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ABSTRACT: Bottom-up nanostructure assembly has been a
central theme of materials synthesis over the past few decades.
Semiconductor quantum dots and nanowires provide addi-
tional degrees of freedom for charge confinement, strain
engineering, and surface sensitivity—properties that are useful
to a wide range of solid state optical and electronic technol-
ogies. A central challenge is to understand and manipulate
nanostructure assembly to reproducibly generate emergent
structures with the desired properties. However, progress is
hampered due to the interdependence of nucleation and
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growth phenomena. Here we show that by dynamically adjusting the growth kinetics, it is possible to separate the nucleation
and growth processes in spontaneously formed GaN nanowires using a two-step molecular beam epitaxy technique. First, a growth
phase diagram for these nanowires is systematically developed, which allows for control of nanowire density over three orders of
magnitude. Next, we show that by first nucleating nanowires at a low temperature and then growing them at a higher temperature,
height and density can be independently selected while maintaining the target density over long growth times. GaN nanowires
prepared using this two-step procedure are overgrown with three-dimensionally layered and topologically complex heterostructures
of (GaN/AIN). By adjusting the growth temperature in the second growth step either vertical or coaxial nanowire superlattices can
be formed. These results indicate that a two-step method allows access to a variety of kinetics at which nanowire nucleation and

adatom mobility are adjustable.

KEYWORDS: Nanostructures, nanowires, nucleation and growth, nitrides, molecular beam epitaxy

anowire (NW) heterostructures are attractive for use in
Nsemiconductor devices because strain accommodation al-
lows the combination of materials with large lattice mismatch
without generating dislocations," structures that are not generally
feasible in epitaxial films. In particular, the nanowire hetero-
structures constructed from the III—N semiconductors (GaN,
AIN, and InN) exhibit direct band gaps over a large portion of
the electromagnetic spectrum (6.2 eV in AIN to 0.7 in InN)
making such NWs especially desirable for optoelectronic
applications.””® III—N nanowires grown by plasma-assisted
molecular beam epitaxy (PAMBE) can be grown without the
use of a catalyst® leading to improved electronic and optical
performance,” unlike NWs grown by the vapor—liquid—solid
method. Individual III-nitride NWs can be grown directly on Si
wafers”® and consist of material that is nearly defect-free.*’
Catalyst-free GaN NWs begin, as any crystallite does, by first
nucleating to a critical size, and then growing.10 During the
nucleation step, GaN islands form and increase in size until they
reach a critical radius, after which they grow vertically due to
preferential incor?oration of adatoms on the c-plane top versus
m-plane sidewall. 112 Average radius, densitg, and height can be
manipulated by adjusting growth conditions.”'¥">~'> GaN NWs
can be formed by initially depositing an AIN buffer on top of bare
Si(111) and then proceeding with GaN deposition.'*'"'*1
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Density can be controlled using an AIN or GaN buffer,"*'”'®

however the buffers are defective.'®

Previous studies have performed NW growth under static
conditions, which limits control over the assembly process. Here
we describe a dynamic process that allows synthesis of GaN
nanowires with a targeted size and density. First, the density of
GaN NWs grown directly on Si(111) substrates is related to the
III/V flux ratio and substrate temperature. This provides a system
independent parameter space for reproducible growth of NWs of a
target density. Next, by adjusting substrate temperature at a specific
time during growth, the NW nucleation process is halted. This two-
step growth method makes it possible to have independent control
of NW density and height, while keeping the average radius of NWs
constant. By using this dynamic method, growth kinetics are
actively tailored to control adatom mobility and growth anisotropy,
allowing for enhancement of vertical (c-plane) or coaxial (m-plane)
growth of GaN for systematic design of three-dimensional nano-
wire quantum structures.

