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ABSTRACT

AlGaN alloys find important applications in UV emitters and detectors, as well as in high-power high-frequency electronics. While reflection
high energy electron diffraction (RHEED) is a standard technique for in situ monitoring of the growth of AlGaN alloys by plasma assisted
molecular beam epitaxy, this paper investigates a new mode of its application. During the growth of AlGaN alloys, the ratio of the group III
(Al + Ga) to group V (active nitrogen) adatoms critically controls the materials property of AlGaN films and is optimal within a very narrow
window of operation. Moreover, this ratio is dependent in a complex fashion on various growth parameters, including substrate temperature,
and is difficult to determine quantitatively in real time. This paper provides a method to estimate that important parameter. This can be
carried out through the capture of the RHEED image from the fluorescent screen using an inexpensive video camera setup and a simple analy-
sis procedure. While most RHEED analyses focus on the diffraction pattern, e.g., the line spacing, this work quantifies diffused scattering of the
electron beam from a metallic layer that forms on the top of the growth surface during deposition under excess group III conditions, which is
typically employed during growth. Two alternate methods for data analysis have been explored and compared. The results indicate that this
process can qualitatively trace the variation of the thickness of the thin metallic layer, and hence the group III to group V flux ratio, for
different substrate temperatures. This technique being simple, fast, and cost-effective can be incorporated into standard MBE systems for real-
time in situ characterization of AlGaN alloys.

Published under license by AVS. https://doi.org/10.1116/1.5124048

I. INTRODUCTION

The growth of semiconductors by molecular beam epitaxy
(MBE) traditionally benefitted over competing deposition tech-
niques due to the presence of in situ, real-time monitoring
systems. Reflection high energy electron diffraction (RHEED) is a
standard characterization tool currently employed in most com-
mercial MBE systems. Several commercial entities have produced
software and hardware monitoring systems that contain image
acquisition and analysis capabilities. Such systems routinely
analyze features such as linewidth and line spacing and generate
parameters that quantify crystal quality and lattice constants,

which allow real-time compositional analysis. Besides these,
RHEED intensity oscillations also generate information about the
growth rate for certain growth modes.1

A. Reflection high energy electron diffraction (RHEED)

Early works on the RHEED image analysis generated informa-
tion about the crystal orientation, for example, cubic versus hexago-
nal symmetries.2 Real-time analysis of RHEED patterns indicated
that the growth kinetics and the surface configurations generated
are closely interlinked.3 Streaky RHEED patterns were obtained
when the growth of GaN was carried out under excess group III,
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while spotty features, indicating rough surfaces, were a signature of
group V-rich conditions.2 The growth of wurtzite GaN can either
be gallium polar or nitrogen polar, and a link has been established
between the polarity of the material to the type of buffer layers
employed.4 GaN buffers grown at lower substrate temperature typi-
cally lead to N-polar material, while AlN buffer layers deposited at
higher temperature lead to Ga polarity.5 Furthermore, the stability
of the two surfaces is widely different under nitrogen exposure.
Thus, the evolution of the RHEED pattern of GaN surfaces exposed
to active nitrogen has been employed as an indicator of the crystal
polarity.6 The polarity has also been tested by the RHEED surface
reconstruction pattern. A 2 × 2 reconstruction pattern observed from
a GaN surface upon exposure to active nitrogen at high temperatures
typically indicates a Ga polarity.7 On the other hand, an unrecon-
structed RHEED pattern at high temperature followed by a 3 × 3
pattern observed upon cooling down the sample to ∼400 °C indicates
a nitrogen polarity.5 This real-time monitoring of thin films of GaN
by RHEED has been instrumental in the development of various
electronic and optoelectronic devices based on III-nitride materials
by MBE.

In the field of RHEED image analysis, the intensity of the
RHEED image has been measured by using a scintillator and a
photomultiplier tube8 or by magnetically deflecting electrons
through a hole in the RHEED screen onto a collimating aperture
and a Faraday cup where a retarding field has been applied.9 In
later years, high quality video camera systems have been employed
in order to record the RHEED image from the fluorescent screen
and subsequently analyze it.10,11 Software is also freely available to
convert RHEED patterns to the corresponding 2D reciprocal lattice
image. For current commercial RHEED analysis systems, the image
is recorded using a high-resolution CCD camera with high frame
rates, large pixel sizes along with sophisticated image acquisition
and analysis software. However, the information obtainable from
the RHEED image goes beyond the pattern and line spacing, and
this paper investigates RHEED diffuse scattering as a parameter for
real-time in situ monitoring of the growth of III-nitride materials
by plasma assisted molecular beam epitaxy (PA-MBE).

