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The growth of high quality, stoichiometric InN presents a challenge because of the volatility of
atomic nitrogen. To overcome the associated difficulties, a high-pressure chemical vapor deposition
�HPCVD� system has been developed, which has opened the avenue for achieving stoichiometric
single-phase surface compositions for materials such as InN for which thermal decomposition
pressures are large at optimum processing temperatures. We report results obtained during InN
growth in the pressure range of 2–15 bar to achieve the earlier objectives and to obtain insights into
the InN nucleation and growth process. Using real-time optical ultraviolet absorption spectroscopy,
we characterized the chemistry of the gas-phase precursors as functions of flow, pressure, and
temperature. Highly surface sensitive probing on InN nucleation and steady state growth is achieved
by principal-angle-reflectance spectroscopy, allowing the characterization of surface chemistry at a
submonolayer level. The InN layers grown at lower temperatures exhibit an absorption edge at
1.85 eV, which is shifted towards lower energies as the growth temperatures increase. Absorption
edges as low as 0.7 eV are observed, values reported for molecular beam epitaxy-grown InN
material. The real-time optical monitoring techniques employed demonstrated their superiority in
optimizing and controlling the growth process, as well as in gaining insight in gas phase and surface

chemistry processes during HPCVD. © 2005 American Vacuum Society. �DOI: 10.1116/1.1943444�
I. INTRODUCTION

Device structures based on group III-nitride compound
alloys have attracted much interest in recent years due to
their wide range of applications that can not be accomplished
with present Si and group III–P/As materials technology. At
present, the growth of III-nitrides is mostly performed using
low-pressure deposition techniques such as molecular beam
epitaxy �MBE�,1–3 organometallic chemical vapor
deposition4,5 �OMCVD� or variations of both. However, low-
pressure deposition processes are limited to regimes where
the partial pressures of the constituents do not differ vastly
and the decomposition process can be countered by off-
equilibrium processing conditions. The application of these
techniques for the growth of InN and related indium rich
III–N alloys becomes a major challenge due to their stoichio-
metric instabilities and low dissociation temperatures, lead-
ing to inconsistent and process dependent materials proper-
ties. Even for the binary InN compound itself, many of the
fundamental properties are still debated. The considerable
uncertainty over the band gap of InN,1,6–8 the influence of
the intrinsic materials point defect chemistry on the optical
and electrical properties,9 and the effect of extrinsic impuri-
ties such oxygen on the band gap,10,11 show the lack of un-
derstanding in this system. Controversial reviews of the
present status of InN growth and characterization were pro-
vided by Bhuiyan et al.9 and Davydov et al.,12 implying that
different approaches for the growth of In-rich group-III-
nitride alloys need to be explored in order to improve the
structural and optical properties of InN and related alloys.
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Recent studies in the indium-nitrogen system13 show
much uncertainties in the p-T-x relations due to missing ex-
perimental validation. However, studies of the nitrogen pres-
sure needed to prevent thermal decomposition of bulk InN
provided a relationship given by14

p�N2� → p0 exp�−
�Hr

R
� 1

T
−

1

T0
�� . �1�

The relation indicates that in the pressure range pN2
�102 bar and for substrate temperatures 900 K the surface
decomposition of InN can be effectively suppressed. This
approach was implemented at GSU, growing group III-
nitrides at elevated pressures focusing on InN, which is the
most challenging material system, since the equilibrium va-
por pressure of nitrogen over InN is much higher compared
to AlN and GaN.15

The integration of optical monitoring capabilities for gas
flow, gas phase decomposition kinetics, as well as surface

FIG. 1. Schematic representation of a precursor cycle sequence used for the

growth of InN via the precursors TMI and ammonia.
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reactions is crucial to gain insights in the growth process and
in order to control the process on a submonolayer level in
real time. In addition, the growth of InN at high pressures
requires serious attention towards minimization of gas phase
reactions, extracting sufficient organometallic �OM� nutrients
from the OM bubblers, and embedding the precursor flows in
the reactor main stream. Those considerations led to the de-
sign of a pulsed precursor injection scheme, which is essen-
tial for

• compression of precursors to reactor pressure,
• minimization of gas phase reactions,
• engineered nucleation kinetics and layer growth, and
• analyzing the gas-phase and surface decomposition dy-

namics in real-time.

