Characterization of high quality InN grown on production-style
plasma assisted molecular beam epitaxy system
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In this work, the authors report step-flow growth mode of InN on [0001] oriented GaN templates,
using a production-style molecular beam epitaxy system, Veeco GEN200®, equipped with a plasma
source. Using adaptive growth conditions, they have obtained a surface morphology that exhibits the
step-flow features. The root mean squared roughness over an area of 5X5 um? is 1.4 nm with
monolayer height terrace steps (0.281 nm), based on atomic force microscopy. It has been found
that the presence of In droplets leads to defective surface morphology. From x-ray diffraction, they
estimate edge and screw dislocation densities. The former is dominant over the latter. Micro-Raman
spectra reveal narrow E% phonon lines consistent with excellent crystalline quality of the epitaxial
layers. The Hall mobility of 1 wm thick InN layers, grown in step-flow mode, is slightly higher than
1400 cm?/V s, while for other growth conditions yielding a smooth surface with no well-defined
steps, mobility as high as 1904 cm?/V s at room temperature has been measured. The samples
exhibit high intensity photoluminescence (PL) with a corresponding band edge that shifts with free
carrier concentration. For the lowest carrier concentration of 5.6 107 cm™, they observe PL

emission at ~0.64 eV. © 2008 American Vacuum Society. [DOI: 10.1116/1.2899412]

I. INTRODUCTION

The energy gap of InN has been a subject of controversy
due to the large range of values reported for the fundamental
gap. Recent work has interpreted the range of values based
on free carrier concentration and the consequent filing of the
conduction band." Alternative explanations for the variations
reported in literature rely on the formation of In,O; with
larger band gaps in layers contaminated by oxygen2 and on
the presence of In clusters in InN epilayelrs.3 The narrow
band gap at room temperature of InN [around 0.7 eV (Refs.
4-6)] promises new applications well into the infrared range,
at wavelengths suitable for optical communications. Alloys
of InN with Ga and Al may also be used in applications for
high efficiency solar cells”® and terahertz emitters.’

Despite this potential, the difficulty of obtaining high
quality InN, with atomically flat surfaces and good electronic
properties, remains a main challenge for future device devel-
opment. In order to fully explore the applications of InN,
further studies focusing on crystal growth are needed to un-
derstand the relation between the growth conditions and
electronic properties.

In this article, InN growth is carried out using a
production-style, molecular beam epitaxy system equipped
with radio-frequency (rf) plasma source. We investigate the
properties of two sets of InN samples obtained using two
different growth approaches that were monitored based on
in situ reflection high-energy electron diffraction (RHEED)
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images. The first set (A) is produced using fixed -V flux
ratios during the entire growth period. The second set (B) is
obtained using an adaptive method in which III-V flux ratios
are controlled to preserve a consistent two-dimensional (2D)
growth mode during the entire growth period. High quality
InN and In-rich InGaN can be obtained only in a narrow
range of growth parameters.m’11 Here we demonstrate high
quality InN using a large capacity plasma assisted molecular
beam epitaxy (PAMBE) system suitable for wide scale pro-
duction of devices based on InN and related alloys.

Il. EXPERIMENTAL DETAILS

Growth experiments were performed on 50 mm diameter,
on-axis [0001] oriented GaN templates, grown on sapphire
using metal-organic chemical vapor deposition (MOCVD). A
Veeco GEN200® MBE system, adapted for autonomous op-
eration, was used for the plasma assisted growth of GaN and
InN layers at the Veeco Process Integration Center. GaN
buffers followed by InN were grown without removing the
wafers from the growth chamber in a multiwafer platen ca-
pable of holding 13 substrates. High purity N, flow has been
used with a Veeco UNI-Bulb® rf plasma source to deliver
the active nitrogen to the growth surface. Gallium (5000 g
capacity) and indium (5000 g capacity) SUMO® effusion
cells were used to generate Ga and In fluxes, respectively.
The chamber pressure during the growth was maintained in
the low to mid-10~> Torr range. A large-area heater ensured
temperature uniformity during the growth at high and low
temperatures. The RHEED parameters were monitored in
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FiG. 1. Surface morphology of GaN buffer layer determined by AFM.
(a) Scanned area of 2X2 um? with a rms roughness of 0.88 nm;
(b) 5% 5 um? with a rms roughness of 2.6 nm.

situ during the growth using kSA 400 RHEED analysis sys-
tem (k-Space Associates, Inc.) and a RHEED electron gun
system (Staib Instruments Inc.).