B. Growth of III-nitride by PA-MBE

The growth of III-nitride alloys, such as AlGaN, has been
under focus for a long time due to their various applications in
ultraviolet emitters12 and detectors,13 as well as in high-power high-
frequency electronics.14 These materials, when grown by PA-MBE,
show very interesting features, such as high internal quantum
efficiencies for UV emission,15 very large mobility-lifetime product
for detectors,16 and relatively high levels of n-type17 and p-type
doping.18 However, important material parameters such as crystal
quality, surface morphology, mobility of carriers, background
impurity levels, efficiency of doping, carrier recombination and
lifetimes, etc., depend strongly on the growth parameters, such as
substrate temperature19 and the group III to group V flux ratio.20

A smooth surface morphology for GaN grown by PA-MBE is typi-
cally obtained under excess group III conditions of growth.21

Dislocation density annihilation, on the other hand, is enhanced
under the stoichiometric regime.22 P-type doping is most efficient
under large excess Ga conditions.18

This dependence is even more pronounced for AlGaN alloys.
For growth of AlGaN alloys under excess group III conditions, the
alloy composition depends on the ratio of the active nitrogen to the
arrival rate of Al. However, for growth under excess group V, it
depends on the ratio of the arrival rate of the metals—Al and Ga.
Growth of AlN can only be carried out in a small parameter
window for PA-MBE. Excess group V leads to polycrystalline films,
while excess group III conditions lead to coverage of the surface
with metallic Al which halts further deposition. Depending on the
small variation of the group III to group V flux ratio, one can
obtain rough but continuous thin films, smooth films, AlN nano-
rods, or embedded Al particles.21,23,24 Determining the group III to
group V flux ratio accurately is made complicated by the fact that it
depends on many parameters like the arrival rate of the metal
atoms and their desorption rate, the latter depending on substrate
temperature, and the arrival rate of active nitrogen, which
depends on the RF plasma power, flow rate, and chamber pres-
sure. These are difficult to calculate a priori and can drift signifi-
cantly during the deposition process. Thus, an in situ, real-time
estimation of the group III to group V flux ratio is vital for an
accurate and repeatable growth process. The study of binary AlN
and GaN has been reported using RHEED intensity as an analyti-
cal tool, and the various growth regimes have been identified
from the in situ intensity evolution. High sensitivity 22-bit
cameras have been employed to control the growth of GaN doped
with Mg in a closed loop fashion.25,26

II. EXPERIMENTAL METHODS

A. MBE growth

In this work, growth of Ga-polar GaN thin films has been
carried out using a VEECO Gen 930 MBE system. Sapphire sub-
strates were employed for this work. The substrates were outgassed at
400 °C in the preparation chamber of the system till a vacuum level
of 1 × 10−9 T was achieved, before introduction into the growth
chamber. The MBE system is equipped with standard effusion cells
for Ga and Al and an RF source for nitrogen activation. The 2-in.
substrate was mounted on the growth stage and maintained at 800 °C
initially. The plasma power used for the growth of the film was
350W, and the nitrogen flow used was 1.7 sccm. In order to
promote uniformity, the substrate was rotated at a rate of 3 RPM.
A Staib Instruments 15 KV RHEED gun was employed for real-
time analysis. Molly® Growth Control software was used to inter-
face the MBE system.

