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The mechanisms of growth of GaN on AlN and AlN on GaN via gas source-molecular beam epitaxy
with NH3 as the nitrogen source have been investigated using x-ray photoelectron spectroscopy, low
energy electron diffraction, and Auger electron spectroscopy. The growth of GaN on AlN at low
temperatures~650–750 °C! occurs via a Stranski–Krastanov 2D→3D type mechanism with the
transition to 3D growth occurring at'10–15 Å. The mechanism changes to Frank van der Merwe
~FM!/layer-by-layer growth above 800 °C. The growth of AlN on GaN occurred via a FM
layer-by-layer mechanism within the 750–900 °C temperature range investigated. We propose a
model based on the interaction of ammonia and atomic hydrogen with the GaN/AlN surfaces which
indicates that the surface kinetics of hydrogen desorption and ammonia decomposition are the
factors that determine the GaN growth mechanism. ©1999 American Institute of Physics.
@S0021-8979~99!08521-7#

I. INTRODUCTION

Gallium nitride ~GaN! and aluminum nitride~AlN ! are
completely miscible semiconductors with band gaps of 3.45
and 6.2 eV, respectively. Several commercial applications
for these materials including UV-visible/optoelectronic and
high-power, high-frequency, and high-temperature micro-
electronic devices have been realized.1–7 To date, the two
most popular techniques for growth of these materials have
been organometallic vapor phase epitaxy~OMVPE! and
plasma-assisted electron cyclotron resonance or radio-
frequency induced gas source molecular beam epitaxy
~PAGSMBE!. The success and improved understanding of
the OMVPE and PAGSMBE techniques have been greatly
aided by several studies of the growth mechanisms of GaN
and AlN on various substrates by these techniques.8–17 An
alternative to OMVPE and PAGSMBE growth of GaN is
reactive molecular beam epitaxy which essentially replaces
the electron cyclotron resonance~ECR! or rf N2 source with
NH3 in the MBE system~i.e., NH3–GSMBE!. This last tech-
nique is currently gaining increased employment due to its
inherent simplicity relative to PAGSMBE, the markedly in-
creased purity of commercially available NH3, and the im-
proved electrical and optical properties of GaN films grown
by this technique.18–24

Yoshida et al.25–29 were the first to report the growth
of films of AlN, GaN, and AlxGa12xN alloys by
NH3–GSMBE. Highly resistive and single crystalline@as de-

termined by reflection high-energy electron diffraction

~RHEED!# AlN films were achieved on~0001! and (112̄0)
Al2O3 substrates at 1000 and 1100 °C, respectively.25,26 By
contrast, the GaN films were grown at 700 °C on~0001!
Al2O3 and were highly conductive with carrier concentra-
tions of 1019– 1020/cm3 and mobilities of 30 cm2/V s.27 The
growth of an AlN buffer layer between the GaN and the
Al2O3 did not change the electrical properties of their films.
However, these investigators did make the key
observation28,29 that the band edge cathodoluminescence
~CL! intensities from the latter GaN films were 25 times
greater than those from films grown directly on Al2O3.

Subsequent research has resulted in a steady improve-
ment in the desired structural, chemical, and electrical prop-
erties of the GaN films grown by NH3–MBE. Films grown
directly on ~0001! Al2O3 by Powell, Lee, and Greene30 at
760–780 °C exhibited carrier concentrations of 1 – 4
31018/cm3 and mobilities of 100–110 cm2/V s. A further
reduction in carrier concentration to 231017/cm3 has been
demonstrated by Yang, Li, and Wang18,19 and Kampet al.21

by the use of an AlN buffer layer on~0001! Al2O3. Through
optimization of the NH3 flux, Kim et al.20 have been able to
grow at 850 °C highly resistive GaN films with carrier con-
centrations ,1014/cm3 and mobilities as high as 200
cm2/V s. The reduction of the background carrier concentra-
tions to these levels has additionally allowed Kimet al.20

and Yang, Li, and Wang18 to achievep-type Mg doping of
GaN without post-growth annealing. The ability to achieve
n- andp-type doping has allowed Grandjeanet al.24 to fab-
ricate UV GaN light emitting diodes by this technique.
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Improvements in the characteristics of the nitride films
and an increased understanding of the associated OMVPE
and PAMBE growth techniques were aided by several
studies8–17 regarding the growth mechanisms of GaN and
AlN on various substrates. Similar improvements in
NH3–GSMBE-derived films should also be aided by such
studies. As such, the authors have employed several analyti-
cal techniques to investigate the initial growth mechanisms
of GaN on AlN and AlN on GaN by the NH3–GSMBE tech-
nique. We show that at low growth/substrate~sub! tempera-
tures (Tsub,800 °C), GaN growth on AlN proceeds via a
layer-by-layer plus island, i.e., a Stranski–Krastanov~SK!
growth mechanism. At higher temperatures (Tsub.800 °C) it
proceeds via a Frank van der Merwe~FM! layer-by-layer
mechanism. No Volmer–Weber~VW! island growth was ob-
served. Throughout the temperature range investigated, AlN
was observed to grow on GaN in a FM/layer-by-layer
mechanism. Based on simulations of NH3 and H desorption,
the change in the GaN growth mechanism from SK to FM is
attributed to a transition from a fully ammonia/hydrogen-
terminated GaN surface to a partially hydrogen-terminated
surface with increasing temperature

II. EXPERIMENTAL PROCEDURE

A. Thin film growth and analysis system

All experiments described later were conducted using a
unique ultrahigh vacuum~UHV! configuration which inte-
grated several completely independent UHV thin film growth
and analysis systems via a 36 ft long transfer line having a
base pressure of 9310210Torr ~see Ref. 31 for details of the
transfer line and many of the associated systems!. The ex-
periments described in this paper employed the III–N
GSMBE, Auger electron spectroscopy~AES!, low-energy
electron diffraction~LEED!, and x-ray photoelectron spec-
troscopy~XPS! systems.