Samples were characterized postgrowth in order to exam-
ine the structural, electrical, and optical properties. The sur-
face and bulk properties were studied using atomic force
microscopy (AFM), scanning electron microscopy (SEM),
and high-resolution x-ray diffraction (XRD). Carrier trans-
port characteristics were obtained using Hall measurements
at room temperature and 80 K. Raman spectroscopy at room
temperature and 20 K was performed to investigate sample
quality, and the optical characteristics of the samples were
examined using room temperature photoluminescence (PL).
The polarity of GaN template or that of the InN layer has not
been investigated directly. However, similar templates have
been used for ammonia-based growth of GaN. At the end of
the MBE growth with NH;, GaN surface exhibited (2 X2)
reconstruction characteristic for Ga polar GaN layers.12
Therefore, we would support the idea that the MOCVD GaN
templates used in this study are Ga polar and furthermore
that InN grown on these templates is In polar.

For each experiment, GaN templates have been over-
grown at 720 °C with a 300 nm thick GaN buffer deposited
by PAMBE. To ensure the good quality of the subsequent
layers, the GaN buffers were grown under conditions known

400
to produce step-flow growth and droplet-free surfaces.'>!*
Surface morphology of these GaN buffers was examined by
AFM measurements on separate samples, as presented in
Fig. 1.

Following the growth of GaN buffer, the temperature was
decreased (457-487 °C) and InN growth initiated. Layers
of 1 um thick InN were deposited at a growth rate of
0.25 um/h using a N, flow of 8 SCCM (SCCM denotes
cubic centimeter per minute at STP) and a rf power of
600 W, under slightly In-rich conditions.">"'

lll. RESULTS AND DISCUSSION

The parameters of two sets of samples are summarized in
Table I. For group A, the growth conditions that have been
established at the beginning of the growth were maintained
unchanged for the entire deposition period. For this group,
the RHEED pattern at the beginning of the growth exhibited
the characteristics of pure two-dimensional (2D) growth
mode. At the end of the growth period (4 h), all but one
sample in this group underwent a transition to three-
dimensional (3D) growth to various degrees. Early transition
to 3D growth mode resulted in rough surfaces, while transi-
tion to 3D later in the growth cycle resulted in smoother
surfaces. In the case of A4 sample, smooth characteristics
were obtained without resolved atomic steps. This 2D to 3D
growth evolution is indicative of small deviations from the
optimal III-V ratio on the growth surface. We suggest that
excess nitrogen depletes the In adlayer leading to the onset
of 3D growth. In contrast, indium excess leads to a thicker
adlayer and thereby impeding active nitrogen diffusion to the
growth surface, resulting in a diminished growth rate.

For group B, an adaptive deposition method has been
used, in which we modify the growth parameters based on
the monitoring of the features of the RHEED pattern. In this
case, the III-N ratio on the growth surface is continuously
adjusted within a narrow range and a streaky RHEED pattern
indicative of a two-dimensional surface is maintained
throughout the growth period. The surface temperature and
the V/III beam equivalent pressure ratio are summarized for
all samples in Table II. The resulting InN layer possesses a

TaBLE I. Summary of the morphological, structural, and electrical characterizations for the two growth methods.

Dislocations
Screw (cm™2) Edge (cm™)
2X2 um? %10° x10'° RT
RMS mobility n,
Sample (nm) GaN InN GaN InN  (ecm?/Vs) (X10'%) Morphology
Al 10.2 3.1 35 2.8 10.2 1316 0.98 Rough
A2 >20.0 2.7 32 2.8 6.9 1024 0.59 Very rough
A3 35 2.3 2.4 2.7 9.4 1481 1.36 Grainy
A4 29 22 6.7 2.6 6.1 1152 4.18 Smooth, no steps
Bl 0.9 2.7 3.5 2.5 8.7 1422 3.17 Step-flow growth
B2 1.7 2.1 2.5 2.7 10.0 1904 1.94 Smooth, no steps
B3 0.7 2.6 2.7 2.7 13.8 1404 32 Step-flow growth
B4 1.0 22 23 2.7 13.5 1800 2.0 Disturbed step-flow

growth
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TaBLE II. Summary of the main growth conditions for the two sample
groups.