II. EXPERIMENT

A high-pressure flow channel reactor with incorporated
real time optical characterization capabilities16–21 is utilized
to study and optimize the InN nucleation and growth.22–25

Ammonia �NH3� and trimethlyindium �TMI� are employed
in pulsed injection scheme as schematically depicted in Fig.
1. The precursor pulses are embedded and temporally con-
trolled in a high pressure main stream, consisting of ultra-
pure nitrogen. The total flow through the reactor as well as
the reactor pressure are kept constant at all time.

Integrated optical access ports along the center axis of the
substrates are used to monitor the flow kinetics and gas
phase reactions, utilizing ultraviolet absorption spectroscopy
�UVAS�. The growth surface conditions are monitored
through the back side of the sapphire substrate, utilizing
principal angle reflectance spectroscopy �PARS� and laser
light scattering �LLS�.16,20,26 For the growth results presented
here, the reactor pressures were kept constant at 10 bar, with
the main nitrogen flow rate varying from 2 to 6 slm. The

FIG. 2. Real-time optical monitor
precursor flow was evaluated for molar ratio ammonia to
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TMI, RNH3:TMI, from 500 to 5000. The precursor decomposi-
tion kinetics under these growth conditions have been re-
ported previously.20,21

III. REAL-TIME OPTICAL CHARACTERIZATION OF
INN GROWTH

The decomposition studies for ammonia20,21 suggest tem-
peratures well above 900 K for sufficient cracking of the
ammonia precursor for the growth of InN. It also showed
that the observed onset of ammonia decomposition tempera-
ture decreases with increasing reactor pressure. Figure 2
shows the PAR and LLS traces recorded for the wavelength
�=6328 Å, during InN growth under HCVD conditions. The
reactor pressure was maintained at 10 bar, the nitrogen main
flow at 6 slm, and the molar ratio ammonia to TMI was
2000. The growth run depicted in Fig. 2 shows a low and
even declining LLS signal, while the interference oscillations
in the PAR signal show the overall layer growth. Superim-
posed on the PAR interference oscillations is a fine structure
�not resolved� that is strongly correlated to the time sequence
of the supply of precursors employed and provide informa-
tion of the growth surface chemistry and kinetics. Each peak
in the fine structure corresponds to a complete precursor
cycle sequence. The LLS trace indicates that the surface
roughness during growth remains low and even slightly de-
creases. Based on the analysis of the PAR signal, the average
growth rate and the difference between the dielectric func-
tions of film and substrate can be analyzed. The growth rate
is estimated to 1.346 Å per cycle sequence. An ex situ analy-
sis of the optical properties is given further later.

In Fig. 3 the observed PAR and ultraviolet �UV� transmis-
sion traces are shown during the nucleation phase and the
steady-state growth of InN. The lower half shows the UV
transmission trace recorded for the wavelength �
=210.8 nm, monitoring the undecomposed ammonia and
TMI species above the growth surface. The PAR trace in the

f InN growth by PAR and LLS.
ing o
upper half the of the figure is recorded for the wavelength
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�=6328 Å, monitoring highly sensitive changes in the di-
electric function at the substrate-ambient interface. Also in-
dicated in the figure are the positions of the precursor pulse
injections with a total cycle sequence repetition time of 6 s.
Note that the precursor injection time and the response seen
in UVAS and PAR are temporally shifted according to the
average gas velocity in the reactor as mentioned above. As
depicted in Fig. 3�a�, it takes about one to two cycle se-
quences before the UV absorption feature for TMI clearly
can be observed �see arrows�. The PAR signal shows a large
increase after the ammonia pulse reaches the substrate, indi-

FIG. 3. �a� Monitoring of InN nucleation by PAR and UV transmission
traces. A precursor cycle sequence of 6 s with 0.4 s TMI and 1.4 s ammonia
pulses, separated by 1.4 s were used. �b� PAR and UV transmission traces
during steady-state InN growth at 990 K. The rector pressure was 10 bar
with a total flow of 5 slm. The overall decrease in the PAR signal corre-
spond to InN growth.
cating the start of nucleation on InN and the presence of TMI
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fragments in the surface vicinity. A steady state surface
chemistry is typically reached after 5–20 cyclic precursor
exposures, depending on substrate temperature, precursor
flow ratio, gas phase velocity, and reactor pressure. Figure
3�b� shows the PAR and UVAS responses during steady-state
growth conditions. The periodic modulation of the PAR re-
sponse can be directly correlated to the presence of ammonia
and TMI fragments in a surface reaction layer and at the
growth surface. The overall decrease in the PAR signal is
correlated to the InN growth per cycle sequence as discussed
in detail for p-polarized reflectance.26,27