1. GSMBE

The GSMBE system, with a base pressure of 3310210

Torr, was designed and constructed specifically for the
growth of III–V nitride thin films. The sample heating stage
consisted of a wound tungsten heating filament positioned
close to the back of the sample and mounted on a boron
nitride disk supported by four alumina tubes connected to the
bottom of a cup-shaped molybdenum sample holder.31 A
W/6%Re–W/26%Re thermocouple was employed to mea-
sure the temperature of the backside of the wafer; heating
profiles were controlled using a programmable microproces-
sor and 20 amp semiconductor current rectifier~SCR! power
supply. Actual surface/sample temperatures~i.e., those re-
ported herein! were measured using an infrared thermometer
with a spectral response of 0.8–1.1mm and a emissivity
setting of 0.5. The estimated experimental accuracy for the
latter temperatures was estimated to be625 °C. Surface tem-
peratures to 1100 °C were easily obtained.

Source materials in the GSMBE included Al, Ga, and
NH3. Aluminum ~99.9999%! was evaporated from a 25 cm3

‘‘cold lip’’ Knudsen cell, and Ga~99.99999%! was evapo-
rated from a 25 cm3 dual filament Knudsen cell. The NH3

~99.9995%! was further purified via an inline metalorganic
resin purifier connected directly to a leak valve mounted on
the GSMBE chamber. Sample exposure to the NH3 was ob-
tained using ‘‘molecular beam’’ dosers similar in design to
those employed by Bozacket al.32 Collimation of the ammo-
nia into a molecular beam focused onto the sample was
achieved with this doser using a 13 mm diameter32-mm-
thick glass capillary array with a 10mm pore size~Galileo
Electro Optics, Inc.!. The doser-to-sample distance was fixed
at 5.1 cm. This doser arrangement enhanced the ammonia
flux to the sample by a factor of 10–100. Residual gas analy-
sis of the NH3 revealed extraneous peaks at 28 and 44 indi-
cating that CO, N2, and CO2 were the principal contaminants
in the gas.

2. XPS System

Experiments involving XPS were performed in a stain-
less steel UHV chamber (base pressure52310210Torr)
equipped with a dual anode~Mg/Al ! x-ray source and a 100
mm hemispherical electron energy analyzer~VG CLAM II !.
All XPS spectra reported herein were obtained at 12 kV and
20 mA emission current using MgKa radiation (hn
51253.6 eV). An XPS analysis typically required less than 1
h during which time the pressure never increased above
9310210Torr. Calibration of the binding energy scale for
all scans was achieved by periodically taking scans of the Au
4 f 7/2 and Cu 2p3/2 peaks from standards and correcting for
the discrepancies in the measured and known values of these
two peaks~83.98 and 932.67 eV, respectively!.33 A com-
bined Gaussian–Lorentzian curve shape with a linear back-
ground was found to best represent the data.

3. AES/LEED

The AES and the LEED optics were mounted on a six-
way cross connected to the transfer line and pumped through
the transfer line. A 3 keV, 1 mA beam was used in the AES
analysis. Each spectrum was collected in the undifferentiated
mode and numerically differentiated. An 80 eV, 1 mA beam
was used in the LEED studies.

B. Substrates and thin film preparation

The substrates used in this research were'1.531.5 cm
pieces cut from 3 cm diameter off-axis~4° toward (112̄0)!
n-type (Nd51018cm3) (0001)Si 6H-SiC wafers obtained
from Cree Research, Inc. All wafers were received with an
'1 mm n-type epitaxial layer (Nd5531017) on which was
grown '500–1000 Å of thermal oxide the generation of
which was necessary in order to obtain a stoichiometric SiC
surface after removal via a 10 min 10:1 HF dip.34 The un-
polished backside of each wafer was subsequently coated via
rf sputtering with tungsten to increase the heating efficiency
of the SiC as the latter was partially transparent to the infra-
red radiation emitted from the tungsten filament heater. All
wafers were then ultrasonically rinsed in acetone and metha-
nol, exposed to the vapor from a 10:1 buffered HF solution
for 10 min, and mounted using Ta wire to a 1 in. diameter
Mo disk with an approximately 1.5 cm2 square hole cut in
the center. Each wafer/Mo assembly was then fastened to a
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ring-shaped Mo sample holder using Ta wire and inserted
into the transfer line load lock. Thein situ procedure used for
the final cleaning step of the 6H-SiC substrates was similar
to that described by Kaplan35 and Kern and Davis36 and is
described in detail elsewhere.37 Briefly, each SiC wafer was
annealed in the GSMBE system in a flux of 1025– 1026 Torr
SiH4 for '15–20 min at 950–1050 °C. Analysis via AES
and XPS revealed oxygen-free, silicon-terminated SiC sur-
faces which displayed either~131! or ~333! LEED pattern.
If a ~333! LEED pattern, indicative of the formation of a
bilayer of free silicon on the surface, was obtained, the
sample was annealed in UHV at 1050 °C for 5–10 min to
desorb the excess silicon.37 This procedure resulted in a
~131! pattern. Growth of the AlN buffer layer was always
initiated on an oxygen-free~131! 6H-SiC ~0001! surface.