B. RHEED image capture and analysis

The schematic of the MBE along with the RHEED image
capture system is presented in Fig. 1. The diffraction pattern as
observed on the fluorescent screen was captured by a video camera
(Moticam). The pixels resolution was 916 × 686, and the pixel size
was 1.67 × 1.67 μm2. The camera was interfaced using its associated
software, and the video was recorded in the .avi format at 27 FPS.
The data were transferred directly to a central processing unit using
a USB 2 data transfer line. It should be noted that this is of a
significantly lower configuration compared to standard commercial
RHEED acquisition systems.
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Post growth, the video file captured during a growth segment
was analyzed using freely available software. During the growth, the
substrate rotates at a rate of 3 RPM for the sake of sample uniformity.
Thus, various crystal planes are oriented in a time periodic fashion,
of which the pattern corresponding to the a-plane [11−20] has been
considered for analysis during this work. The appropriate frames
have been captured using free software and analyzed using ImageJ.
It should be clarified that no additional preprocessing has been
carried out. From the captured images (in the form of JPG files),
the intensity (pixel value) is plotted along a line perpendicular to the
RHEED streaks typically obtained from flat surfaces. The intensity
variation of this “plot profile” has been considered a parameter
during this work. A second parameter also investigated is the overall
pixel intensity distribution of the entire RHEED image, in the form
of a histogram. While additional information such as the width and
spacing of the streaks requires further data processing, we have
selected these two parameters as they can be obtained very fast and,
therefore, are appropriate for real-time analysis.

III. RESULTS AND DISCUSSION

It has been previously stated that for PA-MBE growth of GaN
and related materials, the group III to group V ratio is an important
growth parameter20,27–29 that controls many material properties. The
amount of group III, that is, Ga, Al, or In, may be the same as that
of group V, that is active nitrogen, leading to stoichiometric deposi-
tion conditions. However, most growth takes place under a III/V
ratio greater than unity, for reasons listed previously. Under the
circumstance, there is a thin layer of metal on the growth surface
during the deposition period. This is reflected in the RHEED
pattern, as this metallic layer scatters incoming electrons, and
masks the crystal surface. The electrons that penetrate this layer to

reach the surface are diffracted, and these electrons again have to
travel through a metallic layer to emerge from the surface,
before it can reach the fluorescent screen. The overall impact of
the metallic layer, therefore, is to create a pattern that is diffuse
and dim. This can be seen in Fig. 2(a) which was taken during
growth of a GaN thin film under excess group III conditions. If
the metallic shutters, in this case for Ga, are closed and the
surface is kept under active nitrogen, this metallic layer is con-
sumed over time and the RHEED pattern changes to that given in
Fig. 2(b). As can be observed, the pattern remains qualitatively
the same, with no variation in nature or line spacing, but has
much better contrast.

The thickness of this metallic layer is difficult to estimate by
calculating the arrival rates of active species but is critical in many
applications. We have developed a technique for the quantitative
analysis of this important parameter through analysis of the
RHEED diffraction pattern evolution.

A. Analysis of RHEED images obtained from
GaN deposition

Growth of GaN films was carried out on to sapphire wafers
for this work. The thin films were grown in this system using a
modified metal enhanced epitaxy process. In this technique, the
substrate is exposed to the nitrogen plasma throughout the growth,
while the Ga shutter is opened intermittently. After depositing
Ga on the growth surface for a specific duration of time, the Ga
shutter is closed. Some part of the metal that has not reacted with
nitrogen till then remains on the growth surface as a metallic film
and makes the RHEED pattern diffused. This accumulated metal is
allowed to react completely with the incoming nitrogen plasma.
Once all of the accumulated metal has been consumed, the RHEED
turns sharp and bright. Once this has occurred, the metal shutters
are opened again for further growth.

FIG. 1. Schematic of the MBE system along with the camera setup in order to
capture the RHEED image.

FIG. 2. RHEED image taken during Ga metal deposition (a) and after reaction
of the deposited metal with nitrogen plasma (b).
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One entire cycle, comprising the steps of (i) GaN deposition
under group III-rich conditions, (ii) closing of Ga shutter keeping
the nitrogen shutter open, and (iii) reaction of accumulated metal
with active nitrogen, was recorded in the RHEED video. Frames
showing the same plane (a-plane) were captured from this video,
and the corresponding JPG files were analyzed as explained previ-
ously. The results are shown in Fig. 3.

