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Metal-organic molecular-beam epitaxy of GaN with trimethylgallium
and ammonia: Experiment and modeling
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Metal-organic molecular-beam epitaxy with trimethylgallium and ammonia is used to grow GaN on
Si�111�. Our analysis of the growth data shows an increase in the apparent formation energy Eapp of
epitaxial GaN, from 0.168 to 0.56 eV, with an increasing flux of ammonia. A rate-equation-based
growth model is proposed and used to fit the growth data. Regarding the interaction potential, the
model assumes the presence of an activated state, intermediate between physisorption and
chemisorption, and includes second-order recombination-desorption processes important in the
modeling of high-temperature growth. It is shown that the formation energy of epitaxial GaN, Ef,
depends on the growth conditions as the activation energy and surface diffusion energy barriers
increase or decrease with the change in the impinging fluxes and surface density of precursors. For
such a particular set of growth conditions, the model allows us to determine the formation energy
of epitaxial GaN as Ef =0.11 eV, �35% smaller than the apparent activation energy obtained
directly from the growth data. Eapp=0.168 eV. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2039276�
I. INTRODUCTION

Gallium nitride is an important semiconductor material,
used in a wide range of applications from optoelectronic de-
vices to microwave transistors. It is therefore important to
understand its epitaxial growth by methods such as metal-
organic chemical-vapor deposition �MOCVD�, plasma-
assisted molecular-beam epitaxy �PAMBE�, metal-organic
molecular-beam epitaxy �MOMBE�, gas source MBE
�GSMBE�, and hydride vapor-phase epitaxy �HVPE�.

In parallel with experimental investigations, models for
different growth methods of GaN have been proposed. Pow-
ell et al.1 used rate equations to describe the PAMBE of
GaN. Their model, as noted by the authors, was capable of
reproducing trends but did not allow for fitting of experimen-
tal data. Brandt et al.2 studied the relation between surface
reconstruction transitions and surface kinetics in the PAMBE
of cubic GaN, simulating observed reflection high-energy
electron-diffraction �RHEED� transients. Held et al.3 pro-
posed a model for the GSMBE growth of GaN in the regime
of stable morphology, where surface decomposition could be
neglected. Fu and Venkat4 proposed a model to describe
GSMBE growth with a bilayer of Ga and N on top, resulting
in the description of Ga and N layer coverages as a function
of time. The model parameters were obtained by fitting the
experimental data of Held et al.5 Koleske et al.6 suggested a
kinetic model to describe MOCVD growth of GaN with am-
monia. Their rate equation model was based on postgrowth
characterization parameters such as surface roughness, x-ray-
diffraction �XRD� linewidth, and photoluminescence �PL�
intensity.

Growth of GaN by MOMBE with triethylgallium
�TEGa� has been investigated in a number of studies. Aber-
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nathy and co-workers7,8 reported the growth of GaN on
GaAs and sapphire substrates using TEGa. The chemistry of
MOMBE growth from TEGa with N plasma and ammonia
has been studied by Li et al.9 Trimethylgallium �TMGa� is a
very attractive source for MOMBE because of high vapor
pressure at room temperature, more than 200 Torr. The com-
bination of TMGa with ammonia for the growth of nitride
compounds could provide the basis for more economical
growth systems than MOCVD, capable of producing high
quality material. In spite of the potential advantages, the
growth with TMGa and ammonia has not been discussed in
the literature.

This work provides a quantitative description of MO-
MBE growth of GaN. The growth rate measured as a func-
tion of temperature and ammonia fluxes is analyzed in terms
of an apparent activation energy determined from Arrhenius
plots. In the presence of competing surface phenomena the
energy determined directly from Arrhenius plots does not
represent the actual formation energy of epitaxial GaN and
does not have a constant value. A rate equation growth model
is formulated that relies on the activation temperature and
second-order reaction kinetics to account for observed
growth regimes.

II. APPARENT FORMATION ENERGY IN MOMBE
OF GAN

The growth of GaN was performed on AlN buffer layers,
�80-nm thick, on Si�111� substrates. An ammonia injector
temperature of 470 °C, beam equivalent pressure �BEP� of
TMGa of 2.1�10−6 Torr, and ammonia fluxes between 30
and 150 SCCM �standard cubic centimeter per minute� were
used. For each of the ammonia fluxes the growth rate was
determined as a function of temperature in the range of

765–865 °C. The results are presented in Fig. 1.
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At a low ammonia flux of 30 SCCM we observe three
regions in the growth rate dependence on temperature. A
slight increase in the growth rate seen in the low-temperature
range is followed by a saturation region and a decrease at the
highest growth temperature. The growth behavior changes at
higher fluxes of ammonia. Most notably, for a fixed growth
temperature, the growth rate of GaN decreases with an in-
creased flux of ammonia. Consequently, while the growth
rates of GaN appear to reach similar maxima for 30, 50, and
90 SCCM of ammonia, the peak value shifts gradually to-
ward higher temperatures with larger fluxes. Temperature
limitations of the growth system and roughening of the sur-
face restrict the growth temperature to 865 °C and the am-
monia flux to 150 SCCM, respectively.