Surface V/I

Temperature BEP

Sample (°C) ratio
Al 487 118
A2 487 202
A3 474 118
A4 457 108
Bl 487 108
B2 487 108
B3 487 108
B4 487 108

smooth surface with approximately one atomic layer step
height, characteristic of the step-flow growth mode. The
presence of threading dislocations at the surface of MOCVD
GaN templates is a common feature and it is known to in-
duce hillock formation through a step motion mechanism
based on the terrace-step-kink model described originally by
Burton et al.'® We have based our assessment of step-flow
growth mode on the lack of observable island nucleation on
the terraces between steps that would be indicative of the
layer-by-layer growth mode. It is also true that such obser-
vation may be considered only indirect evidence of step-flow
growth as opposed to more direct evidence that could be
obtained from the monitoring of RHEED intensity. The AFM
results, presented in Fig. 2, have rms roughnesses of 0.7 nm
for the 2X2 um? scan and 1.4 nm for the 5X5 um? scan.
As shown in Fig. 2(c), step height measurements of the ter-
race edges indicate a height of 0.28 nm. This height corre-
sponds to one monolayer of InN, representing half of c-axis
lattice constant of InN.

These surface characteristics are similar to the recently
reported step-flow growth of In-polar InN by MBE."” The
InN layer exhibits, on average, a reduced number of small
and shallow growth pits (less than 20 in 100 wm? area) while
relatively large areas are free of pits. Indium droplets with a
diameter <15 um were observed on the surfaces of all
samples following the growth. Controlling the In amount on
the surface and understanding the mechanism of In droplet
formation are required to ensure InN layers with the high
quality surfaces.

Ideally, the formation of InN epitaxial surface takes place
under a uniform adlayer of In with a thickness in the range
of a few monolayers, similar to the phenomenology de-
scribed for PAMBE of GaN.'*'® The vapor-liquid-solid
(VLS) growth mode is the mechanism that allows active ni-
trogen to permeate In adlayer, diffuse along the surface, and
ultimately to incorporate in the epitaxial layer. Even under
ideal conditions, it is not possible to entirely avoid the for-
mation of In droplets. This is because In cannot be com-
pletely evaporated at the low growth temperature and drop-
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Fi1G. 2. Surface morphology of InN film showing step-flow characteristics.
(a) Scan area of 2 X 2 um? with a rms roughness of 0.7 nm. (b) Scan area of
5% 5 um? with a rms roughness of 1.4 nm. (c) Measurement of step height
indicating monolayer terrace steps.

lets form on the surface during the cooling stage. Chemical
removal of indium using HCI should reveal a smooth InN
surface, free of discontinuities.

However, under less than ideal conditions, In droplets
may form during the early stages of the InN growth. The
growth conditions under a droplet differ from those under the
uniform In layer due to the geometrical factors. Surface dif-
fusion of the active nitrogen on uniform, quasiplanar In ad-
layers, followed by bulk liquid diffusion, has no preferential
direction. Therefore, the epitaxial layer underneath will ex-
hibit uniform thickness due to the uniform flux of active
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FiG. 3. Defective area formed underneath an In droplet.

nitrogen supplied over a large area. However, we conjecture
that within the In droplet, the average length of the bulk
diffusion may be shorter than the radius of the droplet. As a
consequence, a large fraction of active nitrogen will not be
able to reach the growth interface. This nitrogen would either
recombine to form neutral molecular nitrogen or, more
likely, would form InN slabs in suspension. Consequently,
the solid-liquid interface underneath the droplet would be
depleted of nitrogen species and the growth will be retarded,
resulting in a defective area with nonuniform appearance.
Upon the chemical removal of indium droplets, substantially
different crystal formation can be observed. A representative
SEM picture in Fig. 3 shows the approximately circular
shape of the macroscopic defects. The diameter of the defec-
tive area is consistent with that of the pre-etch In droplet.
Toward the center of the droplet region, we see sparse cov-
erage by small InN crystals. Shapes are clearly reminiscent
of hexagonal symmetry. Lateral growth of these crystals is
impeded by factors such as unequal growth rates associated
with different crystalline planes, limited nitrogen transport to
the side facets of these crystals (shadowing effect) when
compared with the crystal plane on top, etc.

As we move toward the perimeter of this region, the cov-
erage increases and ultimately the crystal merges with the
surrounding uniform region having planar InN coverage.
Similar phenomenology has been reported previously for the
formation of macroscopic defects on (100) GaAs layers
grown by MBE." 1t should be noted that once formed In
droplets are likely to be sustained throughout the growth.
Therefore, the In delivery rate at the epitaxial surface needs
to be carefully optimized and maintained along the growth
period.