To initiate the deposition of AlN, the 6H-SiC wafer was
raised to a temperature of 1050 °C at which point the shutter
to the Al Kcell ~at 1150 °C! was opened. A few seconds
later, ammonia was admitted into the system which created a
total pressure of'1025 Torr. Growth proceeded at a rate of
1000 Å/h for approximately 15 min after which the Al cell
was shuttered. The sample was cooled in flowing ammonia
until approximately 800–900 °C at which point the ammonia
valve was closed. The AlN films displayed~232! recon-
structed surfaces in LEED immediately after growth and
cooling to about 100–200 °C. This reconstruction was sensi-
tive to contamination or temperature, as a~131! LEED pat-
tern was observed several hours after growth when the
sample had reached room temperature. Observations via
scanning electron microscopy~SEM! at 10 0003magnifica-
tion showed the films to be free of surface topography. The
films were too resistive for electrical measurements. Addi-
tional details regarding this research have been published
elsewhere.38–40

To achieve the growth of each GaN film on an AlN
buffer layer, the latter was heated to 650–800 °C in
1024 Torr ammonia~50 sccm! after which the Ga cell~at
1020 °C! was opened and growth allowed to proceed. The
growth rate for these conditions was determined via cross-
sectional SEM to be' 2000 Å/h. After the desired GaN
thickness had been achieved, the Ga cell was closed. Each
film was allowed to cool in flowing ammonia to approxi-
mately 600 °C after which the valve for this gas was closed.

Films of AlN were also deposited at 800 °C and
1025 Torr NH3 on undoped~0001! GaN films previously
grown by both GSMBE in the authors’ system and OMVPE.
The other process parameters were similar to those used in
the growth of the AlN buffer layers. The OMVPE GaN films
were cleaned by annealing in 1024 Torr NH3 at 900 °C for 15
min. AES and XPS did not detect the presence of oxygen or
carbon.41

C. Growth mode analysis

The experimental procedure and analysis used to study
the growth modes of GaN~AlN ! on AlN ~GaN! were similar
to that used by Sitar, Smith, and Davis17 to study the growth

modes of AlN and GaN on (0001)Si 6H-SiC and ~0001!
Al2O3. Therefore, only a brief description of the procedure
will be given here.

A series of sequential depositions, each having a thick-
ness of'0.5–5 Å of GaN~AlN ! on AlN ~GaN!, were con-
ducted until a GaN~AlN ! film thickness of'35 Å was
achieved. Following each deposition, XPS, LEED, and AES
analysis were performed. Each series of depositions and
analysis was completed within 12–14 h to ensure the clean-
liness of the surfaces and interfaces. To determine the growth
mode of the GaN~AlN ! film, the ratio of the initial inte-
grated intensity,I 0 , of the Al 2p ~Ga 3p! core level from the
AlN buffer layer ~OMVPE GaN film! was measured against
the integrated intensity,I S , of the Al 2p ~Ga 3p! core level
from the GaN/AlN interface. The values ofI s /I 0 were plot-
ted against the calculated GaN thickness~5growth rate
3growth time!. Theoretical curves for the Al 2p ~Ga 3p!
attenuation expected from FM, SK, and VW growth modes
were simultaneously plotted and compared with the experi-
mentally determined attenuation to elucidate the growth
mode~s!. The following relations were used for the three
modes:
FM

I s/I 05exp~2t/l!, ~1!

wheret5thickness of the growing film,l5mean free path of
the photoelectron being measured,I 05 initial intensity of the
substrate core level, andI s5 intensity of the substrate core
level with a overlying film of thicknesst.
SK

I s /I 05~12u!1u exp~2t/l!, ~2!

whereu is the surface coverage of the film/islands.
VW

I s /I 05~12u!exp~2q/l!1u exp~2t/l!, ~3!

whereq5thickness of the film before onset of 3D growth.
The following relation from Briggs and Seah33 was used

to calculate the mean free paths of the core levels of interest

50.41~aE!1/21538E22 monolayers, ~4!

where E5kinetic energy of the photoelectron,a5(rMW /
NA)1/3 where,r5density of overlying film,MW5molecular
weight of film, NA5Avogadro’s Number.

The mean free path of Al 2p photoelectrons in GaN was
determined to be 19 Å. The mean free paths of Ga, 3d, 3p,
and 2p photoelectrons in AlN were determined to be 19, 18,
and 6 Å, respectively.

