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Spontaneous Oscillations and Waves during Chemical Vapor Deposition of InN
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We report observations of self-sustaining spatiotemporal chemical oscillations during metal-organic

chemical vapor deposition of InN onto GaN. Under constant supply of vapor precursors trimethylindium
and NHj, the condensed-phase cycles between crystalline islands of InN and elemental In droplets.
Propagating fronts between regions of InN and In occur with linear, circular, and spiral geometries. The
results are described by a model in which the nitrogen activity produced by surface-catalyzed NHj
decomposition varies with the exposed surface areas of GaN, InN, and In.
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Studies of spatiotemporal pattern formation in reaction-
diffusion systems promise not only to provide models for
complex phenomena such as organization and dynamics in
living systems, but also to suggest new synthesis strategies
for advanced materials [1]. Self-sustaining spatiotemporal
chemical oscillations have been reported in several widely
different types of excitable media, including reactions in
solution [2,3], molecular reactions on surfaces [3-5], elec-
trochemical systems [6,7], amoeba colonies [8], and car-
diac muscle [9]. The nonlinear behavior of these systems is
driven by positive feedback between coupled processes,
often involving catalyzed reactions, and the resulting com-
plex dynamics is a vibrant field of study [10-15].

A developing area in nonequilibrium science is the syn-
thesis of metastable materials such as InN [16]. This
semiconductor has the smallest bandgap of group III ni-
trides [17] and promises high mobility and saturation
carrier velocity [18]. It has, however, been difficult to
synthesize InN of high structural quality. Being the least
stable of the group III nitrides, InN growth requires a high
nitrogen activity equivalent to ~10% bar of N, at typical
growth temperatures [19]. For the metal-organic chemical
vapor deposition (MOCVD) process, decomposition of
NHj; is used to provide a chemically active nitrogen spe-
cies. Complex growth behavior has been observed [20,21]
and the molecular mechanisms are not well understood.

Here we report that self-sustaining oscillations can occur
in MOCVD growth of InN onto GaN. Figure 1 shows
oscillations in x-ray signals during growth under constant
input flows, due to a cyclic process: islands of crystalline
InN nucleate and grow; the InN islands collectively trans-
form into elemental In droplets; the liquid In evaporates;
and then another cycle of InN growth begins. Propagating
fronts with linear, circular, and spiral geometries occur.
The observed behavior is qualitatively explained by a
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model in which the effective nitrogen activity produced
during catalytic decomposition of NH; at the substrate
depends on the exposed surface areas of GaN, InN, and
In. This phenomenon not only opens up a new class of
excitable media involving transformations between vapor
and bulk condensed phases for fundamental studies of
nonlinear dynamics, but also provides insight into the
nature of the chemical mechanisms involved in synthesis
of metastable materials such as InN.

Our primary experimental approach is to use in-situ
synchrotron x-ray diffraction and fluorescence during
MOCVD growth to observe in real time the crystal struc-
ture and composition of the material deposited onto a
substrate [22,23]. MOCVD is an example of a reaction in
an open system, since vapor reactants are supplied and
vapor by-products are exhausted continuously. We use
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FIG. 1 (color online). Indium fluorescence and InN (110)
diffraction intensities versus time after initial injection of
p(TMI) = 1.22 X 1073 mbar at 937 K, p(NH;) = 40 mbar.
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epitaxial GaN (0001) films on sapphire as the substrate,
and trimethylindium (TMI) as the In source. We observe
that crystals of InN or droplets of elemental In [24] can be
deposited when the TMI partial pressure p(TMI) exceeds a
respective threshold. If p(TMI) is lowered below the
threshold, the deposited material evaporates. These phase
boundaries as a function of temperature are detailed in
supplementary material [23]. At lower substrate tempera-
tures (e.g. T <975 K at NH; partial pressure p(NH;3) =
40 mbar), the threshold for depositing InN is lower than
that for elemental In. The intensity of InN Bragg diffrac-
tion is used to monitor the amount of InN present on the
surface, while the intensity of In Ka x-ray fluorescence
gives the total amount of both InN and elemental In.

The oscillatory behavior shown in Fig. 1 occurs when
the GaN substrate is exposed to constant p(TMI) and
p(NH3) under conditions where InN initially forms but
elemental In evaporates. After initial InN nucleation and
growth, spontaneous oscillations develop. The InN diffrac-
tion signal repeatedly rises to a maximum and then falls
suddenly. The time of this sudden drop corresponds to the
maximum in the In fluorescence, but the In fluorescence
falls more slowly than the InN diffraction. Thus crystalline
InN transforms into elemental In liquid at that point in the
cycle. The lattice parameters of the InN islands remain
equal to their stress-free bulk values throughout the pro-
cess. This oscillatory system differs qualitatively from
those previously reported (e.g. molecular surface reactions
such as CO oxidation on Pt [3-5]) since we observe
reactions and phase transformations between vapor species
and condensed-phase particles.

