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A B S T R A C T

Growth of efficient III-N based light emitting devices by plasma assisted molecular beam epitaxy has been
elusive, even though the technique has attractive advantages in comparison to metal organic chemical vapor
deposition. Modern high-flux radio frequency plasma systems could remedy this issue by enabling growth of
InxGa1-xN at higher temperatures than previously possible, likely improving the material quality. In this work,
active nitrogen fluxes of up to 3.5 μm/h GaN-equivalent growth rate were employed to grow InxGa1-xN alloys.
InxGa1-xN growth rates of 1.3 μm/h were demonstrated at growth temperatures of 550 °C and 600 °C with
maximum film compositions of In0.25Ga0.75N and In0.21Ga0.79N, respectively. A composition of In0.05Ga0.95N was
observed in a film grown at 700 °C with smooth step-terrace morphology.

1. Introduction

III-N multi-quantum well (MQW) light-emitting diodes (LEDs) with
InxGa1-xN active regions have enabled energy-efficient white lighting
sources. While all commercial devices today are grown by metal or-
ganic chemical vapor deposition (MOCVD), plasma-assisted molecular
beam epitaxy (PAMBE) offers a unique opportunity to grow InxGa1-xN
with higher In-content than NH3-based growth methods. Unlike
MOCVD and NH3-Assisted MBE, PAMBE does not rely on the thermal
decomposition of NH3 to supply nitrogen to the growth surface. This
enables growth at lower temperatures, and thus higher In content
InxGa1-xN, and even high-quality pure InN, is readily achievable.

The drawback of lower temperature growth, however, is a decrease
in adatom mobility on the film surface, making smooth morphologies
difficult to achieve. To overcome this, InxGa1-xN is typically grown
under a highly-mobile saturated 2.5 monolayer In adlayer that acts a
surfactant by increasing the adatom mobility [1]. The adlayer presence
also has the added benefit of creating a nearly constant alloy compo-
sition at a given temperature. PAMBE also enjoys low background im-
purity concentration as well as active as-grown p-GaN. This enables p-
GaN to be placed anywhere in an epi-structure, enabling device designs
that are unavailable to MOCVD due to the challenges of activating the
Mg acceptors for buried GaN:Mg layers. Despite the advantages of
PAMBE growth, attempts at an all-PAMBE nitride LEDs have been few,
and published efficiency values have been poor [2–4].

Regardless of technique, the growth of InxGa1-xN alloys is

challenging due to the large difference in thermal stability of its con-
stituent materials, GaN and InN. In vacuum, In-N bonds begin to de-
compose at 435 °C [1], whereas Ga-N bonds do not decompose for
temperatures lower than ~720 °C [5]. This means that the optimal
growth temperature for InxGa1-xN is very different from that of GaN.
For PAMBE, InxGa1-xN growth typically takes place between 500 °C and
650 °C in a regime where In-N bonds are actively decomposing. The
alloy composition is thus extremely temperature dependent. Since the
Ga-N bonds are significantly more stable than In-N bonds, the supplied
Ga-flux (ΦGa) to the InxGa1-xN must be less than the supplied active
nitrogen flux (ΦN*), otherwise no In will incorporate in the growing
layer [6]. For InxGa1-xN growth under a saturated In wetting layer, to
very good approximation, the Indium composition x in the InxGa1-xN
film is determined by the growth temperature.

The exact identity of the active nitrogen species that participates in
III-N growth from RF plasma units remains a matter of debate. Carefully
conducted appearance mass spectroscopy (AMS) experiments have in-
dicated that the species that reaches the substrate is atomic N [7],
however optical emission spectroscopy (OES) from the back viewport of
the plasma has indicated that a meta-stable excited N2 molecule is also
present [8,9]. It is beyond the scope of this report to make a determi-
nation about the identity of the active species, and for simplicity the
active nitrogen will be represented as N*.