III. RESULTS

A. Growth of GaN films on AlN

Figure 1 shows a plot of the attenuation of the Al 2p
core level as a function of the thickness of the overlying GaN
films grown at 650 °C. Curves for the expected attenuation
for FM, SK, and VW growth modes are also included. The
Al 2 p core level intensity increased after the first few GaN
depositions. This phenomenon is believed to be due to for-
ward scattering effects wherein the trajectory of a photoelec-
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tron emitted by an underlying atom is bent in the direction of
the overlying atom due to the positive charge of the nucleus
of the latter.42,43This can cause an increase in the intensity of
the core levels along certain crystallographic directions.42

This effect diminished with further depositions, and the sub-
sequent data followed a curve which most closely matched
that expected for FM growth. However, at a GaN thickness
of 15 Å, the Al 2p attenuation again exhibited an increas-
ingly positive deviation from the curve for FM growth and
approached the curves expected for SK and VW growth. An
excellent fit to the experimental data was obtained by assum-
ing SK growth with a 2D growth thickness of 10 Å.

Unreconstructed~131! LEED patterns representative of
those displayed throughout the entire sequence of GaN depo-
sitions described above are shown in Fig. 2~a!. The oxygen
levels measured by AES and XPS throughout the series were
either undetectable or less than 1% of a monolayer. The rep-
resentative microstructure of the surface of the GaN films
grown at 650 °C is shown in Fig. 3~a! for film thicknesses of
4–5000 Å. These films weren type and extremely conduc-
tive. Four point probe~4pp! measurements showed sheet re-
sistances of 1022 V/sq, indicative of free carrier concentra-
tions of 1019/cm3.44 Photoluminescence spectra of these
films showed very broad donor bound exciton emission of
weak intensity as shown in Fig. 4~a!.

Figure 5 shows a plot of the Al 2p attenuation as a
function of GaN thickness for films grown on AlN at 800 °C.
As for the films grown at 650 °C, the Al 2p intensity in-
creased after the first few GaN depositions and then de-
creased to match the curve expected for FM growth. How-
ever, unlike GaN growth at 650 °C, the Al 2p attenuation
continued to follow the curve expected for FM growth until
the Al 2p was essentially undetectable. The SEM micro-
graph in Fig. 3~b! shows a very smooth surface containing
occasional ‘‘pits’’ similar in appearance to those observed in
thin OMVPE GaN surfaces suggesting that layer-by-layer
growth was maintained at thicknesses greater than that
sampled by XPS. The rms surface roughness of this film as

determined by atomic force microscopy was approximately
40 Å, which is comparable to the,20 Å typically measured
from high-quality OMVPE GaN surfaces.

Reconstructed~232! LEED patterns were displayed
throughout the series of GaN depositions on AlN at 800 °C
@see Fig. 2~b!#. These surfaces were similarly sensitive to
surface contamination and temperature as the~232! recon-
structed AlN surface. Typically,~131! LEED patterns devel-
oped after 3–4 h in a vacuum of 1029– 1028 Torr. The
~232! reconstructed surfaces could be restored by annealing
in 1025 Torr NH3 for 5 min. No attempts were made to de-
termine the actual structure of the~232! reconstruction.
However, the theoretical work of Rapcewicz, Nardelli, and
Bernholc45 indicates that a~232! N adatom reconstruction is
energetically most favorable for Ga terminated~0001! GaN,
and a~232! N vacancy reconstruction is energetically favor-
able for the nitrogen-terminated~0001! GaN surface. The
oxygen levels detected by both AES and XPS from the GaN
films grown at 800 °C were similarly found to be undetect-
able ~i.e., ,1%!.

The GaN films grown at 800 °C were more resistive
~0.2–1 MV! than those grown at 650 °C. Sheet resistances
for the former were typically too high for 4pp measurements.
The carrier concentrations (ND –NA) of the 800 °C films de-
termined by capacitance voltage~CV! measurements were in
the range of 1 – 531017/cm3. Films grown at 825 °C were
more resistive with a carrier concentration of 2 – 5

FIG. 1. Attenuation of the Al 2p core level from the AlN buffer layer as a
function of overlying GaN film thickness forTsub5650 °C. Circles
5experimental I /I 0 , triangles5theoreticalI /I 0 for FM layer-by-layer
growth, squares5theoreticalI /I 0 for VW growth, diamonds5theoretical
I /I 0 for SK growth.

FIG. 2. LEED patterns from~a! (131) ~0001! GaN, and~b! (232) ~0001!
GaN films deposited on AlN~0001! at 650 and 800 °C, respectively.
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31016/cm3. However, Hall measurements foundn52
31017/cm3 andm560 cm2/V s. Photoluminescence of these
films displayed sharp@full width at half maximum510 meV#
donor-bound exciton emission and very littleD –A emission,
see Fig. 4~b!.

B. Growth of AlN films on GaN

A plot of the attenuation of the Ga 3p core level from an
OMVPE GaN film as a function of overlying AlN thickness
is shown in Fig. 6. 2D~FM! growth of the AlN films on the
OMVPE GaN was observed to occur. Similar results were
obtained for AlN growth on GSMBE GaN. No surface to-
pography was observed on the AlN surface via SEM, but the
AlN/GaN was observed to have cracked. The cause of the
cracking is currently not known. The resistivity of these AlN
films were beyond the range of our experimental capabilities,
and CV did not indicate any charge.

