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Studies of Gallium Nitride Thin Film Deposition by 
Various Molecular Beam Epitaxial Methods
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Gallium Nitride (GaN) thin films were successfully grown by electron cyclotron resonance 
molecular beam epitaxy (ECR-MBE), gas source MBE (GSMBE), and chemical beam epitaxy 
(CBE). Time of flight mass spectroscopy of recoiled ions (TOF-MSRI) and reflection high energy 
electron diffraction (RHEED) were used in-situ to determine the surface composition, crystalline 
structure, and growth mode of GaN thin films deposited by the three MBE methods. The substrate 
nitridation and the buffer layers were monitored and optimized by TOF-MSRI and RHEED. For 
GSMBE, the gallium to nitrogen ratio is found to correlate well with ex-situ optical properties. In 
the case of CBE, carbon incorporation determines the surface morphology, crystalline quality and 
optical activity of the epilayers. 

 

1 Introduction

1.1 Time of Flight Mass Spectroscopy of 
Recoiled Ions

With many interesting and useful applications, GaN has
become one of the most important optoelectronic mate-
rials. Among the GaN thin film growth methods, molec-
ular beam epitaxy (MBE) growth has become a
recognized technique for fabricating state-of-the-art
short wavelength opto-electronic devices, although
metal-organic chemical vapor deposition currently
remains the technology of choice for producing the
majority of GaN-based devices.  [1],  [2] Nevertheless,
MBE is expected to be superior in terms of composition,
thickness, doping, and interface control due to the beam
nature of the source fluxes and the availability of various
in-situ monitoring tools. In addition, the lower growth
temperatures and the absence of residual impurities in
the process should allow hetero-structures with control-
lable doping profiles, lower defect densities. 

Although GaN LED and laser diodes have been
developed recently, the precise growth mechanism and
the role of substrate nitridation and buffer layers are not
yet clearly understood. Both substrate nitridation and
buffer layer growth dramatically improve the quality of
the GaN layers on the highly mismatched sapphire sub-

strate.  [3],  [4] It is generally accepted that the nitrid
tion step provides a better template for GaN nucleat
and the thin low temperature GaN or AlN buffer laye
relax the interfacial stress. 

Ion scattering spectroscopy (ISS) is a well-esta
lished probe based on ion-solid interactions. A varia
called low energy ion scattering (LEIS) by time-of-fligh
(TOF) detection, is a powerful technique for surfac
structural and elemental analysis.  [5] This techniq
has been proven as a real time thin film growth moni

in background pressures up to 10-2 torr  [6],  [7] and,
therefore, can be particularly useful for studies of g
source MBE growth of GaN. It does not induce an
measurable damage in the thin films due to t
extremely low ion beam current densities used (as l

as ~1010 primary ions/cm2).  [8] The technique is essen
tially nondestructive. Since TOF-LEIS spectra a
nearly independent of the chemical environment, the
is a minimum matrix effect in contrast to secondary io
mass spectroscopy (SIMS).  A recently developed I
technique, known as mass spectroscopy of recoiled i

(MSRI), has a better sensitivity (104 times higher for
nitrogen detection) to light elements than SIMS, a

superior minimum detection levels of ~1017 ions/cm3.
[9] In addition, the low incidence angle of TOF-MSR
 MRS Internet J. Nitride Semicond. Res. 3, 22 (1998). 1
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makes it suitable for real time surface analysis in an
MBE environment. As a surface probe, TOF-MSRI is an
ideal in-situ complementary technique to RHEED. 

GaN thin films were grown in our laboratory by dif-
ferent MBE techniques with various Ga and N sources.
At first, ECR plasma assisted MBE technique was
employed. In this method, activated nitrogen gas was
supplied from an ECR plasma source. Elemental Ga was
evaporated from a Knudsen cell. Next, gas source MBE
GaN deposition was investigated using NH3 and Ga.
There is no need for excitation of the source molecule in
this method. Ammonia gas is easily dissociated on the
hot sample surface. Finally, chemical beam epitaxy
(CBE) was utilized. In the CBE method, triethyl gallium
(TEG) and ammonia were used as precursors. 