All samples in this work are grown using a Veeco 930 PAMBE
system'? on n-type Si(111) substrates. Standard effusion cells are
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Figure 1. Temperature dependence of GaN nanowire properties. All samples grown with ITII/V flux ratio = 0.26. (a) Plan view (top) and cross-sectional
view (bottom) SEM images at different substrate temperatures labeled in figure. Scale bars are 100 nm. (b) Areal density and (c) average height and

radius as a function of substrate temperature. Lines guide the eye.

used for the Ga and Al sources. Active nitrogen is supplied by a
Veeco radio frequency plasma source. Beam fluxes are measured
using a nude ion gauge at the substrate position. Before growth,
the native oxide is removed by heating the substrate to 1000 °C,
which is characterized by the appearance of a streaky 1 X 1
reflection high energy electron diffraction (RHEED) pattern out
of a diffuse background. Upon cooling, the 1 X 1 changestoa7 x
7 pattern at 830 °C,***" which is used to calibrate the infrared
pyrometer used to measure the substrate temperature. The
plasma source is operated at 350 W using a constant N, flow
rate supplied by a mass flow controller resulting in a N-limited
growth rate of 5.1 nm/min for all samples. Preliminary studies
show that the Si surface becomes nitridated once the N plasma is
lit forming amorphous Si3N, on the surface as evidenced by the
disappearance of 7 X 7 pattern into a diffuse background. This
occurs even when the nitrogen shutter is closed. To minimize this
unintentional nitridation, which is known to occur due to plasma
leaking around the shutter, all samples discussed here are grown
with the substrate first pointed 180° from the N source during
which time the plasma is lit. This minimizes unintentional
nitridation as evidenced by the preservation of the 7 x 7 pattern
after the substrate is rotated to face the sources and just before
the Ga and N shutters are opened. All samples are prepared
without use of an AIN buffer layer.

To provide an accurate measure of the III/V flux ratio, a series
of samples are grown using a variety of Ga fluxes and a constant
supply of active N (constant N, background pressure) at
substrate temperatures of 720 °C. Cross-sectional scanning
electron microscopy (SEM) on each sample determined the
thickness, and therefore GaN growth rate at each Ga flux. For low
Ga fluxes, the growth rate is linear with Ga flux, denoting the Ga-
limited (N-rich, III/V < 1) growth regime. For high Ga fluxes, the
growth rate is constant, denoting the N-limited (Ga-rich, III/V
>1) growth regime. The Ga flux at which these growth rates
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intersect is the stoichiometric point (III/V = 1), which is used as a
reference point to convert Ga fluxes to equivalent ITI/V (i.e., Ga
to N) ratios.”

SEM images along with image analysis software”” are used to
determine nanowire density, height, and radius. All images are
obtained on an FEI Sirion scanning electron microscope operat-
ing at an accelerating voltage of 15 kV using the “in lens”
secondary electron detector. Plan view SEM images allow
determination of the NW density and average radius by measur-
ing the area of each NW top and approximating NW tops as
circles. NW height is measured directly from cross-sectional SEM
images.

Figure la displays both plan view (top) and cross-sectional
(bottom) SEM images from GaN NW samples grown for 30 min
at various substrate temperatures (substrate temperature in-
creases from left to right) at a constant III/V = 0.26. A
thousand-fold change in NW areal density (number of NWs
per area) due to substrate temperature is apparent. At low
temperatures, NW density is roughly constant, and as substrate
temperature increases beyond the decomposition temperature of
GaN (750 °C),***® density sharply decreases (Figure 1b). The
same decrease is seen in both average NW height and radius
(Figure 1c) although these are not as strongly affected as density.