IV. DISCUSSION

A. Strain effects

The results of the XPS CL attenuation research shown in
Figs. 1 and 5 clearly indicate that the growth of GaN on
monocrystalline AlN by NH3–GSMBE initially proceeds in
a FM/layer-by-layer mechanism between 650 and 800 °C.
We have further observed, using XPS in tandem with SEM,
that growth can either continue in a FM/layer-by-layer mode
or switch to a 3D SK growth regime depending on the
growth temperature. Further inspection of Fig. 1 reveals that
the deviation from the expected Al 2p attenuation for FM

growth and the experimentally observed Al 2p attenuation
occurs at'10–15 Å which is also the reported Matthews–
Blakeslee critical thickness for GaN on AlN.46 This observa-
tion is clearly in line with the classical interpretation of SK
type growth where growth starts in a 2D fashion and then the
buildup of interfacial stress forces 3D growth. However, the
thickness of the underlying 250 Å monocrystalline AlN
buffer layer exceeds the critical thickness for AlN on 6H-SiC
~'46 Å47! and is highly defective with a large density of

FIG. 3. SEM micrographs of GaN films grown on AlN buffer layer at~a!
650 and~b! 800 °C.

FIG. 4. Photoluminescence of GaN films grown on AlN buffer layer at~a!
650 and~b! 800 °C.

FIG. 5. Attenuation of Al 2p core level from AlN buffer layer as a function
of overlying GaN film thickness forTsub5800 °C. Circles5experimental
I /I 0 , triangles5theoreticalI /I 0 for FM layer-by-layer growth.
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misfit dislocations of which a substantial portion propagate
into the GaN film.47–50 Accordingly, there already exists a
high density of defects at the GaN/AlN interface which can
act as low energy nucleation sites for misfit dislocations.

To further argue against interfacial strain causing the
change in growth mode, it is worth noting that a switch from
a 3D to a 2D growth mode with substrate temperature has
also been observed using RHEED by Powell, Lee, and
Greene30 for growth of GaN directly on~0001! Al2O3 via
NH3–GSMBE. These RHEED studies showed that films
grown at ~i! Tsub,760 °C exhibited well-defined transmis-
sion spots indicative of 3D island growth and at~ii ! Tsub

.780 °C exhibited sharp Kikuchi lines and streaky~131!
patterns indicative of 2D growth. As the lattice matching and
interfacial bonding between GaN and Al2O3 are completely
different from that of GaN on AlN, one would not expect to
see a switch from 3D to 2D growth in the same temperature
range if strain relaxation mechanisms were responsible for
the changes in growth mechanism.

B. Surface effects

Simultaneous to the change in growth mode from 3D to
2D, a change in surface structure from an unreconstructed
~131! surface atTsub,800 °C to a reconstructed~232! sur-
face at Tsub.800 °C was observed with LEED. The ob-
served improvement in the electrical and optical properties in
GaN films grown at 800 °C with the change in growth mode
and surface structure suggests that a more optimized growth
regime was perhaps realized. Further, the concomitant
change in growth mode and electrical/optical properties with
surface order and temperature suggests that the change in
growth mode may be related to a change in the kinetics of
one of the surface-limiting processes~i.e., adsorption, de-
sorption, diffusion, etc.!. Accordingly, it is important to note
that for all temperatures investigated, no Ga accumulation
~i.e., Ga droplets! was observed to occur as evidenced by the
lack of any metallic Ga 3d, 3p, or 2p features in XPS. In
addition, based on the isothermal growth phase diagram of
Jenny, Kaspi, and Evans,51 only GaN growth should be ex-

pected for the process parameters examined. Therefore, the
3D/2D transition should not be due to a transition from Ga
accumulation to desorption.

A similar 3D→2D/~131!→~232! transition has also
been observed in PAMBE growth of GaN on various differ-
ent substrates and buffer layers.15,52 In PAMBE, a transition
from a ~131! to ~232! RHEED pattern and a transition from
3D to 2D growth has been reported when the growth tem-
perature is increased beyond a certain point. Similarly, an
improvement in structural, electrical, and optical properties
has also been observed. In the case of PAMBE, the transition
from 3D to 2D growth and a~131! unreconstructed surface
to a ~232! reconstructed surface was concluded to occur
when moving from a N rich/stabilized surface to a Ga rich/
stabilized surface.15 Recently, Heldet al. have used desorp-
tion mass spectroscopy~DMS! and RHEED to study
NH3–GSMBE growth of GaN and have also observed two
distinct growth regimes which they classified as NH3 and Ga
limited growth.53 In NH3 limited growth, weak~232! recon-
structed RHEED patterns and smooth surfaces were ob-
served, whereas for Ga limited growth, transmission RHEED
patterns indicative of 3D growth were observed.

The observations of Ga limited/N rich-stabilized sur-
faces for 3D GaN growth and NH3 limited/Ga-rich stabilized
surfaces in 2D GaN growth for both NH3–GSMBE and
PAMBE, respectively, supports the conclusion that surface
processes/kinetics are responsible for the observed 3D→2D
transition. However, a detailed understanding of the particu-
lar surface process influencing the growth mechanism is still
lacking. Of further concern is the difference in temperature at
which the transition from~131!→~232! and 3D→2D is ob-
served to occur in PAMBE and NH3–GSMBE. In PAMBE,
the transition is observed to occur at temperatures of 600–
675 °C, whereas in NH3–GSMBE it is observed to occur at
750–800 °C which is 100–200 °C higher.15,30,40,52Also of
concern, is the observation of an NH3-limited GaN growth
regime in NH3–GSMBE in cases where the NH3/Ga ratio is
. 10–100.