A similar behavior of the growth rate was found in the
GSMBE of GaN by Kim et al.10 Their analysis pointed out
the importance of reaction-controlled growth at low tempera-
tures and the importance of desorption reaction leading to
reduced growth rates at high temperatures. The three growth
regions seen in Fig. 1 for the ammonia flux of 30 SCCM can
be described by different rate-limiting processes. The low-
temperature �765–800 °C� region appears to be reaction
limited. The surface residence time is considered long
enough for adsorbed species to reach, through diffusion, an
incorporation site. The growth rate is determined, to a large
extent, by the formation rate of epitaxial GaN. In the inter-
mediate temperature �800–830 °C� region formation and de-
sorption appear to be largely balanced. The growth rate be-
comes weakly dependent on temperature and it reaches a
maximum. At high temperatures �830–865 °C� the growth
rate becomes desorption limited. The residence time starts to
decrease and adsorbates can recombine before reaching an
incorporation site.

Such growth phenomena are well documented for metal-
organic vapor-phase epitaxy �MOVPE� �see for instance
Briot11 and Herman et al.12� In the MOCVD of GaN from
TEGa and ammonia, Briot found two growth regimes, for
low and high temperature, and used Arrhenius plots to deter-
mine an activation energy for a GaN formation of

FIG. 1. �Color online� Growth rate dependence on growth temperature and
ammonia flux. The lines are guides for the eye.
0.165 eV�3.8 kcal/mol�.
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In order to better understand the growth process it is
useful to extract the activation energy �Ea� for the formation
of epitaxial GaN from the growth data. In particular, the
low-temperature growth regime that appears to be dominated
by first-order reaction kinetics can be fitted by an Arrhenius
rate equation GR=F exp�−Ea /RT�, where F is a preexponen-
tial factor and R and T have their usual meanings. At low
growth temperature only one-step surface reactions need to
be considered. These are of the first order and the growth rate
is proportional to the fluxes impinging the surface.

The Ea of epitaxial GaN, for the four ammonia fluxes
used, is extracted from the Arrhenius plots of Figs. 2 and 3.
For ammonia fluxes of 30 and 50 SCCM we obtain Ea

�0.17 eV�3.9 kcal/mol�. For an ammonia flux of 90 SCCM
a slightly higher Ea�0.18 eV�4.1 kcal/mol� is obtained.
These energies are similar to those obtained previously by
Briot.11 The growth with an ammonia flux of 150 SCCM
exhibits a significantly higher Ea�0.56 eV�12.9 kcal/mol�.
A similar range of formation energies has been obtained by

13

FIG. 2. �Color online� Arrhenius plots for ammonia fluxes of �a� 30 SCCM
and �b� 50 SCCM.
McGinnis et al.
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Our analysis of the growth of GaN shows that the energy
determined from Arrhenius plots varies by a factor of 3, from
0.17 to 0.56 eV, with an increased flux of ammonia. The ac-
tivation energy has a well-defined meaning for processes,
such as desorption from a surface, which are not accompa-
nied by competing processes, such as adsorption. We at-
tribute the change in the Ea determined from our growth data
to the presence of competing processes. It is thus appropriate
to use the term apparent activation energy for the energy
determined from Arrhenius plots.

III. GROWTH RATE MODEL OF GAN

Most growth models of GaN assume that the desorption
process limiting the growth rate at high temperatures is of
first order �Brandt et al.2 and Koleske et al.6�. In other words,
the desorption rate is proportional to the instantaneous sur-
face coverage. This assumption is realistic for the case of
vacuum desorption �no growth� when there are no interac-
tions between surface species. In MOMBE or MOCVD the

16 22 −2

FIG. 3. �Color online� Arrhenius plots for ammonia fluxes of �a� 90 SCCM
and �b� 150 SCCM.
instantaneous impinging fluxes �10 –10 at. cm � are
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much larger than the surface site densities ��1015 at. cm−2�,
making interactions between species possible. Molecular N2,
volatile species of Ga, and liquid Ga are likely to form
through collisions with the probability that is proportional to
the product of surface densities. This suggests that a second-
order process, e.g., decomposition and desorption, may need
to be considered in the description of the growth of epitaxial
GaN.