Crystal quality has been investigated by XRD, using both
symmetric and asymmetric diffraction arrangements. Thread-
ing dislocation densities with screw and edge components
have been thus estimated. Edge dislocation density was esti-
mated based on both asymmetric and skew symmetric XRD
measurements. Crystal lattice parameters and stress have
been also determined through the XRD measurements for
both GaN and InN layers. The ¢ and a lattice parameters
were obtained using diffraction angles of symmetric (0002)

and asymmetric (1124) reflections, respectively.”*' The
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FiG. 4. X-ray diffraction of InN grown on GaN/sapphire templates, w/260
scan of (0002) planes.

(0002) w-scan and 26/ w-scan measurements have been per-
formed on both MOCVD GaN templates and InN layers.
For the GaN templates, (0002) w-scan measurements showed
full width at half maximum (FWHM) in the range
1150=* 20 arc sec, while InN grown on these templates ex-
hibits slightly larger FWHM values. Representative 26-w
scans for the A and B sample groups are presented in Fig. 4.
Clearly seen are narrow diffraction lines from the GaN tem-
plate and the overgrown InN layer.

The deviation seen in InN (0002) diffraction angle, Fig. 4,
is due to the differences in the amount of stress in the two
samples. Comparing the relaxed®” and measured lattice pa-
rameters, the compressive biaxial stress was estimated to
range from 0.18 to 0.48 GPa in the samples studied here us-
ing published elastic moduli.”? Threading dislocations (screw
and edge) are the dominant defects present in InN epitaxial
layers.24 Screw dislocation densities in the range of (2-7)
X 10° cm™ were calculated from the FWHM of (0002)

reflection.”” The dependences of FWHM of (1011), (1012),

(1013), (1015), and (3032) ® and w scans on the inclination
angle ¢ were used to estimate the edge dislocation density.
Figure 5 summarizes these measurements for a typical InN
epilayer. The FWHM of ® scans decreases while the FWHM
of w scans increases with the increment of ¢. Extrapolating
these dependences to ¢=90°, where the reflection plane is
perpendicular to the sample surface, we obtain FWHM for
this plane.26 Using this approach, we obtain edge dislocation
densities in the range of (6—13) X 10'® cm™2. These values
are typical for MBE grown InN samples.23

Screw and edge dislocation densities obtained from the
x-ray measurements were compared between the GaN tem-
plate layer and the InN. Screw dislocation densities of the
InN layers exhibit a very close correlation with that of their
respective templates being consistently higher by less than
30%. However, for both sets of samples studied, we observe
no correlation between InN and GaN edge dislocation den-
sities. For these dislocations, the densities associated with
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FiG. 5. Linewidth dependence of @ scans (triangles) and w scans (squares)
for (hkil) reflections as a function of inclination angle ¢ of lattice planes
with respect to the sample surface for a typical InN epitaxial layer grown on
GaN template.

InN are a factor of 2—4 higher than for the GaN templates.
This could be attributed to the lattice mismatch of these two
materials.

To investigate the transport properties, the samples were
cut into square pieces and Ohmic contacts were formed using
In dots annealed at 350 °C.

Hall measurements at room temperature in the van der
Pauw geometry have been performed for all samples. Values
are summarized in Table I. For the samples in group A, the
mobility was in the range from 1024 to 1481 cm?/V s. All
samples in group B grown under adaptive mode exhibited
higher mobility, with a range from 1404 to 1904 cm?/V s.
The sample with the highest room temperature mobility, B2,
exhibited a mobility of 2106 cm?/V s at 80 K. This higher
mobility at low temperature is consistent with previously
published measurements of high quality InN.?’ Samples Bl
and B3, which exhibited step-flow growth features, had com-
parable mobilities, 1404 and 1422 cm?/V's, respectively,
and average electron concentration around 3.2 X 10'8 cm™.

It has been recently suggested that dislocation scattering
is the primary mechanism limiting the electron mobility28 of
InN at room temperature. However, Thakur et al.*’ found
that LO-phonon and deformation potential scattering domi-
nate room temperature mobility for InN films with both low
(5.6 10'7) and high (2.0X 10%°) carrier densities. Our re-
sults summarized in Table I do not support the dominant role
of dislocation scattering in electron mobility. The sample-to-
sample differences in free carrier concentration do not appear
to be related to screw or edge dislocation densities. Presum-
ably, more experimentation and detailed temperature-
dependent Hall measurements are needed to understand the
relation between dislocations and InN mobility.