At this point, it is worth noting that a similar phenomena
has been observed in Si and Ge homoepitaxial MBE where
the transition temperature from 3D to 2D growth for GS,
MBE using SiH4, Si2H6, or GeH4 is observed to occur at
100–200 °C higher temperature than that which is observed
to occur for solid source MBE of these materials.54–56 The
transition from 3D to 2D growth has been proposed to be due
to slow hydrogen desorption kinetics from Si which results
in sight blocking of surface adsorption sites at low growth
temperatures.56 This theory has been supported by the ex-
periments of Sakamotoet al.55 which showed that the addi-
tion of atomic hydrogen to the solid source growth of Si in a
2D growth regime forced growth to occur in 3D fashion.
This suggests that surface processes such as adsorption/
desorption of hydrogen and or decomposition of ammonia on
GaN surfaces could also be the reason for the higher 3D–2D
transition temperature in NH3–GSMBE relative to PAMBE.
To further support this argument, the authors note that Yu
et al.57 have observed that the addition of atomic H to the
PAMBE growth of GaN in a regime where 2D growth is
typically observed can cause growth to switch to 3D. As

FIG. 6. Attenuation of Ga 3p core level from OMVPE GaN film as a
function of overlying AlN film thickness forTsub5800 °C. Circles
5experimentalI /I 0 for Ga 3p, triangles5theoreticalI /I 0 for FM layer-by-
layer growth, squares5theoreticalI /I 0 for VW, diamonds5theoreticalI /I 0

for SK growth.
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noted by Tarsaet al.,15 the transition from 3D→2D growth
in PAMBE could be due to limited Ga adatom surface mo-
bility due to the presence of three nitrogen dangling bonds. If
these dangling bonds are instead capped with hydrogen at-
oms, it could further act to reduce the Ga adatom mobility, as
well as limit the incorporation of Ga.

We provide a simple model for the interaction of NH3

with GaN surfaces in MBE which shows that hydrogen
desorption/ammonia decomposition may be the determining
factor for the NH3–GSMBE GaN growth mechanism. This
model will further explain the observation of NH3/Ga lim-
ited growth regimes for conditions in which NH3/Ga
.10–100.

C. Ammonia/hydrogen desorption

Based on the residual gas analyzer studies of Kamp
et al.21 for the surface cracking of ammonia on GaN, and the
temperature programmed desorption~TPD! high-resolution
electron energy-loss spectra/electron stimulated desorption
ion angular distribution studies of the adsorption/desorption
of NH3 on Si ~111!58,59 and NH3 on GaAs~100!,60 we pro-
pose the following sequences of reactions for describing the
reaction of ammonia with GaN surfaces

NH3g⇔NH3ad ~ i!

NH3ad⇔NH2ad1Had ~ ii !

NH2ad1Had⇔NHad12Had ~ iii !

NHad12Had⇔Nad13Had ~ iv!

2Had⇔H2g ~v!

2Nad⇔N2ad⇔N2g ~vi! No growth

Gaad1Nad⇔GaNs ~vii ! GaN growth.

As shown in Fig. 7, the GaN growth direction is as-
sumed to occur in the@0001# direction with a Ga-terminated
surface being maintained. This is based on the fact that
growth of the AlN buffer layer was initiated on a silicon
terminated (0001)Si 6H-SiC surface and that a C–Si–N–Al
interface is subsequently expected. Maintaining the same po-
larity across the AlN/GaN interface would lead to a Ga-
terminated surface. In Fig. 7, it should also be noted that the
initial adsorption of ammonia is assumed to occur molecu-
larly and explicitly at Ga surface sites. Based on the results
of Dresseret al.58 and Tanaka, Onchi, and Nishijima59 from
studies of NH3 adsorption onto Si~111!, some dissociative

adsorption of ammonia is also assumed to occur with NHxad

and Had being formed. However, no site specificity~N or Ga!
is assigned to the Had.

For simplicity, we will start by modeling the reactions~i!
~i.e., ammonia adsorption and desorption! followed by reac-
tion ~v!, i.e., adsorption and desorption of hydrogen from
GaN surfaces. Our approach is to estimate the steady-state
surface coverage of ammonia or hydrogen on GaN and AlN
surfaces in the presence of a flux of NH3. This will allow the
ammonia/hydrogen surface coverage during NH3–GSMBE
growth to be estimated and accordingly determine the tem-
perature at which ammonia desorption and/or decomposition
on GaN and AlN surfaces is rapid and not the limiting reac-
tion.

Desorption kinetics are typically described by the gen-
eral Polyani–Wigner expression61

desorption rate52du/dt5nnun exp~2Edes/RT!, ~5!

wheren5the reaction order,u5the adsorbate surface cover-
age, n5the pre-exponential factor~n051028cm2 s, n1

51013/s, n251022 cm2/s!, and Edes5the activation energy
for desorption. In steady-state conditions, the flux of adsor-
bates leaving the surface via desorption will be equal to the
incoming flux of the adsorbate times the adsorbate sticking
coefficient. The sticking coefficient~S! is described by

S5S0~12u/umax!
n, ~6!

where S05the initial sticking coefficient~at u50! and is
assumed equal to unity in the analysis, andumax is the maxi-
mum surface coverage ('2.331015atoms/cm2). The combi-
nation of Eqs.~5! and ~6! allows the determination of the
steady-state surface coverage of the adsorbate.62

Based on a Redhead analysis of TPD spectra from the
desorption of ammonia from Si~111! surfaces, Dresser
et al.58 determined that molecular desorption of NH3 from
this surface was first order and estimated thatEdes

546 kcal/mol assumingn151014/s. As illustrated in Fig. 8,
these parameters were used to generate a plot of ammonia
surface coverage versus temperature for various different
ammonia fluxes. Figure 8 clearly shows that for Si~111!, a
fully ammonia-saturated surface would be maintained up to
temperatures of 600 °C. Due to the increased electron sharing

FIG. 7. Schematic illustrating the interaction of ammonia (NH3) with a
GaN surface.