The growth of epitaxial GaN is usually modeled in terms
of two potential profiles corresponding to the processes of
physisorption and chemisorption for incoming molecules.
The activation energy Ea is then interpreted as the energy
needed for transition from one state to the other, as shown in
Fig. 4.

The variation in Ea implies the presence of competing
processes with relative contributions that depend on the flux
of precursor molecules. We take account of the changing
relative contributions of different process by introducing an
activated state, intermediate between the usual physisorption
and chemisorption states. This allows us to include bond-
breaking and recombination-desorption reactions. These pro-
cesses are thermally activated but they have different onset
temperatures and activation energies. The modified set of
potential profiles is shown in Fig. 5. We consider three major
steps, each represented by a potential well, resulting in the
formation of epitaxial GaN. The first step is the physisorp-
tion of precursors, represented by the well labeled �1�. The
second well represents the activated state. The third potential
well represents chemisorption. At this point the incoming
radical becomes attached to the surface of GaN. The chemi-
sorption process is completed when all the bonds of the radi-
cal are satisfied with either Ga or N, becoming a part of
epitaxial GaN. We illustrate this further with an example of a
TMGa molecule. The molecule of TMGa physisorbed in step
�1� remains intact, only its charge distribution is altered by
formation of a van der Waals bond with the underlying GaN.
In step �2�, pyrolysis of TMGa results in a loss of methyl
radical, creating an activated molecule. The activated mol-
ecule diffuses on the surface and becomes chemisorbed in

FIG. 4. Usual description of interaction energy between the incoming mol-
ecule and surface is limited to physisorption followed by chemisorption
state.
step �3�, once a suitable site is encountered. The activation
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energy Ea represents the energetic cost of the removal of H
or CH3 for ammonia or TMGa, respectively. Energetically,
the activated and chemisorbed species differ by surface dif-
fusion energy Ediff. The sum of these two energies Ea+Ediff is
the formation energy Ef of epitaxial GaN. In our model, the
formation of GaN is hindered by thermally assisted bond
breaking, requiring the energy Eb, and recombination pro-
cesses in which the formation of liquid Ga or molecular ni-
trogen takes place. Other recombination processes may in-
volve H or CH3 to form primarily H2 and methane.

Processes that allow transitions between adjacent
potentials are usually described by first-order reaction
kinetics where the reaction rate is given by the product of
A exp�−Ea /RT�. Here A is the prefactor representing the in-
stantaneous surface density of molecular species. The rate of
processes which involve transitions over one or more inter-
mediate potential profiles, i.e., second-order kinetic pro-
cesses, can be written as

Rate = AB exp�− Ea/RT� , �1�

where A and B are the prefactors proportional to the surface
densities of species A and B taking part in the process. An
example of such a process, known as recombinative
desorption,14 would be N–Ga�ad�+CH3→N–Ga–CH3�ad�
→GaCH3�g�+1/2N2�ad�, where the nitrogen in the solid
and the Ga surface adsorbate interacts with methyl, a by-
product of TMGa decomposition on the surface, forming an
intermediate species of monomethyl adsorbate on the surface
of GaN, eventually transforming into volatile monomethyl
Ga and molecular nitrogen adsorbate. Other reactions of this
type have been studied by Sakai et al.15 In general, one can
write A�ad�+B�ad�→AB�ad�→AB�g� where A and B could
be Ga, N, or other surface species.

Based on the model of Fig. 5 the growth of epitaxial
GaN can be described by a number of processes of deposi-
tion and desorption, each having a specific rate. We write the

FIG. 5. �Color online� Interaction potential for MOMBE GaN growth. An
activated state �2� is included between the physisorbed �1� and chemisorbed
�3� states. The dashed potential corresponds to the apparent activation en-
ergy determined from the Arrhenius plots.
rate of formation of GaN, RF, as
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RF = F exp�− Ef/R�T − Tf�� , �2�

where Tf is the onset temperature of the formation process
and the energies Ea+Ediff=Ef are illustrated in Fig. 5. The
desorption includes two processes: a first-order process of
bond breaking and a second-order process of recombination
desorption. Their respective rates are written as

RB = B exp�− Eb/R�T − Tb�� , �3�

RRD = RD exp�− Erd/R�T − Trd�� . �4�

The overall rate of growth of GaN, GR, is then given by

GR = RF − RB − RRD. �5�

Here, the prefactors F, B, and RD represent instanta-
neous densities of molecules participating in the particular
process. Thus F represents the combined fluxes of ammonia
and TMGa impinging on the surface. Similarly, B and RD
represent densities of surface atoms participating in the
bond-breaking and recombination-desorption processes, re-
spectively. We assume here that physisorbed molecules
�TMGa, NH3� have a near unity sticking coefficient as ar-
gued by Koleske et al.6 While F can be measured, other
prefactors are determined by fitting the growth data. For the
ammonia flux of 30 SCCM the low-temperature growth rate
ranges from 2.3�1014 to 2.6�1014 at. cm−2 s−1. The ammo-
nia and TMGa fluxes are 0.7�1016 and 2.7
�1014 molecule cm−2 s−1, respectively. The prefactor F is
taken to be equal to the sum of these two fluxes or F=0.7
�1016 molecule cm−2 s−1. The initial value of B is taken as
�1016 cm−2 s−1 and RD is estimated at 1032 cm−2 s−1.