2 Experimental Procedure

2.1 Sample Preparation

GaN thin films are grown on 0.01–0.02 inch thick, 1-
inch diameter basal plane sapphire single crystal wafers.
Before introduction into the load lock chamber, the sam-
ples are prepared in the following fashion. They are
degreased with tri-chloroethylene, acetone and metha-
nol, and rinsed with doubly de-ionized water.  The sub-
strates are then chemically polished in hot 3 H2SO4 : 1
H3PO4 by volume ratio in an acid mixture, rinsed in
deionized water and nitrogen blow-dried.

2.2 Thin Film Growth and In-Situ Analysis

After this wet cleaning, the samples are mounted on an
indium free 1-inch diameter sample holder.  The sam-
ples are inserted into the introduction chamber where

they are left until the pressure drops to the 10-7 torr
range.  The sample is then transferred to the manipulator
in the main chamber where it is annealed in vacuum to
850 °C for 30 minutes. This process allows removal of
residual hydrocarbons, oxides, and most other contami-
nants from the sample surface.  This thermal cleaning is
monitored by TOF-MSRI and RHEED. In this manner,
the crystal structure and composition are known before
each growth. In particular, the H, Al, O, C and any other
impurities are monitored by TOF-MSRI. At this point,
the sample’s temperature is lowered to that appropriate
to nitridation (600–750 °C), and either ammonia or
ECR-N2 is let into the chamber.  Following nitridation, a
low temperature buffer layer is deposited at 450–550 °C
with either ECR-MBE (ECR-N2 and Ga), GSMBE
(NH3 and Ga), MOMBE (ECR-N2 and TEG), or CBE
(NH3 and TEG).  Finally the sample is heated to the
appropriate final epilayer growth temperature (750–850
°C) and the epilayer deposition is initiated.  At the end
of the growth, the sample’s temperature is lowered grad-
ually under a group V over-pressure.  If no post growth

in-situ characterization experiments are planned, 
sample is removed from the reactor.

3 Results and Discussions

3.1 ECR MBE

The ASTeX® compact ECR source was developed sp
cifically for MBE applications.  The ECR can be ope

ated in a vacuum environment in the 10-5–10-4 torr
range.  In this range, the mean free path is about 1 me
which is much longer than the source to substrate d
tance thus molecular flow regime is maintained. Wi
ECR nitrogen source, degradation of the hot effusi
cells and PBN sample heater is significantly lower th
in case of ammonia.

Various energetic nitrogen species (N2*, N2
+, N and

N+) are generated in an ECR source. The effect of 
damage during MBE growth of GaN using plasm
sources of active nitrogen is well documented. Seve
methods have been attempted to reduce or even el
nate this effect. For plasma sources there are: posi
bias of substrate or grid, external transverse magn
field, and modified ECR plasma exit aperture.  [10
[11] Using this method, GaN films at growth rate a
high as 1 µm/hr were obtained.  [12]

3.1.1 Substrate Nitridation

Sapphire (Al2O3) substrates were nitridated under EC
nitrogen plasma for 20–30 minutes to create an A
template for subsequent GaN nucleation.  The oxyg
atoms in the topmost layers can be substituted by 
nitrogen atoms supplied by the nitrogen ECR plasm
source.  For these experiments, the applied nitrogen 
flow was 3 sccm and the corresponding chamber pr

sure was 1.7 × 10-4 torr.  The microwave power was
200–250 W and the current setting on the electromag
power supply was 17–18 A.  In a standard configuratio
the ECR was fitted with a 3/8-inch diameter boro
nitride (BN) aperture placed at the source exit.  Such
aperture increases the pressure in the plasma region
allows easy ignition and stable plasma condition.