FIG. 8. Ammonia surface coverage as a function of temperature and ammo-
nia flux.
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between the electron deficient Ga surface atom and the un-
bonded electron pair on the NH3 molecule, it is reasonable to
expect that the Ga–NH3 bond is stronger than the Si–NHx .
This could lead to a higherEdesfor NH3 from GaN and thus,
push the equilibrium NH3 saturation surface coverage shown
in Fig. 8 to higher temperatures. However, the important
feature to clarify here is that if NH3 adsorption is predomi-
nantly molecular, decomposition of adsorbed NH3 species to
NHx ~reactions ii–iv! will be prohibited due to saturation of
all surface sites with NH3, as well as possible steric hin-
drance effects. Thus temperatures.700 °C are needed to
provide open surface sites for dissociation of adsorbed NH3

species into NHx and Had.
Desorption of hydrogen on GaN may occur from both

Ga and N sites. Chianget al.63 using isothermal analysis and
direct recoil time-of-flight mass spectroscopy have recently
determined that deuterium desorption from Ga sites on Ar1

sputter cleaned polycrystalline GaN surfaces is second order
with an activation energy of 9 kcal/mol. The findings of
these authors for H desorption from Ga are similar to those
for hydrogen desorption from Ga in GaAs where a second
order desorption activation energy of 13 kcal/mol was
determined.64 Second order desorption is consistent with the
following recombinative desorption mechanism

2Dads→GaD2→D2~g!1Ga. ~7!

Chianget al. speculate that the rate limiting reaction in
this expression is actually diffusion of the deuterium to Ga
sites and that D2 desorption is rapid. Unfortunately, Chiang
et al. did not provide information regarding hydrogen de-
sorption from nitrogen sites except that it is complete by
600 °C. This is supported by the ammonia and deuterium
TPD studies of Shekhar and Jensen65 on N2 sputter-cleaned
OMVPE GaN films grown on Al2O3. Their TPD studies
showed a peak in D2 desorption at'500 °C for low surface
coverage’s which shifted to 350–400 °C with saturated sur-
face coverage’s indicative of second order desorption kinet-
ics. However, their TPD studies were not successful in de-
termining whether the desorption was from Ga or N sites.
The presence of incompletely dissociated NHx at tempera-
tures of.750 °C is supported by the DMS studies of Held
et al.53 which observed the evolution of hydrogen when am-
monia saturated surfaces were exposed to Ga at this tempera-
ture. Further support for N–H bonding on GaN/AlN surfaces
at higher temperatures is provided by Fourier-transform in-
frared studies of the interaction of NH3 and trimethyl alumi-
num on AlN/Al2O3 surfaces by Liu, Bertolet, and Rogers66

and the soft x-ray photoemission spectroscopy studies of the
adsorption of NH3 on SiC, LiGaO2, and GaN by Klauser,
Kumar, and Chuang.67

Based on the earlier observations, we have estimated
that hydrogen desorption from nitrogen surface sites on GaN
is second order with an activation energy of 55 kcal/mol.
This estimation is based on the similar bond energies of hy-
drogen to nitrogen and silicon in ammonia and silane~431.8
and 393.3 kJ/mol, respectively!68 and the determination of
second order desorption kinetics of hydrogen from Si~111!
with Edes557.5 kcal/mol by Schulze and Henzler.69 There
have been no reports onEdes for hydrogen specifically from

a nitrogen site on a nitride surface to support this assump-
tion. However, hydrogen desorption sites from polycrystal-
line MoN with Edes>50 kcal/mol have been reported by
Choi, Lee, and Thompson.70 For hydrogen desorption from
AlN, we considered hydrogen desorption from nitrogen sites
in AlN to be similar to hydrogen desorption from nitrogen
sites on GaN surfaces, and hence, assumedEdes

555 kcal/mol. For hydrogen desorption from Al sites on
AlN, we used the experimentally determined activation en-
ergies of hydrogen desorption from metallic~111! Al sur-
faces which are 17 kcal/mol for zeroeth order desorption
kinetics.71 An activation energy of 17 kcal/mol and second
order desorption kinetics were assumed in the calculations
described herein.

Using Edes~HGa!59 kcal/mol, Edes~HAl!517 kcal/mol,
Edes~HN!555 kcal/mol, n251022 cm2/s, S051 and umax

52.331015/cm2, plots of hydrogen surface coverage on Ga,
Al, and N sites of GaN or AlN surfaces were generated as a
function of temperature for various ammonia fluxes~see
Figs. 9–11!. As can be seen in Fig. 9, very little hydrogen
remains adsorbed to Ga at any temperature except for ex-
tremely large fluxes of ammonia (1024/cm2 s). However, for
ammonia fluxes of 1017– 1018/cm2 s ~i.e., typical NH3–MBE

FIG. 9. Hydrogen surface coverage on Ga sites of~0001! GaN as a function
of temperature and atomic H flux~#/cm2 s!.