The x rays illuminate a small region in the center of the
substrate. To investigate whether the observed oscillations
are due to spatial pattern formation on a larger scale, we
have imaged the complete substrate area during growth
using scattered visible light. We indeed find spatiotemporal
waves of various types, as shown in Fig. 2. Linear waves,
expanding circular disks, or expanding spirals form de-
pending on boundary conditions. The velocity of a typical
wave front such as that in Figs. 2(a) and 2(b) is ~2.5 X
1073 cm/s. Video clips of the propagation of these waves
are available online [23]. Because the oscillation periods
observed were typically ~1000 s, the sample could be
quenched for ex situ study by turning off TMI flow and
lowering the temperature as rapidly as possible (0.7 K/s),
with little change in the x-ray signals (apart from crystal-
lization of the liquid In). Figure 3 shows atomic force
microscopy images of faceted hexagonal InN islands and
of spherical (solidified) In droplets, taken from regions on
opposite sides of a transformation wave front. Light scat-
tering from these particles produces the contrast in Fig. 2,
in which dark regions correspond to InN and light regions
to elemental In. Figure 4(a) shows the sequence of trans-
formations that occurs when stable periodic oscillations
have developed. The amount of crystalline InN on the

FIG. 2. Optical images of a 15X 15 mm substrate during
growth on its central area at 937 K. Regions of InN islands
and In droplets correspond to dark and light contrast, respec-
tively. (a) and (b) Recorded with Fig. 1 data at times 8262 and
8342 s, showing wave moving from right to left; p(TMI) =
1.22 X 1073 mbar, p(NH;) = 40 mbar. White outline shows
x-ray illuminated area. (¢) Expanding circular disk; p(TMI) =
0.92 X 1073 mbar, p(NH;) = 40 mbar. (d) Outwardly propa-
gating  spiral;  p(TMI) = 1.22 X 1073 mbar, p(NH;) =
57 mbar.

surface is proportional to the diffraction intensity, and the
total amount of InN and elemental In liquid is proportional
to the In fluorescence intensity. The intensities have been
normalized so that the difference gives the amount of
elemental In liquid. At the maximum in the fluorescence,
the InN converts into elemental In, while at the minimum,
the elemental In converts into InN. The fluorescence in-
tensity oscillates because InN particles grow from the
vapor during one half of the cycle, while In droplets
evaporate during the other half.

We have investigated the behavior under different con-
ditions of p(TMI), p(NHj;), and substrate temperature.
Oscillations develop over the entire region in which InN
initially condenses but elemental In evaporates [23].
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FIG. 3 (color online). Atomic force microscopy images of
(a) hexagonal InN islands and (b) spherical elemental In droplets
on a sample quenched after ~5 oscillation periods under the
same conditions as data shown in Fig. 1. (10 X 10 wm areas).
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FIG. 4 (color online). (a): Total (InN + In Liquid) and InN
curves are normalized fluorescence and diffraction data from
Fig. 1; In Liquid curve is the difference. (b): Calculated Total,
InN, and In Liquid evolution from reaction-diffusion model.
Parameter values used are ¢ = 0.5, r=1, k; = 0.05, k, =
040, kg = 2, ’)/2/')/1 = 2, ')";/’yl = 008, and Y = 0.0147 Sil.

Slower linear, circular, or spiral wave propagation occurs
at lower p(TMI) within this region, while faster, increas-
ingly chaotic behavior occurs at higher p(TMI). We have
also carried out measurements using sapphire substrates
without GaN films. While a region of initial InN conden-
sation is found, no sustained oscillations are observed,
indicating that the nature of the substrate is involved in
the oscillatory mechanism.

Cyclic interconversion of micron-size particles of InN
and elemental In at constant pressure and temperature
implies that the effective nitrogen chemical potential os-
cillates with time. Since this is determined by the chemi-
cally active nitrogen species produced as intermediates in
the catalytic decomposition of NH; to N, on the surface
[25], this process is key to understanding the oscillatory
behavior. Changes in the nature of the surface (such as
coverage of GaN by InN and In) will affect the rates of
creation or annihilation of the active species, modifying its
concentration despite a constant supply of NH;. Based on
the hypothesis that the nitrogen activity p produced by
NH; decomposition is highest for GaN surfaces and lowest
for elemental In liquid, we propose the following oscilla-
tory mechanism: (a) InN islands initially grow from vapor
TMI under the high p from NH; decomposition on the
exposed GaN surface. (b) An instability to transformation
of the InN islands into elemental In droplets develops,
where initial transformation decreases p, accelerating the
process. (¢) The In droplets begin to evaporate, exposing

GaN surface. (d) The resulting increased p allows InN to
grow again, initially by converting the remaining In drop-
lets and then using incoming TMI vapor. This cycles back
to (b).

