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Aluminum incorporation into AlGaN grown by low-pressure metal organic
vapor phase epitaxy
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Aluminum �Al� incorporation in AlxGa1−xN films grown by low-pressure metal organic vapor phase
epitaxy using trimethylaluminum �TMAl� and trimethylgallium as group III precursors has been
systematically studied. The solid phase Al composition of the AlxGa1−xN films varied nonlinearly
with the Al gas phase composition. The incorporation kinetics of AlxGa1−xN alloy has been analyzed
by using an adsorption-trapping model. Two parameters were used to characterize the properties of
Al incorporation, i.e., the capture radius and the adsorption time of Al atoms. An exponential
function of the Al composition of the AlxGa1−xN films versus the TMAl gas flow rate was obtained.
It was demonstrated that the adsorption time of the Al atom was larger than the growth time of one
atomic layer. The effects of ammonia flow rate, crystal growth rate, and growth temperature on the
adsorption parameters were also discussed. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2199972�
I. INTRODUCTION

AlGaN and AlGaN/GaN heterostructures and multiple
quantum wells have been recognized as important materials
for high-temperature/high-power/high-frequency electronic
and optoelectronic devices, e.g., heterostructure field-effect
transistors,1,2 ultraviolet light emitting diodes,3 ultraviolet la-
ser diodes,4–6 and terahertz quantum cascade lasers.7 For re-
alization of these devices, it is necessary to control the alu-
minum �Al� composition in the solid phase of AlGaN films
and optimize growth conditions for high quality AlGaN
films. Al incorporation into ternary semiconductor com-
pounds such as AlxGa1−xN during metal organic vapor phase
epitaxial �MOVPE� growth has been studied.8–10 Kondratyev
et al. reported an Al composition saturation upon the exces-
sive supply of Al precursor at a growth pressure of
400 mbar, which was an evidence that all the additional tri-
methylaluminum �TMAl� was converted into particles, giv-
ing no increase of the AlN growth rate.8 However, the Al
composition increased almost proportionally with the in-
crease of the TMAl flow rate at a growth pressure of
100 mbar.8 In order to avoid periodically switching from
moderate growth pressure for GaN to low growth pressure
for AlGaN, when growing AlGaN/GaN multiple quantum
wells and superlattices, one should choose the growth pres-
sure in a suitable way for both layers. In this report, although
we chose the growth pressure at 133 mbar between 400 and
100 mbar, the Al/gallium �Ga� solid composition ratio of
AlxGa1−xN did not change linearly with the Al/Ga gas phase
ratio in MOVPE growth even when other growth parameters
were kept constant. During the deposition of AlxGa1−xN ter-
nary layers, the surface kinetics might play a key role in
determining the Al solid composition. The effects of growth
conditions on the Al incorporation have not been studied
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systemically. We have performed a detailed study on the
growth conditions for controlling the Al composition of
AlxGa1−xN films at this growth pressure �133 mbar� in order
to obtain high performance AlGaN/GaN multiple quantum
wells and superlattices. A surface-adsorption-trapping
model11,12 was used to describe the Al solid composition in
the films versus the gas phase composition of
TMAl/ �TMAl+TMGa�. The effects of V/III ratio and
growth temperature on the adsorption parameters were also
discussed.

II. EXPERIMENTAL PROCEDURE

All the samples in this work were grown in a low-
pressure vertical-type EMCORE D75 reactor with a high-
speed rotational susceptor. The reagents were pure ammonia,
TMGa, and TMAl. The purified hydrogen and nitrogen were
used as the carrier gases. The reactor pressure and rotating
speed were 133 mbar and 900 rpm, respectively. C-plane
sapphire epiready substrates were used for all the growth.