To build up a system independent growth phase diagram, 22
samples are grown at various combinations of III/V and substrate
temperature (Figure 2). Clearly both substrate temperature and
II1/V flux ratio have a strong impact on the NW characteristics. A
growth window for high density samples exists from 720 to 740 °C
for III/V = 0.3 to 0.6. Under these conditions the samples
approach a saturation density of approximately 1000 yum >,
which is roughly equal to the saturation density (1000—2000
um” > for NWs of this size range). At temperatures above 750 °C,
density tends to drop, consistent with the onset of thermal
decomposition of GaN at these temperatures. The equivalent
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Figure 2. System independent growth phase diagram for catalyst-free GaN nanowires on Si(111). All samples are grown for 30 min. (a) Nanowire areal
density as a function of calibrated II1/V flux ratio and substrate temperature. Circles denote data points representing actual sample growths. (b) Contour
plot of the same data in (a). (c,d) Equivalent two-dimensional growth rate as a function of III/V flux ratio and substrate temperature.

two-dimensional growth rate, calculated by taking the product of
average NW volume and areal density divided by deposition time
(Figure 2¢,d), clearly reveals the “no growth” region due to the
decomposition rate exceeding deposition rate. At very low III/V
ratios, the NWs cannot form since the decomposition rate
exceeds the growth rate (Figure 2c). At high III/V ratios,
however, the GaN growth rate can exceed the decomposition
rate such that NW nucleation and growth will occur. At inter-
mediate values, various average NW growth rates and densities
are attainable. Because all the samples plotted in Figure 2 are
grown for 30 min, these growth maps provide a snapshot in time
of the nucleation and growth process. Using this information,
one can tune NW density, average radius, and height by adjusting
substrate temperature and III/V flux ratio. However, these
properties are not independently tunable. The challenge is that
new NWs continue to nucleate while the previously generated
ones are already growing. Thus it is not possible to grow NWs of
an arbitrary length while maintaining a low density, as all samples
inevitably will reach their saturation density at long enough
growth times.

To overcome this limitation, we separate the nanowire
nucleation and growth processes into two growth steps. For
all of the samples yet discussed, substrate temperature is held
constant throughout growth, that is, “one-step” samples. In
“two-step” growth, NWs are first nucleated for a short time at a
given temperature, then the substrate temperature is rapidly
increased for the remainder of growth. The N shutter is left
open while the temperature is ramped up (~1 min) to limit
decomposition of the existing islands. This higher tempera-
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ture is chosen to correspond with conditions at which NW
nucleation is unlikely based on the growth phase diagram
(Figure 2).

A series of samples illustrates the differences between NWs
produced using the one-step or two-step method (Figure 3). For
all samples the III/V flux ratio is 0.26. First, NWs are nucleated
for 22.5 min at 765 °C. Samples grown under these conditions
generate a density of 10—20 4m >, A one-step sample grown for a
total time of 90 min is shown in Figure 3a, demonstrating that
during the additional 67.5 min of growth after the nucleation
step many more wires have nucleated. In contrast, if after the
nucleation step the sample is ramped up to 780 °C and grown for
an additional 67.5 min (total growth time = 90 min), the original
density is maintained (Figure 3b). To more carefully examine the
effect of the two-step growth method on the NW characteristics,
six additional samples are prepared (Figure 3c—f). At short times
(<30 min.), one-step samples show a low density consistent with
the growth phase diagram (Figure 2), but at longer times, there is
an increase in density due to the continuous nucleation of new
NWs after the first 22.5 min until the density saturates near
500 um™ > Though not reaching complete surface saturation,
the density is within a factor of 2 of the saturation density of
~1000 um > In contrast, two-step samples exhibit little to no
change in density after the nucleation step (22.5 min.). This can
be understood from the growth phase diagram (Figure 2) since at
780 °C additional NW nucleation is suppressed due to thermal
decomposition of GaN and Ga adatom desorption. Even though
the increased temperature in the two-step samples prevents
new NWs from forming (nucleation suppression), the existing
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Figure 3. Comparison of GaN nanowire properties grown using one-step versus two-step process. Plan view (left) and cross-sectional view (right) SEM
images of GaN nanowires grown using (a) the one-step method (765 °C for 90 min.), and (b) the two-step method (765 °C for 22.5 min, 780 °C for
67.5 min.). Scale bars correspond to 100 nm. (c) Nanowire areal density, (d) average height, (e) radius, and (f) height-to-radius ratio as a function of

time. III/V = 0.26 for all samples. Lines guide the eye.

nanowires continue to grow (Figure 3d). As expected, the two-
step sample growth rate is smaller than that of the the one-step
samples precisely because two-step samples are grown well above
the thermal decomposition temperature. It is worth noting that
the growth rate in the two-step samples could also be increased
by simultaneously increasing the III/V ratio in addition to the
substrate temperature, although one must be careful to avoid
nucleating additional NWs.