Two methods of growing InxGa1-xN/GaN quantum well/quantum
barrier (QW/QB) active regions via PAMBE currently exist. In one
method, the sample is heated and cooled between layers. InxGa1-xN
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QWs are grown at a low temperature, then a thin, low temperature GaN
“cap” is grown on the InxGa1-xN layer before the sample is heated to
suppress subsequent InxGa1-xN decomposition. Then the remainder of
the GaN QB is grown at the higher growth temperature. This way both
the QWs and the majority of the QBs are both grown at the optimal
InxGa1-xN and GaN growth temperatures, respectively. These growth
interrupts due to heating and cooling cycles make impurities more
likely to segregate on the interfaces between layers, which can produce
defects that reduce the radiative efficiency. Another method of growing
a MQW region consists of growing the entire region at a lower tem-
perature suited to InxGa1-xN growth, and using two separate Ga-fluxes
to modify the composition of the QWs and QBs [10,11]. In this method
a constant In-flux (ΦIn) and ΦN* are supplied to the film while ΦGa is
modulated between <Ga N1 for the QWs and Ga N2 for the
QBs. This method eliminates growth interrupts between layers, but at
the cost of growing the GaN QBs at a temperature lower than the ideal
GaN growth temperature.

Modern high flux RF plasma sources can supply over an order of
magnitude greater active nitrogen flux than previously possible, en-
abling reported growth rates as high as 7.6 μm/h [12] and 8.4 μm/h
[13] while supplying pure N2 to the plasma source. ΦN* of this mag-
nitude enables the exploration of growth regimes previously in-
accessible to PAMBE III-N growth. For InN and InxGa1-xN growth, in-
creasing the N overpressure suppresses In-N bond decomposition.
Modeling by Turski et al. [6] predicts that supplying an order of mag-
nitude higher absolute ΦN* will result in approximately 10% increase
the In composition in InxGa1-xN films. Utilizing this high ΦN* could
enable growth of InxGa1-xN at higher temperatures than previously
established, potentially improving the material quality and thus en-
abling efficient PAMBE-grown InxGa1-xN based light emitters. If InxGa1-
xN growth could be realized at typical GaN growth temperatures, it
could be feasible to grow an entire active region of an LED without
growth interrupts at the growth temperature similar to that used for the
highest quality PAMBE GaN grown under a saturated Ga adlayer (ty-
pically close to 720 °C).

In this work we show the effect of high active nitrogen flux on the
incorporation of In into InxGa1-xN films, and how that higher flux can
enable InxGa1-xN growth at temperatures higher than previously de-
monstrated for PAMBE. The effect of the high active nitrogen flux on
surface morphology is also discussed.

2. Experimental methods

All samples were grown in a Varian GenII MBE equipped with two
Ga Titan cells (E-Science, Hudson, WI), an In SUMO cell (Veeco, St.
Paul, MN), and a modified Riber RFM50/63 RF-plasma source using
nitrogen gas (99.9995% purity). The system is equipped with a reflec-
tion high energy electron diffraction (RHEED) gun for in-situ mon-
itoring of the crystal surface. During growth, the main chamber is
pumped by two cryogenic pumps and an additional ion pump is used
when the system is idle. The base pressure of the main chamber is
around 1×10-10 Torr and typical pressures during growth are in the 10-
5 Torr range, depending on the N2 gas flow rate.

The substrate used is a single-side polished GaN:Si on sapphire
template from Lumilog St. Gobain. The back of the wafers were coated
in 500 nm of Ti to improve thermal contact and to provide a black body
source for the optical pyrometer to measure growth temperature. The
optical pyrometer emissivity was calibrated to the melting point of Al.
The template wafers were diced into 1×1 cm2 pieces. The cleaning
procedure for each sample was 3 min each in acetone, methanol, and
isopropanol in an ultrasonic bath. Each wafer piece was then In-bonded
to a lapped Si wafer and loaded into the MBE system. Each sample was
outgassed for 1 h at 400 °C in vacuum before being loaded into the
growth chamber.

To quantify ΦN* in terms of a GaN equivalent growth rate, a sample
structure of a GaN buffer, 5 nm AlGaN layer, followed by a

100–250 nm Ga-rich GaN layer was grown for each plasma condition.
This structure was grown at 720 °C, where Ga-N bond decomposition is
negligible. The thickness of the top GaN layer was then determined by
measuring the thickness fringes on a high-resolution X-ray diffraction
(HRXRD) ω-2θ (0002) scan. The growth thickness was then divided by
the growth time to determine the growth rate. To quantify ΦGa in terms
of a GaN equivalent growth rate the same structure was grown, but this
time with an N-rich top GaN layer. The thickness and growth rate were
determined in the same manner. This was done for a series of ΦGa. A
plot of growth rate vs. Ga beam equivalent pressure (BEP) was made,
and a linear relationship was fitted.