Figure 3(a) shows the plot profile, that is, the spatial distribution
of intensity along a direction perpendicular to the streaky pattern of
the RHEED image. The data show five peaks corresponding to the
parallel streaks in the RHEED image for the [11−20] orientation.
The data start at the point of time (t = 0) where the GaN growth is
initiated by opening the Ga shutter (the nitrogen shutter is always
open as mentioned earlier). Since the growth is designed to be under
the excess group III regime, as explained previously, the RHEED
pattern is dim and diffuse. Thus, for initial times, the heights of
these four peaks are small, and the background intensity is observed
in the form of a broad peak. The parameter of interest is the height
of the sharper peaks, and for simplicity of the calculation we have

chosen the second peak, centered around the distance of 200 pixels.
The peak height is indicated by ΔI as shown in Fig. 3(a). At a time
tclose, the Ga shutter is closed and the surface is exposed only to the
active nitrogen. Subsequently, as the Ga layer gets thinner by being
converted to GaN, the scattering is reduced and the peak height ΔI
increases. At a time tcl, the peak height is at its maximum and there
is no further change. The parameter tcl is, therefore, the time taken
for the active nitrogen to consume the metallic layer on the growth
surface and convert it to GaN.

A histogram of an image represents the number of pixels
corresponding to each intensity level present in the image. RHEED
images were obtained at more or less equal intervals from t = 0,
when the deposition starts, to t = tcl, when the excess metal has
been consumed, and the corresponding histograms are presented in
Fig. 3(b). There is a general distribution of intensity levels with a
broad region starting from the intensity value of 0 and ending
around 100. It can be observed that there is little overall change
in the image except for the intensity level around x = 105 which
significantly increases as the metallic layer is consumed by the
active nitrogen and thus reduces in thickness and scattering prob-
ability. This peak corresponds to the sharp increase of brightness
of the RHEED diffraction patterns. From Fig. 3(b), we can observe
that this peak is initially very weak when the deposition takes place
and both Ga and nitrogen shutters are open. When the growth is
halted by closing the Ga shutter, this peak remains weak during 95%
of the “clearing time” tcl, after which there is a sudden increase in
intensity. When the metallic layer has been consumed, this peak
remains high as the RHEED pattern retains its brightness.

The RHEED evolution for the same growth sequence, consist-
ing of deposition of GaN under excess Ga condition for 2 min
(120 s) followed by the closing of the Ga shutter and subsequent
exposure to the active nitrogen, has been analyzed by the two tech-
niques described previously and compared in Fig. 4. In Fig. 4(a),
the magnitude of pixel intensity peak, designated as ΔI [shown in
Fig. 3(a)], is plotted as a function of time. When both Ga and
nitrogen shutters are open, ΔI shows a low and nearly constant
value. After the Ga shutter is closed, the value of ΔI remains low
for a time and then sharply increases around 180 s. Figure 4(b)
shows similar data derived from the histograms of Fig. 3(b). The
number of pixels corresponding to x = 105, which is the region that
shows a significant change during the growth process, is plotted
with time. As in the case of Fig. 4(a), there is very little change in
the level till t∼ 180 s, after which there is a sharp increase.

Both techniques discussed here provide similar information
regarding the RHEED intensity variation with time and therefore
either can be employed as a parameter for monitoring the growth.
However, each has its own advantages and limitations. The RHEED
intensity profile, that is the first technique, requires more process
steps but has the advantage that minor extension of the code can
also provide information regarding peak width and spacing, which
traditionally has been employed to determine the film quality, strain,
and composition. The second technique is simpler but may be
dependent on the image quality and data acquisition parameters.

In this work, we have focused our effort on the single parame-
ter, that is, the time required for the RHEED image to shift from a
low contrast to a high contrast state after the deposition of a
III-nitride film under excess group III for a certain period of time.

FIG. 3. RHEED image analysis: (a) plot profile and (b) histogram.
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The growth rate, that is, the reaction rate, is controlled by the
amount of active nitrogen reaching the sample surface under excess
group III growth or by the amount of metal atoms present on the
growth surface under excess group V conditions of growth.
Therefore, during the period where both shutters are open and the
growth occurs under excess group III conditions, the rate of
increase of the build-up of the metallic layer depends on the quan-
titative value of the “excess,” that is, the number of metal atoms
that remain unreacted per unit area per unit time. Thus, under the
assumption that the desorption rate does not depend on the metal
coverage, the metallic layer thickness increases with time in a linear
fashion. Our initial results suggest that this is indeed true, within
experimental limits, for short deposition times. At the point where
the group III shutters are closed, a metal layer of a certain thickness
Tm is present on the growth surface. This then reacts with the
active nitrogen, and since there are no additional incoming group
III atoms, the time for complete reaction of this metallic layer tcl is
directly proportional to the thickness of the layer. This technique,
therefore, can be employed for an indirect but quantitative estimate
of the “excess” of the group III to group V flux ratio, after appro-
priate calibration steps to determine the reaction rate of gallium

with the active nitrogen plasma, maintained under the same condi-
tions of power, flow rate, and chamber pressure.