Raman spectra have been determined for all InN samples
in this study. Figure 6 shows the results representative for
sample B3 measured at 20 K and ambient temperature. The
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FIG. 6. Raman spectra of InN at 20 K and ambient temperature.

Raman spectra are dominated by the symmetry allowed E%
and A,(LO) phonons with energies corresponding to 493.0
and 584.6 cm™! at room temperature.

Upon cooling to 20 K, the phonons blueshift by 1.9 cm™
for E5 and 4.9 cm™" for A,(LO). The E3 phonon exhibits very
narrow linewidth, ~4.2 cm™! at ambient temperature, com-
paring well with previously published results” and indica-
tive of high crystal quality.31

The E5 phonon is commonly used in epitaxial films to
determine stress induced by the substrate.”>> The stress-free
Raman frequency of InN E% phonon and the corresponding
Raman stress factor are reported to be 490.1 =0.2 cm™' and
-9.0+0.8 cm™!/GPa, respectively.3o Using our x-ray mea-
surements of in-plane strain g, along with the E% phonon
shift and published elastic modulus of InN,23 we obtain a
Raman biaxial stress coefficient (Aw/Ac,) of —6.1x0.9
cm™!/GPa. This is somewhat smaller than the —9.0+0.8
cm~'/GPa value published for InN by Wang et al.,”* but
reasonably close to the reported values of —-6.3*14
cm™'/GPa for AIN (Ref. 33) and —3.4=0.3 cm™!/GPa for
GaN.* The A,(LO) phonon linewidth observed in our spec-
trum is 11.4 cm™', agreeing well with prior reports of high
crystal quality InN.* The presence of relatively intense
A,(LO) scattering in heavily doped InN has been reported by
several authors™~® and attributed to a charge density fluctua-
tion scattering mechanism at finite wave vector.”” The rela-
tive intensity of A;(LO) phonon to that of E% phonon is much
lower in the current set of samples than those reported for
InN with high free carrier concentration. The low intensity
ratio seen in our data is consistent with relatively low free
electron concentration, as determined by Hall measurements,
and comparable to the similar ratio for both AIN (Ref. 33)
and GaN (Ref. 38) with low free carrier densities.

For the same InN samples, room temperature (RT) photo-
luminescence has been measured, using an InGaAs detector
and an Ar* laser at 514 nm with power intensity of 100 mW.
The PL intensity is strong in each sample described here. The
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FiG. 7. Room temperature PL of InN.

samples in group A exhibit a single emission peak at energies
between 0.635 and 0.658 eV. For the group B, the PL peaks
are broader, suggesting a possible superposition of multiple
PL peaks originating in layers with slightly different band
edges. Typical PL spectra for the two groups are presented in
Fig. 7. The band-edge PL is observed to shift systematically
toward higher photon energy with increasing free carrier
density. The measured shift is ~23 meV as the carrier con-
centration increases from 6 X 10'7 to 4 X 10'® cm™. The shift
observed in the band edge with free carrier density has been
previously attributed to Moss-Burstein effect.”

IV. CONCLUSIONS

In conclusion, we have demonstrated the step-flow growth
mode, with monolayer height terrace steps, using a
production-style PA-MBE system, GEN200®. The surface
morphology varies depending on the growth conditions. For
the samples grown under 2D conditions throughout the
cycle, step-flow features are observed on relatively large ar-
eas and rms roughness of 1.4 nm is obtained over an area of
5X5 um?. We have also observed the consequences of un-
intentional In droplets formation during the growth. We pro-
pose VLS as the growth mechanism under which the droplet
formation impedes InN growth, when contrasted with neigh-
boring regions, resulting in macroscopic defects in the epi-
taxial layer. The room temperature Hall mobility of InN
layer, grown in such step-flow mode, is slightly higher than
1400 cm?/V's, while for growth conditions yielding a
smooth surface with no well-defined steps, mobility as high
as 1904 cm?/V s at room temperature which increases to
2106 cm?/V's at 80 K has been obtained. Micro-Raman
spectra show very narrow E% lines indicative of excellent
InN crystalline quality. The samples exhibit intense PL emis-
sion at room temperature in the 0.64—0.66 eV range. The
weak shift is consistent with free carrier concentration in-
crease effects.
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