The activation energy of the recombination-desorption
process in epitaxial GaN was determined by Choi et al.16 as
Erd=2.61 eV for temperatures over 900 °C. Koleske et al.17

obtained a similar value of Erd=2.68 eV and noted that the
increase in ammonia flow partially suppresses the
recombination-desorption process. Brandt et al.2 determined
Erd=2.69 eV. It should be noted that higher values of 3.45
and 3.6 eV have been reported by Held et al.18 and Grand-
jean et al.,19 respectively.

FIG. 6. Measured and calculated growth rates plotted as a function of tem-
perature for an ammonia flux of 30 SCCM. The rates of specific processes
contributing to the growth of GaN are also plotted; GR—growth rate,
F—formation, B—bond-breaking, and RD—recombination-desorption.
Open circles represent experimental data.
The growth rate defined by Eq. �5� is plotted in Fig. 6 as
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a function of temperature and compared with experimental
growth data obtained at the ammonia flux of 30 SCCM. The
activation energy Erd is fixed at 2.61 eV and the energies Ef

and Eb are used as fitting parameters. The quality of the fit is
judged by the coefficient of determination R2�0�R2�1�,
the squared sum of deviations. The fit shown in Fig. 6
has R2�0.80 confirming very good agreement with the
experimental data points. The fit results in Ef

�0.106 eV�2.42 kcal/mol� and Eb�0.135 eV�3.11kcal/
mol�. The formation energy Ef is thus smaller than the ap-
parent activation energy of 0.168 eV�3.87 kcal/mol�.

The growth rate increases with the temperature up to
�800 °C, saturates, and starts to decrease above �850 °C.
The growth terminates for temperatures above 900 °C, in
good agreement with experimental observations of Grand-
jean et al.19 At low temperatures the formation process is
dominant. In the intermediate range, it is offset by the bond-
breaking process. At high temperatures, the decrease in the
growth rate is due to the recombination-desorption process.

Figure 7 illustrates the experimental data and the model
fit for the ammonia flux of 150 SCCM, the highest flux used
in our experiments. In this case, surface desorption is over-
whelmed by the incident flux. The high-temperature decrease
of the growth rate is less pronounced and the formation en-
ergy increases accordingly to Ef �0.21 eV�4.92 kcal/mol�.
These estimates are less reliable than those obtained for
30 SCCM of ammonia, for which experimental data is more
complete.

At high fluxes of ammonia the activation energy for
recombination-desorption becomes very large, Erd�5.2 eV
��119 kcal/mol�, suggesting a suppression of the
recombination-desorption process. A similar suppression of
Ga desorption was observed by Held20 who found an in-
crease in the activation energy from 3.4 eV, under vacuum
conditions, to 5.8 eV under the Ga flux of 0.61 ML/s �ML is
monolayer�. Apparently, a suppression of the decomposition
of GaN, interpreted as decreased desorption, takes place un-

FIG. 7. Model of growth behavior at large ammonia flux. The open circles
represent the experimental growth rate measured for an ammonia flux of
150 SCCM. GR—fitted growth rate, F—formation, B—bond-breaking, and
RD—recombination-desorption.
der high fluxes of either Ga or ammonia.
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IV. CONCLUSIONS

In summary, we have analyzed the MOMBE growth data
to determine the apparent formation energy of epitaxial GaN.
Our analysis shows an increase of the apparent formation
energy from 0.168 to 0.56 eV with an increasing flux of am-
monia. We propose a rate-equation-based growth model and
show that it can be used to fit the growth data. The model
relies on the presence of an activated state, intermediate be-
tween physisorption and chemisorption. We further show
that the second-order recombination-desorption process is
important in the modeling of high-temperature growth. The
model allows us determine the formation energy of epitaxial
GaN as Ef =0.11 eV, smaller than the apparent activation
energy obtained directly from the growth data Eapp

=0.168 eV. The modeled formation energy Ef depends on
the growth conditions as the activation energy and surface
diffusion energy barriers increase or decrease with the
change in the impinging fluxes and surface density of pre-
cursors.
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