An important advantage of this technique is that it is indepen-
dent of the effusion cell, substrate heater, or the active nitrogen RF
source and so can be widely used. Finally, our method does not
require expensive cameras, fast data acquisition systems, or
complex data analysis and can be carried out in real time.

In order to benchmark our technique and to establish its effec-
tiveness, we investigate four samples of GaN. They were grown under
exactly the same conditions, i.e., effusion cell temperature, plasma
power, nitrogen flow rate, pumping rate, etc., except for the substrate
temperature. The samples S1, S2, S3, and S4 were grown at substrate
temperatures of 800 °C, 790 °C, 780 °C, and 770 °C respectively.

The deposition of GaN depends on the arrival rate, the reaction
rate, and the desorption rate of Ga, which is significant at the sub-
strate temperatures used. As the deposition conditions are kept the
same in all four cases, varying the substrate temperature will result in
only a change in the desorption rate of Ga. At higher substrate tem-
peratures, the desorption rate is expected to be higher, making the
accumulated metallic film on the growth surface thinner.

The Ga shutter was kept open for exactly 120 s in each case, and
then the metal shutter was closed and the excess metal on the surface
was allowed to react with the nitrogen plasma. During the deposition
times, due to the excess group III conditions of growth, metallic layers
of different thicknesses were deposited on the surface. When the Ga
shutter was closed, the consumption of excess Ga on the surface by
the active nitrogen was initiated and this process was carried on till the
entire amount was converted to GaN. During the time, since the scat-
tering of electrons by the metallic film reduced, the RHEED pattern
transformed from a dim and diffuse state to a clear and bright state.

In Fig. 5, ΔI (obtained from the plot profile) is plotted as a
function of time for the four samples S1, S2, S3, and S4. For each
sample, the plot of ΔI versus time can be divided into three distinct

FIG. 4. RHEED transition times obtained from (a) plot profile and (b) histogram.

FIG. 5. RHEED transition times of GaN grown at different substrate
temperatures.

ARTICLE avs.scitation.org/journal/jvb

J. Vac. Sci. Technol. B 38(1) Jan/Feb 2020; doi: 10.1116/1.5124048 38, 014007-5

Published under license by AVS.

https://avs.scitation.org/journal/jvb


regions. Initially, the value of ΔI is large, which falls drastically as
soon as the Ga shutter is opened at time t = 0. For the next 120 s,
the value of ΔI remains nearly constant within experimental error,
at which point the Ga shutter is closed. Up to t∼ 180 s, no significant
change in ΔI is seen for any of the four samples. After this point, the
value of ΔI for sample S1, grown at a substrate temperature of 800 °C,
increases sharply and reaches the maximum value within a few
seconds. The times at which the values of ΔI increase sharply for
samples S2, S3, and S4 are ∼207 s, 227 s, and 243 s, respectively.

Therefore, we observe that for a lower substrate temperature,
it requires a longer time for ΔI to increase. We have stated earlier
that the desorption rate of Ga decreases with decreasing substrate
temperature. Hence, at the end of Ga deposition for 120 s, the
thickness of the accumulated metal layer increases progressively
for samples S1–S4 as the substrate temperature is reduced. Since
the time taken for the Ga layer to completely convert to GaN will
be longer for thicker layers, i.e., for films deposited at lower sub-
strate temperatures, our technique allows us to estimate the rela-
tive thickness of this metallic layer. For films grown at the same
substrate temperature, our technique will directly indicate the rel-
ative group III/V flux ratios employed. Furthermore, these results
also qualitatively establish the desorption rate of Ga at different
substrate temperatures.