To quantify ΦIn in terms of an InN equivalent growth rate a series of
pure InN films were grown on the GaN:Si on sapphire templates at
420 °C where In-N bond decomposition is negligible. The growth was N-
rich and ΦIn was varied for each sample. These films were relaxed and
rough (as expected), so thickness determination via HRXRD was not
possible. Instead the samples were cleaved and the thickness was
measured via scanning electron microscopy (SEM) in cross section. As
for the ΦGa determination, a linear relationship between InN growth
rate and In BEP was fitted to the data.

Fluxes given in equivalent growth rates can also be converted into
atomic fluxes. One monolayer (ML) of GaN corresponds to

= nm0.259c
2
GaN0, with 1.14 × 1015 atom/cm2 planar density. In this

work atomic fluxes are shown in parentheses beside their equivalent
growth rate counterparts. One small issue of this method is that during
InxGa1-xN growth the c lattice spacing differs depending on the film
composition x. However, since c0/GaN and c0,InN differ by approximately
10%, and the films in this study are all of lower composition (x 0.25),
using c0,GaN as an approximation of 1 ML will introduce only a small
error.

Fig. 1(a) shows the schematic for sample growth. For each sample a
GaN buffer layer was first grown at 720 °C under standard Ga-rich
conditions using the modulated growth technique [14]. The N2 flow
rate was 3 sccm and the plasma forward power was 200 W. This cor-
responded to a growth rate of about 0.4 μm/h (4.9 × 1014 atom/cm2s).
A ΦGa of around 8 × 10-7 Torr beam equivalent pressure (BEP) was
used, which corresponded to about 0.7 μm/h (8.6 × 1014 atom/cm2s).
The sample was rotated during buffer growth at 1 rotation per minute
(RPM) to ensure that a uniform thickness was deposited over the area of
the sample.

After the GaN buffer growth, the temperature was decreased to the
desired InxGa1-xN growth temperature. Next, a coherent InxGa1-xN layer
was grown. The thickness of the InxGa1-xN layers varied between 20 and
65 nm to ensure that all films were coherent. To initiate InxGa1-xN
growth the In shutter was opened first, and the RHEED intensity tran-
sient was monitored. When the RHEED intensity reached a minimum
the Ga and N* shutters were opened. After the target growth time is
reached, all shutters were simultaneously closed and the adlayer was
desorbed. Fig. 1(b) shows the RHEED intensity transient and shutter
timing for 30 s of InxGa1-xN film growth.

The first grown series (Series 1) was grown with a N2 flow rate of 6
sccm and a plasma forward power of 450 W, which corresponded to a
N-limited GaN equivalent growth rate of 1.5 μm/h (1.8 × 1015 atom/
cm2s). ΦGa = 8 × 10-7 Torr BEP was used, which corresponded to a Ga-
limited GaN equivalent growth rate of 1.0 μm/h (1.22 × 1015 atom/
cm2s). ΦIn was varied from 1 to 8 × 10-7 Torr BEP which corresponded
to 0.3–1.1 μm/h (3.7 – 13 × 1014 atom/cm2s) InN equivalent growth
rate. InxGa1-xN growth temperatures investigated for Series 1 were
550 °C and 600 °C. Seven samples were grown at 550 °C and seven were
grown at 600 °C.

The second grown series (Series 2) was grown with an increased
ΦN*-ΦGa deficit to determine how much In incorporation could be
achieved at 650 °C and 700 °C. Table 1 lists the fluxes used for the
samples in Series 2. To achieve ΦN* = 2.6 μm/h (3.2 × 1015 atom/
cm2s) for samples A2 and B2, a N2 flow of 10 sccm and a plasma for-
ward power of 500 W were used. To achieve 3.5 μm/h N* flow
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Fig. 1. (a). Schematic for GaN buffer and InxGa1-xN film growth. Fig. 1(b) RHEED intensity transient for InxGa1-xN growth showing the In adlayer formation, growth
of the film, and adlayer thermal desorption.

Table 1
Growth details for Series 2. Fluxes are noted in terms of GaN equivalent growth rates for Ga and N*, InN equivalent growth rates for In, as well as atomic fluxes.