We have developed a preliminary mathematical model
[23] for this mechanism using a set of coupled equations
describing the evolution of the amounts of the condensed
phases InN, x, and elemental liquid In, y,

x = vi1(pqg — kix) + v2(py — kyx), (D)

y = valkox — py) + v3(q — k3y), (2)

where the coefficients vy; and k; give the rate and equilib-
rium constants of reaction, and ¢ is the activity of In
supplied by the vapor. In Eq. (1) the two terms give the
net rate of InN formation from In vapor and In liquid,
respectively. The two terms in Eq. (2) are the net rate of
In liquid formation from InN and In vapor, respectively.
Equations (1) and (2) describe averages over macroscopic
length scales only, not the variations at the length scale of
individual islands or droplets.

While the coefficients vy;, k;, and the In vapor activity, g,
are taken to be constant in Egs. (1) and (2), the nonlinearity
that produces oscillatory behavior comes from the depen-
dence of the N activity p on the amounts of the condensed
phases x and y. It can be modeled by the rate equation [23]

p = valx, y)r — ys(x, y)p* + DV?p, 3)

where r is the (constant) concentration of NH;. The three
terms give the rate of active nitrogen species (N*) forma-
tion from NHj, the rate of N* loss to form inactive N,, and
transport of N*, respectively. If vy, and y5 are large com-
pared with y; in Egs. (1) and (2) and transport is neglected,
the value of p rapidly follows the changes in x and y, with
p* = ry4/7ys. To model the behavior observed, p should
be maximum when no condensed In is present (y = 0). In
calculations shown here we have used p = r'/2{1 —
tanh[(y — 1)/£]}/2 with & = 0.2, so that p decreases
from r!/2 to zero when y exceeds unity. Other expressions
with this property also give oscillatory behavior. Figure 4
(b) shows the resulting time dependence of x and y in this
homogeneous case (D = 0). Results are shown for oscil-
lations in the limit cycle, with the phase adjusted to match
the experiment. This qualitatively describes the observed
behavior shown in Fig. 4(a). When the transport term is
included, the model also produces propagating waves hav-
ing similar patterns to those observed experimentally [23].
However, the predicted wave front shapes are significantly
less sharp than those observed in the experiments, indicat-
ing that stronger nonlinearities are present in the real
system than in this preliminary model. The width of the
experimental InN-to-In wavefront is ~0.1 mm. Note that
the 1.7-mm-long region illuminated by the x rays does not
resolve this sharp wave front, so that its narrow width is not
reflected in the x-ray data in Figs. 1 and 4.
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The growth of InN by MOCVD represents a new type of
excitable media involving bulk phase transitions. While
many aspects of the nonlinear behavior observed corre-
spond with those in other oscillating chemical systems
(e.g. formation of propagating wave fronts, spirals, and
chaotic patterns), the unique features of this system offer
an opportunity to study new regimes of nonlinear chemical
dynamics. Although for simplicity we have proposed a
preliminary reaction-diffusion model similar to those de-
veloped for other oscillatory systems, there are several
aspects of the metastable InN system that introduce addi-
tional nonlinear effects. The oscillating variables x and y
are not the concentrations of molecules in solution or on a
surface, but are the amounts of condensed-phase particles.
Thus the relevant chemical activities are not expected to be
linearly proportional to x and y, as is assumed in Egs. (1)
and (2). A more accurate model would take into account
the nucleation of new particles and evolution of existing
particles, the ratio of the particle surface area to volume
determined by surface energies, etc. A multiscale approach
that relates the macroscopic spatiotemporal oscillations to
the underlying microscopic phase transition kinetics may
provide a more revealing representation than the prelimi-
nary model developed here.

The observed oscillatory behavior also indicates the
nature of the rate-limiting molecular processes occurring
during synthesis of metastable nitrides. MOCVD growth of
InN and (In,Ga)N has been found to depend in a complex
manner on vapor composition such as V:III ratios [20,21].
The presence of InN or elemental In following deposition
shows a surprising lack of correlation with p(NH;) [21].
Our interpretation of the oscillatory mechanism indicates
that decomposition of NH; through heterogeneous cataly-
sis at the substrate is the key process providing active
nitrogen to form these metastable nitrides. Optimization
of InN and (In,Ga)N growth processes will require not only
understanding their dependences on the vapor phase com-
position but also tailoring the complex and time-dependent
influence of the catalytic activity of the surface.
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