The two-step grown nanowires experience different growth
kinetics and thus evolve differently from the one-step grown
nanowires. This can clearly be seen by examining the difference
in radial growth rate of the NWs between one-step and two-step
samples (Figure 3e). Previous reports of GaN NWs are from one-
step grown samples, and exhibit a vertical-to-radial growth rate
ratio of approximately 30:1.7'%'* This value is relatively con-
stant, providing a challenge for rational design of nanowire
heterostructures since neither purely vertical nor purely coaxial
heterostructures can be formed. In contrast, two-step GaN nano-
wires exhibit complete suppression of radial growth (Figure 3e),
such that the vertical to radial growth rate ratio is no longer
definable (diverges) (Figure 3f).

The suppression of radial growth in the two-step grown
samples has two possible explanations. Either the change in
growth kinetics alters the selective incorporation along m-plane
(sidewalls) versus c-plane (tops), or the increased temperature
leads to selective decomposition along the m-plane (sidewalls)
versus the c-plane (tops). At higher temperatures, the Ga-adatom
mobility should increase, leading to increased probability of
adatoms reaching the more favorable c-plane sites on the tops.
Determination of the mechanism for the suppression of radial
growth will require additional work; however the current results
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clearly show elimination of radial growth of GaN nanowires
resulting from the ability to access growth kinetics not possible
using a traditional one-step growth process.

Arrays of three-dimensionally layered nanowire heterostruc-
tures of GaN/AIN can be formed using the two-step method.
First, GaN NWs are grown at a target height (100 nm) and
density (16 um ™ *) using a low-temperature nucleation step (765 °C,
22.5 min) followed by a high-temperature growth (780 °C,
67.5 min), then SO periods of AIN and GaN are deposited on
top of the NWs to form short period vertical superlattices (SLs)
along the c-plane. The III/V ratio is held constant for both AIN
and GaN depositions using flux measurement and calibration
previously described. A low density of 16 4m > is chosen because
in previous attempts at growing NW SLs (not shown here) the
coalescence of NWs at higher density was a detriment to growing
consistent NW SLs. Thus the two-step method provides a clear
advantage in that a low density of nanowire heterostructures
can be maintained over arbitrarily long growth times. High-
resolution microscopy performed on an FEI Titan® 80—300 probe-
corrected monochromated scanning/transmission electron mi-
croscope (S/TEM) operated at 300 kV is displayed in Figure 4a.
The microscope was operated in high-angle annular dark-field
(HAADF) mode, providing Z-contrast. As expected (as in
Figure 3e), radial deposition of GaN is not observed, only
vertical deposition of GaN. In contrast, AIN forms both vertically
and coaxially. The AIN vertical-coaxial growth rate ratio is
estimated at 11:1, similar to reports from one-step grown
GaN/AIN nanowires.” Layer thicknesses obtained from the
Z-contrast images (inset) yield an average GaN layer thickness
of 1.8 £ 0.2 nm corresponding to an average vertical growth rate
of 2.8 & 0.3 nm/min, which is larger than the value obtained in
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Figure 4. STEM images of three-dimensional GaN/AIN nanowire hetereostructures. (a) Fifty period vertically aligned AIN/GaN nanowire superlattice
prepared using the two-step method. Top inset: zoomed out image of nanowire. Bottom inset: example of a profile intensity scan measuring
compositional modulation along the nanowire’s vertical c-axis direction. (b) Five period coaxially aligned AIN/GaN nanowire superlattice using the two-
step procedure. Top inset: zoomed out image of nanowire. Bottom inset: section of coaxial layers imaged with atomic resolution. Dark (light) areas
correspond to AIN (GaN) due to Z-contrast. All scale bars correspond to 100 nm unless labeled otherwise.