Sample Growth Temperature (°C) ΦIn

(μm/h)
(atom/cm2 s)

ΦN*

(μm/h)
(atom/cm2 s)

ΦN*-ΦGa (μm/h)
(atom/cm2 s)

InxGa1-xN Composition
x

InxGa1-xN Growth Rate (μm/h)

A2 650 1.89
2.31 × 1015

2.6
3.2 × 1015

2.50
3.05 × 1015

0.148a 0.14a

B2 650 3.17
3.87 × 1015

2.6
3.2 × 1015

2.50
3.05 × 1015

0.177a 0.15a

C2 700 3.70
4.52 × 1015

3.5
4.3 × 1015

1.57
1.92 × 1015

0.05b 0.06b

a Values from HRXRD.
b Values from APT.
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(4.3 × 1015 atom/cm2s), the N2 flow rate was 15 sccm, and a plasma
forward power of 500 W was used. Due to the higher growth tem-
perature used for Series 2, the InxGa1-xN was capped with a thin (5 nm)
GaN layer to prevent InxGa1-xN decomposition during cooling. To grow
the cap layer a second Ga cell with a flux larger than ΦN* was opened
while the Ga cell used for InxGa1-xN growth was closed. The In cell was
left open. Using ΦGa > ΦN* should prevent any In from incorporating
into the cap layer.

At the end of growth for all samples, all cells were shuttered at the
same time and the metal adlayer was desorbed as indicated by the
RHEED intensity. Once the cells were shuttered, the intensity of the
RHEED pattern first increased and then reached a constant steady state
value consistent with a fully desorbed adlayer. Then the samples were
cooled quickly to prevent InxGa1-xN decomposition. The RHEED pattern
of the final InxGa1-xN films ranged from spotty (indicating a 3D surface)
for the low ΦIn films to streaky (indicating a 2D surface) for the higher
ΦIn films.

For each InxGa1-xN film high resolution x-ray diffraction (HRXRD)
ω-2θ scans of the 0002 reflection were recorded using a Philips
Panalytical MRD Pro system with CuKα1 radiation with a 4-bounce Ge
(220) monochromator and 2-bounce Ge (220) analyzer. Reciprocal
space maps (RSMs) of the (1 0 1̄ 5) reflection were collected using a
PIXcel3D detector to confirm that the InxGa1-xN films were fully

coherent with the GaN substrate. InxGa1-xN film thickness was de-
termined by the spacing of the fringes of the ω-2θ 0002 scan.

The peak separation between the GaN and InxGa1-xN (0002) peaks
was used to determine the InxGa1-xN alloy composition. Reference va-
lues used for the relaxed lattice parameters for pure GaN were
a0 = 3.1896 Å and c0 = 5.1855 Å [15]. Reference values used for the
relaxed lattice parameters for InN were a0 = 3.5378 Å and
c0 = 5.7033 Å [16]. Reference values used for the elastic stiffness
tensor elements C13 and C33 for pure wurtzite GaN and InN were taken
from Ref. [17]. The wavelength for the CuKα1 radiation was 1.5406 Å.
The procedure to determine the InxGa1-xN composition is as follows and
is based on the assumption that the InxGa1-xN film is fully coherent to
the GaN substrate. First the measured GaN-InxGa1-xN peak separation
and the GaN relaxed reference c0 lattice parameter were substituted
into Bragg’s law to determine the measured c lattice spacing of the
InxGa1-xN film. Then a starting guess for alloy composition was chosen.
Vegard’s law was used to determine the relaxed c and a lattice spacings
for InxGa1-xN as a function of composition from pure GaN and pure InN.
Vegard’s law was also used to determine the values of C13 and C33 for
InxGa1-xN as a function of composition based on the values for pure GaN
and InN. Then the relaxed InxGa1-xN a lattice parameter was used to
calculate the in-plane strain (ε||) via = 1a

a
InGaN

InGaN relaxed,
. The measured

a lattice spacing of the film is known since all InxGa1-xN films grown
were fully strained to the GaN substrate. The relationship between ε||
and the out-of-plane strain (ε⊥) is = 2 C

C
13
33

. The c lattice parameter
calculated from ε⊥ is = ×c c c( )InGaN InGaN measured GaN, 0, . This c lattice
parameter is then compared to the value obtained from Vegard’s law. If
the two values do not match, a new guess composition was chosen. This
iterative process is performed by MATLAB until the two values match.

The ω-2θ 0002 scans were also used to determine whether In dro-
plets were present on the surface of the InxGa1-xN films. It has been
documented that an In metal body-centered tetragonal (101) peak ex-
ists at an ω value approximately 0.8° less than that of the GaN (0002)
substrate peak [18,19].

The surface morphology of each film was characterized via atomic
force microscopy (AFM) using an Asylum MFP-3D tool used in the
tapping mode in air. Scans were taken at 20×20, 5×5, and 1×1 μm.
Root mean squared (RMS) roughness values are reported for 5×5 μm
scans.