The group III and V precursors were separated in two
manifolds and entered the reactor, respectively. Prior to ma-
terial growth, the sapphire substrate was annealed to remove
any residual impurity on the surface in H2 ambient at
1100 °C for 5 min. For all samples, a normal 30-nm-thick
GaN nucleation layer was grown on the substrate at 500 °C,
followed by a 2-�m-thick GaN layer and a 0.4-�m-thick
AlGaN film. The first group of samples was grown by vary-
ing the TMAl flow rate from 3 to 18 SCCM �SCCM denote
cubic centimeter per minute at STP� with the TMGa flow
rate of 6 SCCM and NH3 flow rate of 600 SCCM. The sec-
ond group of samples was grown by varying the NH3 flow
rate from 300 to 1200 SCCM with the TMGa flow rate of
6 SCCM and TMAl flow rate of 5 SCCM. The AlGaN
growth temperature was 1110 °C for the above two groups
of samples. The third group of samples was grown at differ-

ent growth temperatures from 1050 to 1110 °C with the
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ct to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

1 May 2014 01:59:13

http://dx.doi.org/10.1063/1.2199972
http://dx.doi.org/10.1063/1.2199972
http://dx.doi.org/10.1063/1.2199972


104901-2 Huang et al. J. Appl. Phys. 99, 104901 �2006�

 [This ar
TMGa flow rate of 6 SCCM, TMAl flow rate of 5 SCCM,
and NH3 flow rate of 600 SCCM. All samples were grown
using a constant total flow of H2 and N2 carrier gases and the
ratio of H2/N2 was constant. The growth processes were in
situ monitored by using the filmetrics F-series thin-film mea-
surement system. The thickness was measured by scanning
electron microscope �SEM� �JEOL JSM-7000F� and the
measurement accuracy was 3.0 nm. The compositions and
lattice parameters of AlxGa1−xN films on GaN were mea-
sured by using a Bede Scientific D1 double crystal x-ray
diffraction �XRD�.

III. RESULTS AND DISCUSSION

Figure 1 shows the double crystal XRD of an
AlxGa1−xN/GaN sample. The Al composition x of AlxGa1−xN
film can be calculated by

x =
cGaN

cGaN − cAlN
� sin��B + 2���

sin �B
− 1� , �1�

where cGaN=5.185 Å, and cAlN=4.798 Å are the bulk lattice
constants of GaN and AlN, respectively, �� is the diffraction
angle separation between AlGaN and GaN peaks, and �B is
the Bragg angle of the GaN �0004�. Because the thickness of
epilayer was about 0.4 �m, the strain in AlxGa1−xN film had
been relaxed completely. The Al composition of this
AlxGa1−xN film was found to be 0.16. The full widths at half
maximum �FWHM� of GaN and AlGaN were 146 and
148 arc sec, respectively. These results indicated good quali-
ties of these layers.

Figure 2 shows the measured Al composition of the
AlxGa1−xN epilayers varying with gas phase composition �,
which is the TMAl gas mole fraction over TMAl and TMGa.
The gas mole fraction of one source was obtained by calcu-
lation of the partial pressure and flow rate of the source at the
set temperature. When � increased from 0.08 to 0.49, x in-
creased from 0.10 to 0.27. At first, the Al solid composition
was larger than the gas phase composition and then the Al
solid composition was nearly same as the gas phase compo-
sition when � increased to 0.21. When � increased to 0.49,

FIG. 1. XRD rocking curve �0004� of AlxGa1−xN film grown on GaN/
sapphire substrate.
the Al solid composition became saturated. Choi et al. also
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reported that Al solid composition did not increase linearly
with increasing the Al gas composition but saturated to the
Al solid composition of 0.2 under the growth pressure of
200 mbar.10 This Al incorporation into MOVPE growth of
AlxGa1−xN films on sapphire substrates by using TMAl and
TMGa as the group III sources in hydrogen with nitrogen
ambient can be explained by using a surface-adsorption-
trapping model.11,12

The AlGaN was grown layer-by-layer by successive
growth of atomic layers of the group III and V atoms. The
alternating group III and V atom planes were aligned with
�0001� orientation in the wurtzite structure of AlGaN. The
plane of group V atom in AlGaN crystal structure consists of
nitrogen atoms. For a hexagonal lattice structure, the surface
atomic density Ns

0 is given by n /2.6a2, where a is the lattice
constant and n is the number of atoms per hexagonal cell.
The lattice constant of AlxGa1−xN film is 3.173 Å when x is
about 0.2 and n is 3; thus we have Ns

