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We have demonstrated step-flow growth mode of InN, with  growth process. The Hall mobility of 1um thick InN layers,

monolayer height terrace steps (0.281 nm), using a produc-
tion-style PA-MBE system, GEN200®. The surface mor-
phology exhibits the step-flow features on relatively large ar-
eas and the RMS roughness over an area of 5 x 5 um? is 1.4
nm. We also investigated the consequences of In droplets
formation during the growth and we have found that the va-
por-liquid-solid growth mechanism generates defective layer
areas underneath droplets that have been formed early in the

grown in such step-flow mode is slightly higher than 1400
cm?/Vs while for other growth conditions we have obtained
mobility as high as 1904 cm?/Vs at room temperature. The
samples exhibit high intensity photoluminescence spectra
with a band edge that shifts with free-carrier concentration.
For the lowest carrier concentration of 5.6x10'” cm™ we ob-
serve PL emission at ~0.64 eV.
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We have demonstrated step-flow growth mode of InN, with
monolayer height terrace steps (0.281 nm), using a produc-
tion-style PA-MBE system, GEN200®. The surface mor-
phology exhibits the step-flow features on relatively large ar-
eas and the RMS roughness over an area of 5 x 5 pm? is 1.4
nm. We also investigated the consequences of In droplets
formation during the growth and we have found that the va-
por-liquid-solid growth mechanism generates defective layer
areas underneath droplets that have been formed early in the

1 Introduction The narrow band gap of InN has the
potential for use in new applications including photonic
devices suitable for optical communications. Alloys of InN
with Ga and Al may also be used in applications for high
efficiency solar cells [1]. Despite this potential, the diffi-
culty of obtaining high quality material constitutes one of
the reasons for the slow device development. In this paper
we report on the growth of high quality InN on a produc-
tion style, molecular beam epitaxy system using an RF
plasma.

2 Experimental The growth was performed using
two-step method on 2 inch MOCVD GaN templates. A
GEN200® plasma assisted molecular beam epitaxy (PA-
MBE) system, equipped with multi-wafer (13x2 in) platens
and adapted for autonomous operation, was used for the
growth of GaN and InN layers. High purity N, flow has
been used with a Veeco UNI-Bulb® RF plasma source to
deliver the active nitrogen to the growth surface. The sub-
strates have been overgrown at 720 °C with a 300 nm GaN

growth process. The Hall mobility of 1pm thick InN layers,
grown in such step-flow mode is slightly higher than 1400
cm?/Vs while for other growth conditions we have obtained
mobility as high as 1904 cm®Vs at room temperature. The
samples exhibit high intensity photoluminescence spectra
with a band edge that shifts with free-carrier concentration.
For the lowest carrier concentration of 5.6x10'" cm™ we ob-
serve PL emission at ~0.64 eV.
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buffer deposited by PA-MBE under conditions known to
produce step-flow growth and droplet-free surfaces. Layers
of 1um thick InN were deposited in the temperature range
from 450 °C to 500 °C and a growth rate of 0.25 um/h us-
ing a nitrogen flow of 8 sccm and an RF power of 600 W
under slightly In-rich conditions [2]. Two groups, A and B,
of InN samples were grown using different growth meth-
odologies, detailed bellow.

3 Results and discussion For group A, the growth
conditions that have been established at the beginning of
the growth were maintained unchanged for the entire depo-
sition period. For this group, the 2-dimensional (2D)
RHEED pattern at the beginning of the growth underwent
a transition to 3-dimensional (3D) growth mode to various
degrees for all but one sample. As a result of this transition,
the samples of group A exhibit rough surfaces. This 2D to
3D growth evolution is indicative of small deviations from
the optimal III-V ratio on the growth surface. The adaptive
deposition method used for group B, provides the ability to
adjust the I1I-N ratio on the growth surface within a narrow
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range. For this method the group III effusion cell shutter is
actuated ON and OFF based on the RHEED pattern inten-
sity. As a result a streaky RHEED pattern indicative of a 2-
dimensional surface is maintained throughout the growth
period.

The AFM analysis of the InN layers of group B
revealed a smooth surface with monolayer height teraces
(0.281 nm), characteristic of the step-flow growth mode.
The measurement indicates a root mean square (RMS)
roughness of 0.7 nm for the (2x2) pm” scan and 1.4 nm for
the (5x5) pm? scan. In Fig. 1 the surface morphology of a
(2x2) pm? area is presented.
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Figure 1 InN film showing step-flow characteristics.

This surface characteristics are similar to the recently-
reported step-flow growth of In-polar InN by MBE [3].

Under ideal conditions the formation of InN epitaxial
surface, takes place under a uniform adlayer of In with a
thickness of no more than few monolayers. The vapor-
liquid-solid (VLS) growth mode is the mechanism that al-
lows active nitrogen radicals to permeate In adlayer, and
reach the epitaxial layer.