Sample C2 of Series 2 was also characterized via atom probe to-
mography (APT) to determine the alloy composition of the film [20].
The sample was cleaved and a 150 nm sacrificial GaN capping layer was
grown at 720 °C under standard Ga-rich conditions sample to facilitate
the preparation of the APT sharp tip. A FEI Helios 600 dual beam FIB
instrument was used for the preparation of the specimen [21]. APT
experiments were performed with a Cameca 3000X HR Local Electrode
Atom Probe (LEAP) operated in laser-pulse mode (13 ps pulse, 532 nm
green laser, 10 µm laser spot size) with a sample based temperature of
45 K. The laser pulse energy and the detection rate for the experiments
were respectively set to 0.5 nJ and 0.02 atoms per pulse. The 3D re-
construction were carried out using a geometrical based algorithm [22]
implemented in the commercial software IVASTM.

3. Results

3.1. Series 1

Fig. 2(a) and (b) show representative RSM and ω-2θ scans of a
sample from Series 1 of composition In0.15Ga0.85N grown at 600 °C.
Since all films were fully coherent, the InxGa1-xN composition was de-
termined from 0002 ω-2θ scans. Not all films had well-defined thick-
ness fringes to accurately determine the InxGa1-xN thickness. However,
among the samples that did have assessable thickness fringes, the
InxGa1-xN growth rates were consistently around 1.2 μm/h, with the
highest growth rate measured of 1.3 μm/h. No identifiable trend was

Fig. 2. (a). RSM of the (101̄5) peak of a representative sample from Series 1 of
composition In0.15Ga0.85 grown at 600 °C. The vertical dashed line is a guide to
the eye showing that the film is coherent to the GaN substrate. Fig. 2(b) HRXRD
ω-2θ triple axis scan of the (0002) peak of the same sample in 2(a). The peak
separation between the GaN substrate peak and InxGa1-xN alloy peak was used
to calculate the alloy composition for all samples. The spacing between the
smaller fringes was used to calculate the InxGa1-xN thickness and growth rate.
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observed in the growth rate as ΦIn was increased.
Fig. 3 shows the dependence of composition on ΦIn for all 14

samples of Series 1. As expected, alloy composition increases linearly
with ΦIn until a saturated In wetting layer was realized. Once a satu-
rated In wetting layer had formed, the film composition no longer
changed with increasing ΦIn. Films grown in the saturated In wetting
layer regime all showed an In metal (101) peak in the ω-2θ 0002 scan,
indicating that a saturated wetting layer was reached for both growth
temperatures. The ΦIn required to reach a saturated wetting layer was
1.07 μm/h (1.31 × 1015 atom/cm2s) for a growth temperature of
550 °C and 1.44 μm/h (1.31 × 1015 atom/cm2s) for a growth tem-
perature of 600 °C. The dashed line in Fig. 3 indicates the transition
from N-rich growth to group III-rich growth. Due to desorption of In
from the surface of the sample the ΦIn required to achieve a saturated In
wetting layer is greater than that required to push the growth into the
metal-rich regime. HRXRD ω-2θ 0002 scans of all seven samples grown
at 600 °C is shown in Fig. 4. The In droplet (101) peak is visible for the
two scans with highest ΦIn. The saturated In composition was x = 0.25
for samples grown at 550 °C and x = 0.21 for samples grown at 600 °C.

Four representative samples (A1, B1, C1, and D1) from Series 1 are
identified on Fig. 3. AFM scans of these samples are shown in Fig. 5.
Samples A1 and B1 show mound-type structures forming around
threading dislocations, which is similar to the spiral hillock formation
reported in other studies of InxGa1-xN grown by PAMBE [23]. Samples
C1 and D1 do not have clear mound structures. AFM scans are shown on
these samples because their morphologies are representative of the
other samples in Series 1. The RMS roughness values calculated for
samples A1, B1, C1, and D1 are 1.05 nm, 0.93 nm, 1.04 nm, and
1.79 nm, respectively.

3.2. Series 2

Once the high ΦN* InxGa1-xN growth was established at lower
temperatures in Series 1, higher ΦN* was used to determine how hot
InxGa1-xN could be grown with sufficient In incorporation. Table 1
shows the alloy compositions achieved for samples grown at 650 °C and
700 °C. The alloy composition for samples A2 and B2 were determined
via HRXRD in the same way as samples in Series 1. At a growth tem-
perature of 650 °C an alloy composition of x = 0.148 was achieved for
sample A2 with ΦIn = 1.89 μm/h (2.31 × 1015 atom/cm2s) and
x = 0.177 was achieved for sample B2 with ΦIn = 3.17 μm/h
(3.87 × 1015 atom/cm2s). A saturated In wetting layer was not ob-
served for any of the samples in Series 2. AFM scans for samples A2 and

B2 show a mound morphology similar to samples A1 and B1 in Series 1
and have RMS roughness values of 1.40 nm and 1.61 nm respectively.