0=1.15�1015 cm−2. The
plane of group III atoms of epilayer consists of Ga and Al
atoms. In order to obtain optimal growth conditions, over-
pressure of group V source was necessary to prevent
AlxGa1−xN decomposition on the surface during growth. The
overpressure of NH3 as group V source provided a group V
stabilized surface and the epitaxial growth rate was con-
trolled by the arrival of group III atoms. Under the assump-
tion that there existed a fixed number of group III adsorption
sites on AlxGa1−xN surface, the kinetics of group III incor-
poration during epitaxy were formulated phenomenologi-
cally in the following. Two parameters, the capture radius Rc

and the adsorption time �c, were used to describe the adsorp-
tion process during the AlxGa1−xN film epitaxial growth.11,12

The adsorption-desorption process is schematically shown in
Fig. 3. According to this model, NH3 reacted with the
monomethylaluminum �MMAl� and monomethylgallium
�MMGa� generated by pyrolysis of TMAl and TMGa to form
AlxGa1−xN films on the epilayer surface.9 In the epitaxial
growth, each NH3 acted as an adsorption center; thus all the
MMAl within the region of radius Rc around the adsorption

FIG. 2. Measured Al composition x vs TMAl source flow composition in
group III gas mixture ratio �. It shows that the Al composition saturated at
�=0.4 when the AlxGa1−xN epilayers were grown at 1110 °C. The solid
curve is a theoretical fit by using Eq. �8�.
center would be captured. One MMAl reacted with the ad-
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sorption center to form an AlN particle. Meanwhile the
MMGa species also reacted with the adsorption center to
form a GaN particle. These particles moved to the kick and
step to form an AlGaN layer. For simplicity, we assumed that
each adsorption center captured only one MMAl or MMGa
molecule. The MMAl molecule diffused onto the epilayer
surface. The probability of a MMAl molecule on the surface
finding its adsorption center would therefore be proportional
to the diffusivity of the MMAl molecule. It meant that the
capture radius Rc to the first order should be proportional to
the surface diffusivity Ds of MMAl molecules or
Rc=R0 exp�−Qd /kT�,11,12 where Qd was the activation energy
for surface diffusion of MMAl molecules.

The time of adsorption �c was defined as the lifetime of
the captured MMAl before desorbing from the adsorption
center.11 The MMAl incorporation process in each atomic
layer during the epitaxial growth could be considered as the
terminated adsorption-desorption process in the time interval
equal to the growth time of one atomic layer �t. If �c��t,
all the captured MMAl would be buried to form the atomic
layer. For �c��t, the probability of the captured MMAl to
be trapped by the current layer reduced to �c /�t. Here we
defined a 	 function, which was described as 	��c /�t�
=�c /�t for �c��t and 	��c /�t�=1 for �c��t.11 Therefore
if we let Ns

* be the density of the adsorption centers, which
could absorb MMAl molecules, Ns the adsorbed MMAl mol-
ecules per unit area at time t on the AlGaN �0001� surface, Fi

the incoming flux of MMAl molecules, and 
 the capture
coefficient of MMAl molecules, the rate equation could be
written as11

dNs

dt
= 
Fi�Ns

* − Ns� . �2�

The capture coefficient could be expressed as

=Ns

* /Ns
0Rc	��c /�t�,11 where Ns

* /Ns
0 was the probability for

the incident MMAl molecules to hit the adsorption
centers. The time of adsorption �c could be expressed as
�c=�0 exp�Qdes /kT�.11 Qdes was the activation energy for de-
sorption. It was clear that the capture coefficient had already
taken into account the desorption of adsorbed MMAl mol-
ecules, and no additional term was needed for desorption.
Thus adsorption rate equation could be written as11,12

dNs

dt
=

Ns
*

N0Rc	� �c

�t
�Fi�Ns

* − Ns� . �3�

FIG. 3. A schematic diagram showing the Al incorporation process on
�0001� AlxGa1−xN surface during epitaxial growth.
s

ticle is copyrighted as indicated in the article. Reuse of AIP content is subje

140.113.38.11 On: Thu, 0
For a vertical reactor, the Reynolds number Re for hy-
drogen and nitrogen carrier gas flow at a mean flow rate uin