Under less than ideal conditions, In droplets may form
during the early stages of the InN growth and they are
likely to be sustained throughout the growth. Chemical re-
moval of the In droplets uncovers a surface populated by
small InN crystals with shapes that are reminiscent of hex-
agonal symmetry. We conjecture that within the In droplet,
the average length of the bulk diffusion of the active nitro-
gen may be shorter than the radius of the droplet. Thus ni-
trogen would either recombine to form neutral molecular
nitrogen or, more likely, would form InN slabs in suspen-
sion. As a result, the epitaxial surface would be depleted of
nitrogen species and the growth will be retarded, resulting
in substantially different crystal formation and surface
morphology. The SEM picture in Fig. 2 shows such InN
crystals in suspension and in the insert the morphology of
the defective area underneath the droplet can be seen.

Crystal quality has been investigated by XRD, using
both symmetric and asymmetric diffraction arrangements.
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Figure 2 In droplet with crystals in suspension.
Insert: Defective area after In droplet removal.

Threading dislocations (screw and edge) are the dominant
defects present in InN epitaxial layers [4]. Screw disloca-
tion densities in the range of (2-7) x 10° cm™ were calcu-
lated from the FWHM of (0002) reflection. Also the XRD
estimated edge dislocation densities are in the range of (6-
13)x 10" cm™.

The effectiveness of growth temperature as a factor in
the reduction of the number of threading dislocations has
been investigated. For our growth conditions we have
found that a minimum of dislocation density can be ob-
tained for a growth temperature of ~ 475 °C as depicted in
Fig. 3.
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Figure 3 Growth temperature effect on the dislocation den-
sity. Dashed line is guide for eye only.

The (0002) @-scan and 26/m-scan measurements have
been performed on both MOCVD GaN templates and InN
layers. For the GaN templates, (0002) w-scan measure-
ments showed FWHM in the range 1150420 arcsec, while
InN grown on these templates exhibits slightly larger
FWHM values. Representative 20-w scan for a typical InN
epilayer are presented in Fig. 4.
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Figure 4 w-scan of GaN template and InN layer.

Clearly seen are narrow diffraction lines from the GaN
template and the overgrown InN layer.

Hall measurements at room temperature in the van der
Pauw geometry have been performed for all samples. For
the samples in group A the mobility was in the range from
1024 cm?/Vs to 1481 cm*/Vs. All samples in group B
grown under adaptive mode, exhibited higher mobility,
with a range from 1404 cm*/Vs to 1904 cm?/Vs. The sam-
ple with the highest room-temperature mobility, exhibited
a mobility of 2106 cm?®/Vs at 80K. This higher mobility at
low temperature is consistent with previously published
measurements of high-quality InN [5]. Samples which ex-
hibited step-flow growth features, had comparable mobili-
ties with values slightly higher than 1400 cm®/Vs, and av-
erage electron concentration of ~ 3.2 x10" cm™.

The analysis of sample-to-sample differences in free
carrier concentration do not suggest a relation to screw or
edge dislocation densities.

Raman spectra have been measured for all InN samples
in this study. The symmetry allowed E,* and A,(LO) pho-
nons with energies corresponding to 493.0 and 584.6 cm’
dominate the spectra at room temperature.

Upon cooling to 20 K, the phonons blue shift by
1.9 cm™ for E,” and 4.9 ecm™' for A,(LO). The E,* phonon
exhibits very narrow line width, ~ 42 cm™' at ambient
temperature, comparing well with previously published re-
sults, and indicative of high crystal quality [6].

For the same InN samples, RT photoluminescence has
been measured, using an InGaAs detector and an Ar’ laser
at 514 nm. The PL intensity is strong in each sample de-
scribed here. A typical PL spectrum for the InN layers is
presented in Fig. 5. The samples in group A exhibit a sin-
gle emission peak at energies between 0.635 eV and 0.658
eV. 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 6x10'7 to 4x10'"® cm™. The shift
observed in the band edge with free carrier density has
been previously attributed to Moss-Burstein effect [7].
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Figure 5 Typical photoluminescence of the InN layers.

4 Conclusion In conclusion, we have demonstrated
the step-flow growth mode, with monolayer height terrace
steps, using a production-style PA-MBE system,
GEN200®. We have also observed the consequences of
unintentional In droplets formation during the growth. We
propose VLS as the growth mechanism under which the
droplet formation impedes InN growth. The room tempera-
ture Hall mobility of InN layer, grown in such step-flow
mode is slightly higher than 1400 cm?/Vs while for growth
conditions yielding a smooth surface with no well-defined
steps, mobility as high as 1904 ¢cm®/Vs at room tempera-
ture has been obtained. Raman spectra show very narrow
E,’ lines indicative of excellent InN crystalline quality.
The samples have intense PL emission at room tempera-
ture in the 0.64 to 0.66 eV range. The weak shift is consis-
tent with free-carrier concentration increase effects.
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