Determination of the film composition for sample C2 grown at
700 °C was not possible via HRXRD. The ω-2θ 0002 scan for sample C2
(shown in Fig. 6) did not have a separate alloy peak. Thickness fringes
are visible, but it is unclear if they are from the GaN cap layer or an
InxGa1-xN layer. The APT 3D reconstruction of sample C2 shown in

Fig. 3. InxGa1-xN film composition x of Series 1
as a function of ΦIn and growth temperature.
Alloy compositions increases linearly with ΦIn

for each growth temperature until a saturated In
wetting layer is reached. The gray region re-
presents when the In wetting layer becomes sa-
turated. The dashed line indicates the transition
from N-rich growth to group III-rich growth.

Fig. 4. HRXRD ω-2θ scans of all samples in Series 1 grown at 600 °C. Δω refers
to the distance in degrees from the GaN (0002) substrate peak. The InxGa1-xN
alloy peaks are at a smaller ω than the GaN substrate peak.
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Fig. 7(a) and the corresponding In 1D concentration profile along the
growth direction in Fig. 7(b) indicates an InxGa1-xN composition of
x = 0.05. The film thickness was less than 10 nm, resulting in a growth
rate of only 1–2 nm/min.

In the 1D concentration profile in Fig. 7(b) Sample C2 also shows
around x = 0.005 In incorporation in the GaN cap layer. Since the In

source shutter was open during the GaN cap growth, it is possible that
the In incorporated as the film was grown even though ΦGa was greater
than ΦN*, which should prevent any In incorporation.

The 5×5 μm AFM scan of sample C2 is shown in Fig. 8. This sam-
ples does not show mound morphology, but rather step-terrace mor-
phology and has an RMS roughness of 0.70 nm. It is important to note
that the morphology could be in part attributed to the thin (5 nm) GaN
cap rather than the underlying InxGa1-xN.

4. Discussion

As shown in Fig. 3, once a saturated In wetting layer is reached, the
film composition no longer changes with increasing ΦIn. This is the first
confirmation that PAMBE InxGa1-xN growth at high growth rates fol-
lows the same trend with increasing ΦIn as observed at the more
common growth rates around 200 – 300 nm/h [18,19]. Hestroffer et al.
[19] reported a saturated In composition of x = 0.18 for a growth
temperature of 575 °C and Gacevic et al. [18] reported In compositions
ranging from x = 0 to x = 0.50 depending on growth temperature and
incident ΦIn.

Even though there is no thermodynamic equilibrium during MBE
growth (since it is impossible to define a temperature for the molecular
beam), the saturation of the In content in the films can be understood as
the chemical potential of In in the film (µIn, film) being equal to the
chemical potential of liquid In in the droplets and wetting layer (µIn,
drop). So µIn, wetting layer = µIn, droplet = µIn, film. The In droplets act as an
In reservoir that “feeds” the adlayer. A schematic representing the In
exchange is shown in Fig. 9.

Fig. 5. 5 × 5 μm AFM scans from samples (a) A1, (b) B1, (c) C1, and (d) D1 in Series 1. RMS roughness values are 1.05 nm, 0.93 nm, 1.04 nm, and 1.79 nm,
respectively.

Fig. 6. HRXRD ω-2θ scan of sample C2 from Series 2 showing thickness fringes,
but no separate InxGa1-xN alloy peak.
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It is also clear that there is a large desorbing ΦIn from the sample
surface during InxGa1-xN growth from desorption of In from the adlayer.
Note in these studies ΦIn + ΦGa > ΦN* for most samples and thus we
expect at steady state there must be significant In desorption as Ga
should preferentially incorporate over In in the growing InxGa1-xN film
for metal-rich growth. A comparison of the vapor pressure of liquid In

and Ga at relevant growth temperatures illustrates this desorbing ΦIn.
At a growth temperature of 600 °C, pIn, liq = 1.6×10-6 Torr and pGa,
liq = 4.1×10-8 Torr [24]. Almost two orders of magnitude difference in
vapor pressure results in a film that has a much lower In content than
would be expected based on the ratio of ΦIn/ΦGa alone. This pIn, liq is
approximately equal to the BEP of In. At the even higher growth tem-
peratures explored in Series 2 (650 °C and 700 °C), the difference in
vapor pressures between the two group III elements is even larger. At
700 °C there is 3 orders of magnitude difference between pIn, liq and pGa,
liq. Once the In wetting layer is saturated, the equilibrium desorbing In
flux is equal to the vapor pressure of In, ΦIn, desorb = ΦIn, liq.