can be defined as13

Re = uinrs�/� , �4�

where rs is the susceptor radius, � is the density of N2 and H2

mixture, and � can be calculated by the dynamic viscosity of
N2 and H2. For N2 and H2 carrier gas flow at 4.5 l /min and
susceptor temperature of 1110 °C, Re was estimated to be
�7.30, which was in the range for laminar flow.13 Since the
calculated thermal velocity of TMAl molecules at 1110 °C
was more than two orders of magnitude higher than the mean
flow velocity,13 the impinging flux Fi could be calculated
directly from the partial pressure using statistical thermody-
namics and neglecting the mean flow velocity. Since the
TMAl partial pressure was proportional to the TMAl source
flow rate fAl and the probability of TMAl impinging flux was
inversely proportional to the total flux of group III elements,
or III= fAl+ fGa, where fGa was the TMGa source flow rate,
the impinging flux was given by

Fi = C
fAl

III
, �5�

where C was the flux factor which is equal to the number of
MMAl molecules impinging on a unit area of substrate
surface per 1 SCCM flow of the source gas. Define
�=Ns

* /Ns
0Rc	��c /�t�C and �= fAl/ III and then the solution

of Eq. �3� has a simple form given by

Ns = Ns
*�1 − e−��t� . �6�

The adsorption-desorption process for each atomic layer pro-
ceeded in only a short time period �t which was equal to the
time interval for the growth of one atomic layer. By substi-
tuting �t into Eq. �6�, the Al surface concentration incorpo-
rated into the AlxGa1−xN film depended on the TMAl gas
phase composition �:

Ns = Ns
*�1 − e−���t� . �7�

The bulk Al atomic density of the epilayer was NAl=Ns /d,
where d=c /2 was the thickness of one atomic layer and c
was the lattice constant of the z axis. The Al solid composi-
tion in the epilayer was x=NAl/N0, where N0 was the number
of group III atoms in a unit volume. The surface group III
atomic density of epilayer calculated as mentioned
Ns

0=N0c /2. Thus,

x =
Ns

*

Ns
0 �1 − e−���t� . �8�

Figure 2 shows that at saturation condition, the probabil-
ity for the incident MMAl molecules to hit the adsorption
centers, Ns

* /Ns
0, was 0.272, which means that the MMAl mol-

ecules were incorporated into 27.2% growth sites of group
III during these growth conditions. Equation �8� fits the ex-
perimental results quite well as shown in Fig. 2. The average
growth time was �t=1.31 s for one atomic layer on �0001�
GaN at 1110 °C. Equation �8� therefore reduced to one ad-
justable parameter �. To demonstrate the agreement between

the adsorption-trapping model and the measured data, Fig. 2
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shows an excellent fit with �=5.28, where � was an incor-
poration factor which was equal to the number of MMAl
molecules absorbed on a unit area of substrate surface per
1 SCCM flow of the source gas per unit time. At small val-
ues of �, Eq. �8� reduced to x= �Ns

* /Ns
0����t, which indicated

that the Al solid composition was directly proportional to
both the TMAl gas phase composition � and the time of
surface exposure to the source gas between the growth of
successive layers, which was inversely proportional to the
growth rate. Figure 4 shows the growth rate of AlxGa1−xN
films with varying TMAl gas phase composition shown in
Fig. 2. It confirmed that the growth rate decreased with in-
creasing the Al composition of AlxGa1−xN films.

Figure 5 shows the Al composition in solid and growth
rate of AlGaN as a function of NH3 flow rate. TMAl and
TMGa flow rates were fixed at 4.34 and 16.4 �mol/min,
respectively. The Al composition in the solid increased with
increasing the NH3 flow rate, meanwhile the growth rate
decreased. The increase of NH3 flow rate meant that the
density of the adsorption centers Ns

* increased, which in-
creased the Al incorporation and resulted in an increase of Al
solid composition. This agreed with the prediction made in

FIG. 4. The growth rate of AlGaN films with varying TMAl flow rate at
NH3 flow rate of 600 SCCM.