First, the nitridation efficiency was investigated as
function of sample temperature.  A thermally clean
sapphire substrate was nitridated for 10 minutes at e
temperature. The temperature was varied between 5
850 °C.  A TOF-MSRI spectrum was taken after eac
exposure.  The TOF-MSRI results, the relative pe
intensity (surface coverage) of the surface atoms, 
presented in figure 1.  A weak nitrogen peak w
detected above 650 °C and increased when the samp
was further nitridated at 700 °C. The onset of nitridation
of sapphire was only identified by RHEED for a samp
temperature above 700 °C. TOF-MSRI is thus a more
2  MRS Internet J. Nitride Semicond. Res. 3, 22 (1998).
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https://doi.org/10.15
sensitive probe to optimize the substrate nitridation pro-
cess.

While the previous experiment allowed determina-
tion of the optimum nitridation temperature, in the fol-
lowing we investigated the effect of exposure time at a
constant ECR power of 200 W and a substrate tempera-
ture of 700 °C. We did not find degradation of nitridated
surface – partially covered Al2O3 by crystalline AlN –
when substrate surface was nitridated at higher tempera-
ture determined by in-situ RHEED and TOF-MSRI.
However, usually we perform nitridation at the mini-
mum required temperature to avoid unnecessary heat
supply that may reduce sample heater’s lifetime. Previ-
ous reports suggest that too short or too long a nitrida-
tion time resulted in the deterioration of the GaN
epilayer quality.  [3]  To that end, an annealed sapphire
surface was exposed to the ECR source, and the TOF-
MSRI spectra were taken at 10-min intervals.  In figure
2, the TOF-MSRI spectra at each interval are plotted.
After a 20-min exposure time, the N signal is saturated.
The carbon signal, however, continues to decrease with
exposure, which implies ECR plasma is effective not
only for the nitridation but also for cleaning a substrate.
RHEED showed that an overlapped diffraction pattern
of AlN and Al2O3 due to a thin AlN over layer on the
sapphire substrate. A nitridated AlN layer remained as a
single crystal up to 30-min exposure. No significant
change is seen after a 30-min ECR plasma exposure by
in-situ measurements. 

3.1.2 Buffer Layer

Low temperature GaN buffer layers were grown by
ECR-MBE at various growth temperatures.  Typical
deposition time for these buffer layers was 30 minutes,
which resulted in GaN layer thickness in the range of
300–500 Å. RHEED from these layers show single crys-
talline surfaces for a growth temperature of 500 °C.

The streaky RHEED patterns were obtained, and
they were remained unchanged when these layers are
annealed to 750 °C under an ECR-N2 beam. Also the
buffer layers’ crystallinity seem to be insensitive to the
substrate nitridation time for 30 min. TOF-MSRI was
utilized to survey the surface composition of the sap-
phire substrate after nitridation and during buffer layer
growth.  Figure 3 shows the elemental composition at
four different times.  The nitridated surface shows only
N, O, and Al and no other contaminants.  Immediately
following the start of the buffer layer growth, the Al sig-
nal drops significantly.  The buffer layer seems to pro-
ceed in a two dimensional growth fashion.  Within five
minutes, the Al and O signals completely disappear.
The buffer layer has covered the entire substrate, and its
thickness is greater than a few monolayer (the ion probe
depth range).  The TOF-MSRI spectrum taken after 30

min does not show a significant difference. It remai
also unchanged after the annealing at 750 °C.

3.2 Gas Source MBE

In this technique, we used ammonia gas as the grou
nitrogen source and elemental Ga, from a heated e
sion cell, for the group III material. Using this method
single crystal GaN thin films with growth rates as hig
as 7500 Å/hr were obtained.  The growth rate and 
crystalline quality, as well as the optical and electric
properties of these thin films, were extremely depend
on the Ga/NH3 flux ratios, the substrate temperatur
and the pre-deposition treatment.  Below, we will sum
marize the results in optimizing the above paramet
using TOF-MSRI and RHEED in-situ and PL ex-situ.