This large desorbing ΦIn becomes more extreme as growth tem-
perature increases. At 700 °C the net InxGa1-xN growth rate is so low
that the film is barely growing faster than it is decomposing. For growth
temperatures of 650 °C and below, the growth rate is governed mainly
by ΦGa forming Ga-N bonds, with a small component being added from
the In that actually participates in bonding. For sample C2 the growth
rate does not follow ΦGa = 1.03 μm/h, which suggests Ga-N bonds are
also decomposing.

For growth with a saturated In wetting layer, the film composition is
determined by the growth temperature and the ΦN* - ΦGa deficit. It
seems that growth temperature has a larger effect than the absolute
ΦN*, although this work does not include samples grown at the more
common ΦN* 0.2 – 0.3 μm/h for comparison. The formation of the sa-
turated In wetting layer represents the maximum chemical potential for
In (μIn, max) for a given growth temperature and ΦN* - ΦGa deficit. Thus
the maximum In incorporation under a saturated In wetting layer

Fig. 7. (a). APT 3D reconstruction of sample C2 in Series 2 shown an InxGa1-xN layer is present. Fig. 7(b). 1D concentration profile measured from the center of the 3D
reconstruction and along the growth direction showing the amount of In incorporated in the layer and above it.

Fig. 8. AFM scan of sample C2 from Series 2 showing step-terrace surface
morphology and a RMS surface roughness of 0.70 nm.

Fig. 9. Schematic showing In exchange between the droplets and In adlayer present on the growing film.
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represents the solubility limit of In in InxGa1-xN for that growth tem-
perature and ΦN*-ΦGa deficit.

In Ref. [19], which reports a maximum growth rate of 265 nm/h
under a saturated In wetting layer, the growth rate is shown to increase
linearly from 200 nm/h to 260 nm/h with increasing ΦIn just like film
composition. This is not observed for high growth rate InxGa1-xN in this
work. This is because the overall growth rate is so high that the small
incremental change provided by slightly more In incorporation is not
large enough to be more than noise.

Samples A1, B1, A2, and B2 all exhibit mound morphology. But as
ΦIn increases and the growth temperature increases, samples exhibit
planar morphology, with atomic steps visible on sample C2 but not on
samples C1 and D1. This indicates that as the In adlayer develops and
the growth temperature increases, surface adatom mobility is en-
hanced, thus eliminating the mound structures.

Since the motivation for growing InxGa1-xN at high active nitrogen
fluxes was derived in part from extrapolating the modeling by Turski
et al. [6], it is important to see if the present work follows the trends
seen in that work conducted at lower growth rates. Previous models for
PAMBE growth of InxGa1-xN expressed the desorbing nitrogen flux ( )N

due to In-N bond decomposition as = ( )C x expN
E x

kT
( )a where C is a

constant, x is the film composition, Ea is an energy barrier that depends
on film composition x, and T is the growth temperature [25]. In Ref. [6]
however, the authors point out that on a vicinal GaN surface there are
two types of c/2 atomic steps (A and B) that differ in the number of
bonds a N atom landing on the surface can satisfy. Based on these “non-
equivalent” atomic steps they express the desorbing nitrogen flux as

= + ( )exp( )N
C C

N Ga
E x

kT
( )A

N

B

Ga

a where CA and CB are con-

stants associated with atomic steps A and B, respectively and N and
Ga are the incident N and Ga fluxes, respectively. Then the study goes
on to grow a series of InxGa1-xN films at a variety of different ΦN*, ΦGa,
and growth temperatures to fit the constants CA and CB. It is important
to note that in Ref. [6] the authors state that all samples were grown
under a saturated In wetting layer.