FIG. 5. Al compositions in the solid and growth rate of AlGaN as a function

of ammonia flow rate. TMAl gas composition � remained constant at 0.21.
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Eq. �8�. When � was more than 0.4, x increased slowly with
�. At surface saturation composition, the second term in Eq.
�8� approached to zero and x�Ns

* /Ns
0. Thus Ns

* determined
the Al solid composition of AlxGa1−xN films. When the
growth pressure decreased to 66 mbar, the high Al solid
composition of Al0.6Ga0.4N films was obtained. This result
showed that the density of adsorption centers Ns

* increased
with the growth pressure, meanwhile � increased with Ns

*.
Let x0=Ns

* /Ns
0. Then Eq. �8� could be written as

x = x0�1 − e−���t� , �9�

where ��t was given by

��t = x0Rc	��c/�t�C�t

= 	x0R0�0e�Qdec−Qd�/kTC for �c � �t

x0R0e−Qd/kTC�t for �c � �t .

 �10�

Since Qdes was larger than Qd, temperature dependences of
��t would be different for �c��t and �c��t.11

The flux factor C could be expressed as14

C =
1

4
n =

1

4
n�8kT

�M
, �11�

where  was the mean thermal velocity, M was the molecular
weight of TMAl, and n was the density of TMAl molecules
in the gas flow. Assuming that the gas temperature T right
above the substrate was the same as the substrate tempera-
ture, n was inversely proportional to T due to expansion.11

Therefore, C was proportional to 1/�T. At low TMAl source
flow rate, the activation energy for surface diffusion Qd can
be obtained by plotting ln��Tln�x0 / �x0−x�� vs 1/T from Eq.
�9� as shown in Fig. 6 for fAl=5 SCCM. The negative sign of
the slope confirmed that the time of adsorption �c was more
than �t. The Qd can be calculated from the slope of curve
Qd=0.53 eV. The � increased with growth temperature from
Eq. �10�.

When ��0.4, Eq. �8� reduced to x=Ns
* /Ns

0; x became
temperature independent. For ��0.4, the temperature depen-
dence of x decreases monotonically with increasing fAl. In
this case, x had a complicated relationship with temperature.

FIG. 6. ln��Tln�x0 / �x0−x�� vs 1/T curve for an AlxGa1−xN film grown at
different temperatures. A negative slope is seen when fAl=5 SCCM.
Figure 7 plots the measured x vs T with different fAl values.
ct to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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It was observed that the slope of x vs T decreased as fAl

increased. This indicated that the Al composition x of
AlxGa1−xN films became less temperature dependent on fAl.
This agreed with the prediction made in Eq. �8�.

IV. CONCLUSIONS

Aluminum incorporation during MOVPE growth of
AlxGa1−xN films by using TMGa and TMAl as group III
sources in N2 and H2 ambient was investigated both experi-
mentally and theoretically. The Al composition in solid phase
measured from XRD was plotted as a function of gas phase
compositions �. It was found that the Al composition in-
creased with � when � was below 0.4 and became saturated
when the gas phase composition was above 0.4. A theoretical
model based on MMAl surface adsorption trapping was pro-
posed to explain experimental results based on the kinetics of
Al incorporation during the AlxGa1−xN MOVPE growth.
Two parameters, the capture radius Rc and desorption time �c

for MMAl molecule, were used to characterize the surface
adsorption center for MMAl molecule. The analysis showed
that the Al composition of AlxGa1−xN film was a function of
the gas phase composition � during the MOVPE growth. The

FIG. 7. Temperature dependence of the Al composition in AlxGa1−xN films
for two Al source flow rates at flow rates of 3 and 5 SCCM, respectively. It
shows that with an increase in TMAl flow rate fAl, the Al composition in the
film becomes less temperature dependent.
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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Al saturation composition of AlxGa1−xN film corresponded to
the ratio of the surface saturation concentration Ns

* to the
surface atomic density Ns

0. The growth temperature depen-
dence of the Al composition of the AlxGa1−xN epitaxy layers
confirmed that the adsorption time �c of a MMAl molecule
center was larger than the growth time of one atomic layer.
The activation energy for surface diffusion Qd was found to
be 0.53 eV.
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