Monitoring the PAR response for various growth condi-
tions provides the base for an accurate mapping of the
growth parameter space. The results of the decomposition
dynamics provide the initial basis for a more detailed under-
standing of the dissociation of the precursors ammonia and
TMI and of the reaction rate constants for growth of InN as
theoretical predicted by Cardelino et al.24

IV. EX SITU INN LAYER CHARACTERIZATION

The structural properties of epitaxially grown InN films
have been investigated using x-ray diffraction, Auger elec-
tron spectroscopy �AES�, and Raman spectroscopy. The
compositional analysis by AES �including depth profile
analysis� shows indium and nitrogen as the main constituents
with negligible oxygen concentrations. This was expected,
since a reactor overpressure of at least 10 bar and ultrapure
gases were used for the InN growth. No correlation with the
oxygen content �via AES� with the absorption edge shift was
found, confirming studies by Butcher et al.,11 that the incor-
poration of oxygen does not correlate to changes in the lat-
tice constant.

Spectroscopic techniques such as absorption, reflectance,
and spectroscopic ellipsometry, were applied to analyze the
optical properties of the InN layers. The absorption spectra
observed for a set of growth temperatures and flow velocities
are summarized in Fig. 5. For growth temperatures from
900 to 1130 K �sample Nos. 10L, 10u, and 07L� the absorp-
tion edge is approximate at 1.85 eV. As the growth tempera-
ture is increased an absorption structure around 1.6 develops
�see sample Nos. 07L and 12L� and becomes dominant. A
further increase leads to a new absorption edge of approxi-

FIG. 4. Influence of gas flow velocity on carbon precipitation/contamination.
mate 0.7 eV �No. 12u�.
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Raman spectroscopy has been applied in order to evaluate
the crystallinity of the layers. Layers grown at lower tem-
peratures �900–1100 K� show a broad asymmetric band
around 570 cm−1, which can be fitted by Lorentz curves lo-
cated approximately at 580 and 470 cm−1. Considering the
Raman lines E2�high� and A1�LO� at 488 and 586 cm−1,
respectively,28–30 both line might be buried under the broad
asymmetric band at 570 cm−1. This assumption is supported
by Raman spectra obtained for InN layers grown at higher
growth temperatures. Figure 6 shows the Raman spectra for
an InN layer grown at approximately 1150 K. This layer
shows a gradually roughening towards the center of the sub-
strate, which is assumed to be correlated to either an onset of
InN etching or an increasingly ammonia depletion. These
effects are illustrated by photographs of InN films grown
using HPCVD in Fig. 4.

The spectrum labeled “1M” was taken at the smooth sur-
face area, while the spectrum labeled “4K” was taken at an
area with significant surface roughness. From the spectrum
1M, we estimate the Raman lines E2�high� and A1�LO� at
490 and at 590 cm−1, respectively. The absorption spectrum
for this position is shown in Fig. 5 �No. 12U�, indicating an
absorption edge of approximately 0.7 eV.

V. CONCLUSION

The growth of InN under HPCVD has been introduced.
The employed real-time optical growth characterization by
UVAS, PAR, and LLS provided crucial insights in the gas
phase decomposition kinetics, surface chemistry processes,
and the film growth process. We demonstrated that PAR and
LLS can follow the film nucleation and growth process the
submonolayer resolution, which will be an important tool for
engineered nanoscale device structures.

InN layers grown at a reactor pressure of 10 bar for vari-
ous flow rates and growth temperatures show that crystallin-
ity of the InN layers improves with increasing temperatures.
At the same time, an increased growth temperature causes
the appearance of an absorption below 1.8 eV and a shifted

FIG. 5. Absorption spectra for various InN layers grown for various sub-
strate temperatures and flow velocity over the growth substrates. The growth
temperature was varied from 1050 up to 1150 K.
absorption edge down to 0.7 eV for growth temperatures
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around 1150 K. The shift in the absorption edge occurs in a
very narrow growth temperature region and seems to de-
velop from defect like absorption features centered around
1.6 eV. At present, it is not clear whether the shift in the
absorption edge is related to a phase transformation or a
significant altered point defect chemistry at higher tempera-
tures. Further studies varying the ammonia to TMI flow ra-
tio, the center flow velocity and the growth temperatures will
be needed to understand this periphery-like behavior. An in-
crease in the reactor pressure will allow to push the growth
temperature further up, bringing it closer the optimum
growth temperature of GaN. This will allow the exploration
of indium rich In1−xGaxN alloys, presently not possible by
MBE or low-pressure OMCVD.
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