If the nonequivalent atomic step model presented in Ref. [6] is ex-
trapolated to the growth rates in Series 1 of this work, the maximum In
incorporation at a growth temperature of 550 °C and 600 °C is predicted
to be 32.4% and 28.4%, respectively. This is higher than the observed
maximum In incorporation of 25.8% and 22.5%. This could be due to
differences in growth temperature between different MBE systems
(since optical pyrometry is only a precise, but not necessarily accurate
technique). Since the maximum ΦN* used by Turski et. al [6] is
0.55 μm/h (6.72 × 1015 atom/cm2s), it could also be the case that
extrapolating to ΦN* = 1.0 μm/h (1.2 × 1015 atom/cm2s) is beyond the
limits of the model’s accuracy. It is important to note that since the
modeling assumes the presence of a saturated In wetting layer, it is not
appropriate to apply the model to Series 2, where all samples are grown
before the onset of a saturated In wetting layer.

Since impurity incorporation in growing films is inversely propor-
tional to the growth rate, growing InxGa1-xN films at these elevated
growth rates could greatly improve the material quality and could lead
to more efficient PAMBE III-N LEDs. One important consideration in the
growth of InxGa1-xN/GaN active regions is having precise control over
the thickness of quantum wells. Growth rates that are too high could
lead to a loss of control over film thickness if the growth time ap-
proaches the MBE shutter rise and fall times. Even at the highest growth
rate reported in this work (1.3 μm/h), a 3 nm quantum well corre-
sponds to a 8.4 s growth time, which is sufficiently longer than the
approximately 5 ms shutter rise and fall time. Elevated growth rates
could also be useful for growing thick, relaxed InxGa1-xN layers for
applications where strain reduction of higher In composition layers is
desirable.

Future work is currently planned to determine the maximum pos-
sible In content in InxGa1-xN films at 700 °C. While it may be possible

through optimization of growth conditions to reach film compositions
useful for blue emitting optoelectronic devices, it seems unlikely that
higher compositions corresponding to longer wavelength devices is
possible at such high growth temperatures.

Growth at these elevated atomic fluxes comes with logistical chal-
lenges, however. Several modifications have been made to the MBE
system in this study over the years that this high flux plasma unit has
been in use. When group III effusion cells are operated at high capacity
for an extended length of time, source material can be depleted rapidly.
Over the history of high-flux research at our university, both Ga effu-
sion cells and the In effusion cell have been replaced with higher ca-
pacity cells to reduce downtime related to source material refilling.
With N2 gas flows as high as 15 sccm, extra pumping has been added to
the system to keep the pressure during growth at an acceptable level.
During high flux growth, it is typical for the growth chamber pressure
to reach the mid 10-5 Torr range. Parts inside the chamber can become
coated in III-N material quickly, requiring more frequent replacement
and cleaning of parts like mounting blocks, RHEED screens, and
viewports. The extra cost associated with these issues may prove to be
unrealistic for some groups.

Another technical consideration is that the high-flux plasma unit is
currently not capable of growing at the more traditional lower growth
rates (around 300 nm/h) on which earlier work from our group was
based. Instead of replacing the older plasma unit, we have opted to keep
both the lower-flux and higher-flux units on the system. This uses an
extra source port that some MBE systems might not have to spare. As
more work on the possibilities of high-flux PAMBE III-N growth is done,
groups will have to weigh the benefits and costs of this new technique.

5. Conclusion

In this work we investigated the effect of high active nitrogen flux
on the incorporation of In into InxGa1-xN films at low and elevated
growth temperatures. Using a high ΦN* at lower PAMBE InxGa1-xN
growth temperatures resulted in record high InxGa1-xN growth rates of
up to 1.3 μm/h and mound-like surface morphology. In incorporation
follows linearly with ΦIn before the onset of a saturated In wetting
layer, just as for lower growth rate InxGa1-xN reported in the literature.

We have also shown that In incorporation into InxGa1-xN films is
possible at 700 °C, which has not been demonstrated previously in the
literature. The film grown at 700 °C shows very smooth step-terrace
surface morphology and no spiral hillocks. It is expected that increasing
ΦN* further will result in more In incorporation. It is important to note
that at 700 °C the InxGa1-xN growth rate is only a few nm/min even
though the constituent fluxes are all over 1.0 μm/h (1.2 × 1015 atom/
cm2s). This is because the film is decomposing so quickly that the net
growth rate is extremely slow.

Further optimization of InxGa1-xN at 700 °C is planned to maximize
In incorporation into the film. Optical characterization of InxGa1-xN
films grown with high ΦN* is also planned as well as eventual in-
tegration into all PAMBE LEDs. This work represents an viable path
forward to achieving efficient III-N PAMBE LEDs.
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