3.2.1 Substrate Nitridation
Following the sample’s introduction into the growt
chamber, the substrate surface was exposed to a nitr
tion step.  In GSMBE, the nitridation is performed b
exposing the clean sapphire substrate to an ammo
beam.  The nitridation process depends on the subst
temperature and the exposure time.  Similarly to EC
MBE growth, TOF low energy ion scattering MSRI an
RHEED confirmed the surface nitridation.  Usin
ammonia, the onset of nitridation occurs at a surfa
temperature of 780 °C.  At this temperature, a smal
nitrogen peak is detected by TOF-MSRI. The nitrog
signal is quite small, when compared to the case 
ECR-MBE nitridation.  The ammonia nitridation is
clearly less effective than energetic N species.  The n
for thermal dissociation of ammonia requires nitridatio
at elevated temperatures (>780 °C). Such a high temper-
ature limits the residence times of the reactants, a
results in desorption of the N species before the nitrid
tion reaction can occur.  Such a reaction also requires
O to N exchange step, which further reduces the nitrid
tion reaction probability when using ammonia.  Th
oxygen peak, as measured by TOF-MSRI, is not sign
cantly changed with nitridation time.  This supports th
argument that very little O to N exchange has occurr
Furthermore, RHEED images acquired during nitrid
tion show a transition from a 2D-diffraction patter
(from an ordered sapphire surface) to a diffus
image—no clear spacing related to an AlN over-lay
was observed.  These results agree with a previ
report claiming that an amorphous phase aluminu
oxy-nitride (AlON) layer was observed after ammon
nitridation of sapphire during MOCVD growth.  [13]

3.2.2 Buffer Layer
In our experiments, the buffer layers were typical
grown by GSMBE at a substrate temperature of 550 °C.
An immediate observation was that GaN film depositio
occurred below the previously measured ammon
decomposition temperature (780 °C).  The availability
 MRS Internet J. Nitride Semicond. Res. 3, 22 (1998). 3
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https://doi.org/10.15
of Ga or a GaN surface seems to enhance the reactivity
of the ammonia precursor.  [14] It is apparent that this
GaN layer does not fully cover the substrate since both
the Al and O peaks still appear on the spectrum.

RHEED analysis of these GaN buffer layers shows
diffuse and very dim patterns such as those from near
amorphous and rough surfaces. The buffer layer’s crys-
tal ordering and surface morphology improve with
annealing temperature. TOF-MSRI data taken during
this process show a significant change in the Ga/N ratio
(from 5.4/1 to less than 2.5/1).  The change in the Ga/N
ratio is exclusively due to a decrease in the Ga signal.
This is interpreted as desorption of the excess elemental
Ga from the low temperature GaN layers.  The excess
Ga is expected to reduce the crystallinity of the material
and, through formation of gallium droplets, significantly
increases the surface roughness. The annealing results in
a crystalline surface with superior morphology.  Low
energy electron diffraction (LEED) studies, on amor-
phous GaN buffer layers grown by MOCVD, have
reported that post-growth re-crystallization occurs dur-
ing annealing.  [15]

3.2.3 In-Situ Growth Optimization

Prior to optimizing the growth of thick GaN layers, we
first undertook a series of experiments investigating the
relationship between the surface stoichiometry and the
ammonia and gallium fluxes.  Intuitively, one should
expect that the more stoichiometric the surface, the bet-
ter the epitaxy.  Our main concern, however, was to
determine the initial growth conditions which allow the
best Ga/N ratio while keeping the lowest possible flow
of corrosive ammonia. TOF-MSRI was utilized to mea-
sure in-situ the Ga/N ratio during GaN deposition.

The dotted curve in figure 4 presents data for a sub-
strate temperature at 800 °C and a Ga cell temperature at

950 °C (beam equivalent pressure (BEP) of 2.8×10-6

torr).  The ammonia pressure is decreased from above

1.0×10-4 torr to less than 5.0×10-6 torr as measured by a
flux gauge in the growth chamber.  Under these condi-
tions, we find that the Ga/N ratio increases rapidly for
either too high or too low flows.  There is, however, a
large window where a near unity Ga/N peak intensity
ratio can be easily maintained.  The increase for low
ammonia flows can be easily understood through a sim-
ple surface depletion argument. That at high flows is
more difficult to interpret. RHEED patterns from these
surfaces do not show any obvious transition of surface
structure. We hypothesize that the reaction by-product
(H2) should be effectively formed on the surface, and
liberated for the completion of GaN synthesis. If the
ammonia arrival flux is high, most surface area is occu-
pied by source molecules.  Above a certain threshold the
number of available H atom adsorption sites becomes

limited, and the NH3 decomposition rate is reduced
Consequently, the Ga/N ratio increases for very hi
ammonia pressures 