Figure 3d, 2.4 £ 0.1 nm/min, perhaps reflecting changes in the
Ga adatom mobility on m-AIN versus m-GaN. Also, the GaN and
AIN SL layer thicknesses decrease as the nanowire structure
grows taller. This is because vertical growth rate is inversely
proportional to nanowire diameter plus a constant’ and AIN
growing coaxially increases the nanowire’s diameter throughout
growth. Uniform heterostructures could be formed by adjusting
the shutter time to compensate for this change in growth rate.

While vertical nanowire heterostructures were previously
achieved using molecular beam epitaxy (MBE) or metalorganic
chemical vapor deposition (MOCVD), the complete suppres-
sion of GaN coaxial growth using the two-step process is unique
in that it allows the GaN quantum disks to be completely encased
in high bandgap barrier material, AIN. This may prove useful for
the development of vertical nanowire photonic and electronic
devices. Optical studies of these enhanced multiple quantum disk
structures will be the subject of a subsequent study.

Coaxially layered nanowire superlattices can also be formed
using the dynamic growth method. First, GaN nanowires of a
given density and height are formed in the two-step process by
performing a low-temperature nucleation step (765 °C, 10 min)
followed by a high-temperature growth (780 °C, 90 min). If the
conditions were to remain the same from this point on, the
nanowires would continue to grow vertically. Instead, the growth
temperature is reduced to 500 °C and a five period superlattice of
AIN and GaN is deposited. At 500 °C, adatom mobility is greatly
reduced; Ga adatoms are less likely to reach the NW tops and
simply incorporate into the NW m-plane sidewalls, Figure 4b
(imaged under the same conditions as 4a). The coaxial layers for
both GaN and AIN are about 1—2 nm. At higher magnification,
atomically resolved images (inset) show that the interface
between GaN and AIN coaxial layers are compositionally sharp
within 1 monolayer. While coaxial III-nitride nanowire hetero-
structures have been grown by chemical vapor deposition®® and
MOCVD?*"?® in the past, the MBE grown coaxial AIN/GaN SLs
presented here are the first of their kind that exhibit atomically
sharp compositional changes over monolayer distances and with
multiple coaxial layers. The two-step process used to grow the
GaN NW cores for this heterostructure is essential since a high
density of nanowires would lead to shadowing of the impinging

atomic beams. If the beams are shadowed then uneven coaxial
layers will result. Thus establishing a low NW density with the
two-step method is necessary for achieving uniform coaxial
layers.

In conclusion, a growth phase diagram for catalyst-free GaN
nanowires was developed allowing reproducible control of the
density over three orders of magnitude. The effects of nucleation
and growth were roughly separated using a two-step dynamic
method allowing independent control of NW density and height.
This allows access to growth kinetics at which the radial nanowire
growth is eliminated for GaN as well as access to higher growth
temperature for improved vertical nanowire heterostructure
quality. Additionally, coaxial GaN/AIN superlattices were
achieved by exploiting reduced adatom mobility at low tempera-
tures. By separating the nucleation and growth process into
distinct steps, growth kinetics can therefore be tuned to favor
either vertical or radial growth, allowing design of three-dimensional
nanowire heterostructures with monolayer precision, which may
enable a variety of nanoelectronics and nanophotonics. In parti-
cular, nonpolar coaxial nanowire heterostructures allow flat band
quantum structures that are shown to improve the efficiency of
light-emitting diodes”” by elimination of the polarization induced
Stark shift. Additionally, intersubband-based devices would
benefit from the coaxial confinement geometry since photons
can be emitted or absorbed normal to the substrate surface.
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