non-linear, coupled partial differential equations representing the
conservation of momentum, energy, total mass and individual species assuming appropriate boundary
conditions. In modelling the growth of GaAs, both TMGa and AsH; are assumed to be dilute and the
gas phase properties are determined by the H, carrier gas alone. In contrast, NH; is present in high
concentrations in the GaN growth environment and the gas phase properties depend on the mixture of
NH; and carrier gas (H; or N;) used in the growth process.

Transport modelling provides useful insights into the effects of reactor geometry and growth conditions
on the velocity, thermal and concentration profiles in the reactor. In a typical GaN MOVPE reactor,
large temperature gradients exist between the cooled walls of the reactor and the high temperature
substrate. The high thermal gradients combined with complex split flow inlet geometries and high gas
velocities can lead to undesired recirculations in the reactor depending on flow conditions.

It is common practice to vary the carrier gas from H, to N, during the growth of AlGaN/InGaN
heterostructures. The physical properties of H, and N, are significantly different, however, and
consequently the flow profiles in the reactor may vary during growth unless process conditions are
adjusted accordingly. The density of N, is higher, and the dynamic viscosity, heat conductivity and
specific heat capacity are lower than those of H,. As a result, using N, results in higher Reynolds
numbers compared to H, for a given set of process conditions. In order to maintain a constant Reynolds
number and therefore a constant flow profile in the reactor, a higher flow rate of H, must be used
compared to N,.

Incorporating an apparent chemistry model of GaN into a two-dimensional transport model, Safvi et al
[22] predicted GaN growth rate and growth rate uniformity in a vertical reactor. . The inlet geometry of
the reactor used in this study consisted of two concentric tubes with the group III and group V species
being introduced into the reactor through the inner and outer annular regions, respectively. The
apparent chemistry model incorporates in a parametric fashion the three salient features of GaN
MOVPE: growth limited by mass transport, contributions to the growth rate from the decomposition of
monomer and/or some adduct reaction product, and the loss of nutrients by parasitic gas phase reactions
leading to a reduction in the local growth rate. Included in the apparent chemistry model are the
individual decomposition reactions of TMGa [66] as well as the gas phase reactions between TMGa
and NH; (EQNS (3) and (4)). The growth rate of GaN was assumed to be determined by the flux of
Ga-containing species to the surface.

The GaN growth rate across the radius of the substrate was calculated using two different assumptions:
(A) no loss of growth reactants due to gas phase parasitic reactions, and (B) with parasitic gas phase
reactions and growth occurring primarily via the decomposition of the cyclic compound
[(CH:);Ga:NH,};. Two different flow rates for hydrogen through the inner tube carrying the group III
compounds were examined: 5 slm and 0.2 slm of hydrogen. High hydrogen flow rates through the
group III inlet tube reduce the gas phase residence time of Ga containing compounds and therefore
reduce the loss of Ga species due to parasitic reaction. All other growth conditions including the total
flow rate in the reactor were kept constant.
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The growth rate of GaN versus radial distance for the high flow (5 slm) and low flow (0.2 slm) cases
are shown in FIGURES 6(a) and 6(b), respectively. Also plotted with the data are growth rate
predictions for assumptions A and B. In the high flow case, FIGURE 6(a), the growth rate uniformity
is poor and the growth rate decreases by almost a factor of 4 from the centre of the substrate to the
edge. The experimental growth rate at the centre of the substrate is intermediate between the two
extremes predicted by the model. In the low flow case, FIGURE 6(b), the growth rate uniformity
across the substrate has improved due to increased gas phase mixing; however the overall growth rate is
reduced compared to the high flow conditions. The experimental growth rate at the centre of the
substrate for the low flow case is close to that predicted by assumption B. Increased gas residence
times increase the extent of parasitic reactions leading to a reduction in the GaN growth rate.
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FIGURE 6 Plot of growth rate (um/hr) along substrate under process conditions of (a) case I (high flow rate)
and (b) case II (low flow rate) [22]. Curve A corresponds to ideal growth assuming no parasitic reactions
occur. Curve B corresponds to growth from the cyclic compound if all available inlet TMGa converts
to the cyclic compound. The simulation predictions are compared to the
experimentally measured data (x).

E SUMMARY AND CONCLUSION

The MOVPE growth technique has been used extensively for the fabrication of group III nitride
heterostructures and devices. Recent studies have contributed significantly to the current understanding
of chemistry and transport processes which govermn the GaN MOVPE growth process. GaN growth is
limited by mass transport over a fairly wide range of temperatures, similar to MOVPE growth of GaAs.
The gas phase and surface chemistry of GaN growth, however, are very complex. Gas phase reactions
between TMGa and NH; occur at collision rates under typical MOVPE conditions leading to the
formation of adducts and cyclic compounds. As a result, the growth rate and quality of GaN are
strongly dependent on reactor geometry and flow conditions. Chemical and transport models of GaN
growth in a specific reactor geometry are useful for optimising flow conditions and growth rate
uniformity.

The MOVPE growth chemistries of AlGaN and InGaN alloys are more complex than that of GaN. The
growth of AlGaN alloys appears to be controlled by gas phase chemistry. Gas phase pre-reactions
which occur between TMAI and NH; reduce the growth efficiency of AlGaN and result in a strong
dependence of growth rate and composition on reactor geometry, total pressure and gas phase residence
time. InGaN growth, on the other hand, is strongly dependent on growth temperature, growth rate and
carrier gas type, indicative of a process that is controlled by surface kinetics.
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