The solid curve in figure 4 also shows results from
similar experiment with the exception that the Ga c
temperature is increased by 50 °C to 1000 °C.  Two
observations can be made: (i) the low Ga/N windo
becomes extremely narrow with a minimum Ga/N rat

of 2.5 (at 8.5×10-6 torr) and (ii) the Ga/N ratio for most
of the pressure range is ∼ 5.  The low-pressure side
explanation is similar to the previous case.  The over
increase in the Ga/N ratio can be explained simply b
larger equilibrium Ga surface population.  There i
however, a narrow window where the Ga/N is at a min
mum.  The ammonia surface dissociation and react
must be very sensitive to the total surface coverage
source molecules. Too little surface Ga lowers reactiv
due to the lack of enough number of Ga atoms for t
reaction with NH3; too high Ga fluxes blocks intermedi
ary reaction paths and lowers the incorporation rates.
3.2.4 Correlation between TOF-MSRI and 
Photoluminescence
To further investigate the extent to which the GaN ep
ayer’s properties depend on the low temperature bu
layer, we designed the following experiment.  GaN th
films were deposited on sapphire with GSMBE at fixe
growth conditions with the exception that the nitridatio
and buffer layer steps were different in each case.  T
final layers were all grown by GSMBE. At the end o
each growth, TOF-MSRI was utilized to measure t
surface stoichiometry. Figure 5 clearly displays a re
tionship between the Ga/N ratio, the oxygen impuri
level, and the photoluminescence (PL) full width ha
maximum (FWHM) and intensity.

The closer to stoichiometry the surface, the bet
the PL result.  While at first, a sample (Ga/N = 3.0 b
FWHM = 158 meV) may seem to be an exception,
closer analysis of its MSRI spectrum shows a surfa
oxygen shoulder from either ammonia contamination 
improper initial growth conditions. These results are s
nificant for use of TOF-MSRI as a real time optimiza
tion tool for GaN materials development and control 
optoelectronic device fabrication.  

3.3 Chemical Beam Epitaxy

As in GaN metal organic chemical vapor depositio
(MOCVD), high vapor pressure organo metallic precu
sors containing group III metals and hydride group 
compounds are normally used for source materials
CBE thin film growth.  The group III precursor gas line
were maintained at 35 °C. 
3.3.1 Nucleation
Prior to thin film deposition, the substrate was nitridat
using the ECR source.  To that end, the sapphire s
4  MRS Internet J. Nitride Semicond. Res. 3, 22 (1998).
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https://doi.org/10.15
strate, at a temperature of 750 °C, was exposed to the
N2-ECR source for 10–15 minutes.  

Initially CBE buffer layer growth was attempted
using standard procedures with TEG and NH3 precur-
sors.  No clear GaN nucleation was observed on the sur-
face at any growth temperature.  The TOF-MSRI results
from these initial studies are described in figure 6.  At
temperatures below 550 °C, only a weak MSRI Ga peak
is observed.  In the absence of a nitrogen signal, this
indicates that deposition of Ga or coordination of TEG
on the surface occurred. When the growth temperature is
increased to 750 °C in order to enhance the ammonia
surface dissociation, TOF-MSRI measurements again
still revealed no GaN deposition.  Only a very little
nitrogen peak is found with absence of Ga signal.  The
previously deposited Ga was evaporated and an AlN
overlayer was formed during this process.  The presence
of TOF-MSRI signals from the sapphire substrate (alu-
minum and oxygen) further indicates that coverage is
incomplete under both conditions.  The lack of GaN
nucleation directly on the nitridated sapphire substrate
most likely results due to the following reasons: (i) At
these low temperatures the ammonia dissociation is
minimal but, as shown in GSMBE, is enhanced by a Ga
rich surface.  In the case of a surface TEG or the inter-
mediate diethyl gallium (DEG) molecule, such an
enhancement might not occur due to a less favorable
bonding configuration.  (ii) The TEG surface binding
energy, being much weaker than Ga, can result in a low
overall residence time of the TEG-NH3 complex.  Con-
sequently the TEG-NH3 complex is less bound to the
surface and desorbs. The surface residence time can be
made lower if the TEG surface bond gets weaker upon
reaction between TEG and NH3. (iii) Our experimental
results show a very high oxygen content in these low
temperature buffer layers. Considering that oxygen gets
incorporated into the layers from an oxidized Ga precur-
sor (for example, GaR3-X(OR)X with X=1,2,3), where
the gallium is less electron deficient than in TEG since
the oxygen from the Ga-O bond provides it with an elec-
tron.  The oxidized Ga compounds then becomes less
bound to the surface and desorbs more readily. In addi-
tion, the reaction intermediate, NH3-GaR3-X(OR)X, is
more difficult to form (higher activation energy is
required) than TEG-NH3.