B. Extension of technique to AlGaN alloys

The analysis technique described in Sec. III A was extended to
the growth of AlGaN alloys by PA-MBE. It should be noted that
the alloy composition for AlGaN alloys under excess group III-rich
conditions is controlled by the arrival rates of Al and the active
nitrogen due to the very high sticking coefficient of Al and the
strength of the Al–N bond. However, the optical and electrical
properties of AlGaN alloys are controlled strongly by the presence
of compositional inhomogeneities, which in turn depends on the
group III (Ga + Al) to group V flux ratio. The growth is therefore
typically carried out with excess gallium on the growth surface,
which can act as a surfactant to smoothen the surface, as well as
control the nanometer-scale potential fluctuations. Therefore, it is
critical in this case to control excess gallium, and we have employed
the in situ RHEED analysis technique described in Sec. III A.
Growth of AlGaN alloys was carried out on to AlN buffer layers,
under excess group III conditions, and the RHEED pattern as
shown in Fig. 6(a) is dim and diffuse. The Al and Ga shutters were
closed, and the surface was placed under active nitrogen to observe
the evolution of the RHEED pattern. With the consumption of the
excess metal, the RHEED transforms to that shown in Fig. 6(b),
which has a much higher contrast. The analysis technique of
obtaining the plot profile, that is, the spatial distribution of inten-
sity along a direction perpendicular to the streaky pattern of the
RHEED image, was applied to the RHEED images, and the results
are shown in Fig. 6(c). A clear transition from a high contrast to a
low contrast nature was obtained when growth was carried out
under excess group III regime, and then when the metal shutters
were closed the contrast levels slowly recovered.

It can be observed that even through the growth was carried
out under excess group III conditions, the surface remains rough
and faceted. This is partly due to a high AlN mole fraction being

used in these alloys, which reduces the effectiveness of the gallium
surfactant. The roughness can also be a result of the underlying
layers, specifically the AlN buffer layer employed during initial
stages of the growth. Our results indicate that the use of excess Al
can lead to the growth of well oriented vertical nanorods. The pres-
ence of these structures shows itself in a diffuse background in the
RHEED pattern, which does not modulate with the opening or
closing of the metal shutters, and the contrast remains low. This
can be a useful tool for detecting the presence of such nanostructures
in an in situ real-time process. Such studies are, however, beyond the
scope of the current paper and will be published elsewhere.

IV. SETUP FOR AN AUTOMATED GROWTH SYSTEM

The materials property of III-nitrides depends strongly on the
Ga coverage on the growth surface, which can be estimated by the

FIG. 6. RHEED image taken during AlGaN deposition (a), after reaction of the
deposited metal with nitrogen plasma (b), and RHEED transition time obtained
from the plot profile (c).
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technique described in this work. Since the acquisition and analysis
can be performed in real time, this technique can be used to control
the growth. The hardware driving the substrate rotation can be used
to pinpoint the particular azimuthal angle corresponding to the
appropriate RHEED pattern as shown in Fig. 2. The image can be
acquired, analyzed, and the resultant value of ΔI can be used to
determine the group III/V flux ratio. This value can be then used to
modify the various growth parameters such as substrate temperature,
effusion cell temperature or plasma power, and gas flow.

An alternative approach can be envisioned where a linear pho-
tosensor array can be directly attached to the RHEED fluorescent
screen covering an area where one or more of the streaks appear.
The intensity of the streaks and the region in between can be
directly measured and compared. This will obviate the need for the
RHEED video camera and associated hardware and software. This
concept has been included in the schematic in Fig. 1.

V. CONCLUSIONS

Growth of AlGaN alloys by PA-MBE has been carried out for
a long time for its applications in both ultraviolet optoelectronic
devices and high-power high-frequency devices. The group III/V
flux ratio used during growth plays an extremely important role in
determining the morphological, optical, and electrical properties of
the sample. The group III/V flux ratio depends on a number of
parameters and is difficult to calculate a priori or determine in real
time. However, it is possible to monitor the RHEED pattern in situ
and estimate the growth regime under which the ongoing growth is
occurring and change growth parameters as necessary.

In this paper, we establish a technique for measurement of
the RHEED intensity evolution with time following the deposition
of a known thickness of GaN under excess group III conditions.
The pattern, as measured by two different techniques, shows a
sharp transition after a time tcl. We establish that this time is a
direct measure of the thickness of the metallic layer on the growth
surface at the end of the deposition time and therefore the group
III/V conditions employed. We further show that this technique
can qualitatively predict the desorption rate of Ga with increasing
substrate temperature. Finally, we extend the analysis technique to
AlGaN alloys.

We believe that this system will allow a low-cost addition of
functionality of RHEED measurements for growth of III-nitride
materials by PA-MBE.
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