FIG. 10. Hydrogen surface coverage on Al sites of~0001! AlN as a function
of temperature and atomic H flux~#/cm2 s!.
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conditions! hydrogen is stable on Al sites on AlN surfaces to
temperatures of 100 °C, see Fig. 10. In contrast, Fig. 11
shows that saturation of nitrogen sites with hydrogen is ob-
served to occur for all fluxes to temperatures of 550 °C. Fig-
ure 11 also shows that desorption of hydrogen from nitrogen
sites is nearly complete at 600 °C for low ammonia fluxes,
which is consistent with the observations of Chianget al.63

and Shekhar and Jensen65 and lends support to our assump-
tions for the activation energy for desorption of hydrogen
from nitrogen. Further inspection of Fig. 11 reveals that for
ammonia fluxes of 1017– 1018/cm2 s, hydrogen desorption
does not become significant until temperatures of 700–
800 °C. This is exactly the temperature range in which the
3D→2D transition is observed to occur for GaN growth by
NH3–GSMBE.

Based on the earlier findings, it now seems reasonable to
ascribe the observed change in GaN growth from SK to FM
with increasing temperature to reactive site blocking by in-
complete desorption of hydrogen and or decomposition of
ammonia on GaN surfaces. For typical NH3–GSMBE fluxes
and at temperatures below 700 °C, Figs. 8 and 11 show that
the GaN surface is saturated with undecomposed or partially
decomposed ammonia which effectively blocks reactive sur-
face sites for NH3 decomposition to NHx and Had, as well as
preventing incorporation of Ga into the GaN lattice. At
higher temperatures (Tsub.780 °C), hydrogen desorption/
ammonia decomposition is more complete leaving more
open reactive sites for NH3 dehydrogenation with which to
incorporate the incoming Ga. As suggested by Chianget al.
and others62,72 and as observed by the DMS results of Held
et al., Fig. 9 shows that adsorbed Ga atoms and Ga surface
sites can act to catalyze the decomposition of NH3 on the
GaN surface via rapid desorption of hydrogen from the sur-
face. This would explain the Ga/NH3-limited regime ob-
served by Heldet al.53 At the low temperatures where a Ga
limited GaN growth regime is observed by Heldet al., the
GaN surface is saturated by hydrogen/undecomposed ammo-
nia and hydrogen desorption/ammonia decomposition is en-
hanced and accelerated by the presence of adsorbed Ga at-
oms. The presence of more Ga on the surface will accelerate
the hydrogen desorption/ammonia decomposition kinetics
and increase the growth rate. At higher temperatures, hydro-

gen desorption and ammonia desorption/decomposition is
fast enough that only a partially hydrogen-terminated surface
can be maintained. The increased desorption kinetics leads to
a decreased residence time for adsorbed nitrogen species,
and hence, the GaN growth rate becomes NH3 residence time
limited. Further, the lack of hydrogen on the surface can also
lead to decreased surface coverage and or residence time for
adsorbed nitrogen species due to increased recombinative de-
sorption of molecular N2.

Figure 11 shows that for higher NH3 fluxes of
1020– 1022/cm2 s characteristic of chemical vapor deposition
~CVD! growth, hydrogen saturated surfaces are maintained
up to temperatures of 950–1050 °C. This is the temperature
range in which OMVPE growth of high-quality GaN is ob-
served to occur. This suggests that the need for high tem-
peratures in CVD growth of GaN is not to decompose NH3

per se, but to increase the kinetics to the point that the sur-
face can handle the large fluxes of species impinging on it.
Further, based on comparisons between NH3–GSMBE and
PAMBE, these results indicate that the presence of hydrogen
serves to stabilize nitrogen on the growing GaN surface.

D. AlN growth mechanism on „0001… GaN

As shown in Fig. 6 AlN growth on GaN is observed to
occur by a layer-by-layer mechanism. This complements the
research by Sitar, Smith, and Davis17 in which it was ob-
served that in ECR–MBE, AlN grows in a layer-by-layer
fashion on both Al2O3 and SiC. By the same method, we
have additionally observed 2D FM/layer-by-layer growth of
AlN on ~0001! 6H-SiC by NH3–GSMBE. Further, the ob-
servation of 2D growth in the 750–900 °C range is consistent
with our model for NH3/H decomposition and desorption
controlling the growth mode.

V. SUMMARY

XPS was used to examine the initial stages of GaN
growth on AlN and AlN growth on GaN via of
NH3–GSMBE. The growth mechanism of GaN on AlN was
dependent on the growth temperature; it changed from a SK-
type growth to a FM-type growth with increasing tempera-
ture. A change in the surface structure and a drastic improve-
ment in the electrical and optical properties of the resulting
GaN films were observed following the change in the growth
mode. At 650 °C, the transition from 2D→3D growth for a
SK mechanism occurred at a film thickness of 10–15 Å. A
FM/layer-by-layer type growth mechanism was observed for
both GaN on AlN and AlN on GaN at temperatures
.750 °C. Based on simulations of the adsorption/desorption
of ammonia and hydrogen on AlN and GaN surfaces, the
change in the GaN growth mechanism from SK to FM with
temperature was attributed to a change from a surface satu-
rated with ammonia and hydrogen to a partially saturated
surface.
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