Due to the difficulty of nucleating a GaN film on
sapphire with CBE, we switched the group V nitrogen
source from ammonia to ECR plasma activated nitrogen
and deposited a low temperature buffer layer with N2-
ECR using TEG as the group III precursor.  This method
is analogous to metal organic MBE (MOMBE) epitaxial
growth.  The N2-ECR plus TEG growths resulted in

GaN films at substrate temperatures as low as 450 °C.
The TOF-MSRI spectrum  from these thin layers co
tains Ga and N peaks without any Al signal.  The buff
layer is thus continuous and covers the entire substr
Carbon and oxygen signals are also visible on the sa
spectrum.

The carbon peak originates from the group III org
nometallic precursor.  Its intensity significantl
decreases after a high temperature annealing.  The o
gen signal is stable and remains constant.  The oxy
incorporation is either due to surface diffusion from
bulk or an impurity present during the deposition pr
cess.  TOF-MSRI from either ECR MBE (Ga+N2) or
GSMBE (Ga+NH3) GaN thin films grown in the same
reactor do not show any residual surface oxygen.  Ba
on this fact, the oxygen most probably originates fro
the reaction of O2 with the TEG precursor.  The result i
a very stable alkoxide intermediate.

The oxygen is thus very efficiently delivered to th
growth surface as a C-O bond.  The carbon subseque
desorbs upon annealing leaving the oxygen behi
This is consistent as well with the lower strength of t
Ga-C bond relative to that of either Ga-N or Ga-O.

3.3.2 The Influence of Carbon Incorporation on Film 
Quality

Following the initial deposition of crystalline low tem
perature GaN buffer layers, GaN thin films were depo
ited with CBE at growth rates from 1000–4000 Å/h
For CBE growth of the final layers, the substrate te
perature was varied from 700–850 °C, and different
TEG to ammonia flow ratios were investigated.  Th
substrate temperature and precursors flow rates w
varied in an effort to produce crystalline high purit
films.

The carbon surface composition was monitored 
situ by TOF-MSRI.  Our results show that the incorpor
tion of carbon is both temperature and TEG/NH3 ratio
dependent, but clearly, the substrate temperature is
most critical factor controlling crystalline quality.  A
clear correlation also exists between surface carb
composition and GaN crystallinity.  Growths performe
at a constant substrate temperature of 850 °C, but with
increasing TEG to NH3 flow ratio, yield thin films with
higher surface C content and deteriorating crystalli
quality (as determined by RHEED).  In this study, w
carefully investigated the growth temperature ran
between 700 °C and 850 °C.  Only polycrystalline films
were grown below 750 °C, but single crystalline layers
were achieved for higher temperatures.  At 750 °C, both
textured polycrystal and 3D transmission single cryst
line RHEED diffraction features were observed.  It 
only in a narrow temperature window (800–825 °C) that
 MRS Internet J. Nitride Semicond. Res. 3, 22 (1998). 5
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two-dimensionally (2D) smooth single crystal layers
were obtained.

A correlation between surface carbon composition
and GaN crystallinity is further supported when growths
at a constant substrate temperature of ∼ 850°C, but using
various TEG to NH3 flow ratios, yield the same results:
as TEG flow (surface carbon) increases, crystallinity
deteriorates. RHEED patterns from CBE GaN layers
grown at different TEG flow rates showed deterioration
of film crystallinity while TEG/NH3 flow ratio was
increased.  Both the surface carbon and hydrogen signal
intensities increase with TEG flow.

4 Conclusion

The sapphire substrate nitridation process is clearly
determined by TOF-MSRI, which is shown to be more
sensitive to onset of nitridation than RHEED. In the case
of ECR-N2 plasma nitridation, the optimum temperature
and saturation of N/O peak intensity ratio was observed.
ECR-N2 plasma nitridation is more effective for oxygen
replacement than ammonia gas. ECR MBE resulted in
continuous crystalline coverage buffer layer while non-
crystalline discontinuous buffer layers were grown by
GSMBE. In the case of CBE, low temperature nucle-
ation was not observed, so that buffer layers were grown
by MOMBE.

Gas source MBE, using ammonia and Ga, was uti-
lized in GaN thin films growth. The chemical decompo-
sition and incorporation of NH3 in the thin films were
studied for different growth conditions.  The nitridation
of sapphire was demonstrated but was determined to be
much more difficult to achieve than with an ECR plasma
source. GaN epilayers grown with a low temperature
buffer layer exhibited superior film quality.  A direct
correlation between in-situ TOF-MSRI and ex-situ PL
results was observed.  Samples with a low Ga/N ratio in
TOF-MSRI showed the best optical quality.  The NH3

pressure during growth significantly influenced this Ga/
N ratio.

TOF-MSRI identified that nucleation layers could
not be deposited directly on the sapphire substrate using
the CBE precursors.  The use of TEG and ECR-N2 spe-
cies allowed the growth of crystalline buffers.  The
growth temperature and N2 flow strongly affected the
crystallinity of these buffer layers.  Amorphous and
polycrystalline buffer layers became island-like upon
annealing to 900 °C in vacuum while the crystalline
buffer layers remained unchanged. Similarly, the epilay-
ers’ crystal quality depended critically on the growth
temperature and TEG flows.  TOF-MSRI studies found
that the residual carbon level is highly temperature

dependent and influenced greatly the surface morph
ogy and crystallinity (from RHEED). It is only within a
narrow temperature window, 800–825 °C that the car-
bon level is at a minimum.  Within that range, GaN ep
ayers with strong band edge PL signals were obtain
The oxygen surface levels, as measured by TOF-MS
in all CBE GaN were high and did not decrease af
annealing.  It is postulated that an oxidized Ga co
pound in the TEG source is at the origin of such hi
levels.
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Figure 1. The change of surface elemental population of a
sapphire substrate during ECR plasma nitridation.  The relative
peak intensities are obtained by TOF-MSRI at different surface
temperature.  

Figure 2. The TOF-MSRI spectra vs. ECR-nitridation exposure
time from a sapphire surface.  The ECR power is 200 W and the
substrate temperature is 700 °C. 

Figure 3. TOF-MSRI spectra during a GaN buffer layer
deposition.  The neon scatter peak position shifts to lower time
of flight due to the ECR plasma operation during the second,
third and fourth spectra acquisitions. 

Figure 4. Ga to N peak intensities measured by TOF-MS
during GSMBE growth of GaN under varying ammonia ga
pressure.  The dotted curve is obtained for a Ga cell of 950 ° C.
The solid curve is obtained for a Ga cell of 1000 °C. In both
cases, the substrate temperature is 800 °C.  

Figure 5. The correlation of optical properties of GSMBE Ga
and Ga/N peak intensity ratio as measured by TOF-MSRI.  
band edge peak intensity (red triangles) and FWHM of P
signal (blue circles) at 10 K.  A deviation is found for th
sample containing oxygen as a contaminant by TOF-MS
(marked by short arrows). 

Figure 6. A TOF-MSRI spectrum from a sapphire substra
exposed to NH3+TEG at 550 °C.  Only a small Ga peak is seen

in the absence of N peak.   
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