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ABSTRACT
Capitalizing on the directed nature of the atomic fluxes in molecular beam epitaxy, we propose and demonstrate the sequential directional
deposition of lateral (In,Ga)N shells on GaN nanowires. In this approach, a sub-monolayer thickness of each constituent atomic species,
i.e., Ga, In, and N, is deposited subsequently from the same direction by rotating the sample and operating the shutters accordingly. Using
multiple iterations of this process, we achieve the growth of homogeneous shells on a single side facet of the nanowires. For higher In content
and thus lattice mismatch, we observe a strain-induced bending of the nanowire heterostructures. The incorporation of In and the resulting
emission spectra are systematically investigated as a function of both the growth temperature and the In/Ga flux ratio.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0168786

I. INTRODUCTION

The three-dimensional geometry of nanowires (NWs) allows
the growth of more complex heterostructures than is possible for
conventional planar thin films, which opens up new possibilities for
device design.1 For example, in NWs, strain partitioning enables the
accommodation of higher degrees of strain arising from lattice mis-
match without plastic relaxation.2 Another benefit is that core–shell
NW heterostructures offer the possibility of an increased volume
per substrate area in the active region of semiconductor devices.
This concept is attractive for light-emitting diodes and has been
pursued, e.g., for the material system (In,Ga)N/GaN.3 Furthermore,
the NW geometry can also facilitate more advanced heterostruc-
tures, such as one-sided shells. For classical III–V semiconductors,
namely GaAs, GaP, InSb, and related alloys, the intentional depo-
sition of a heterostructure on only one lateral surface of NWs has
been demonstrated.4–8 This selectivity is based on the directionality

of fluxes in molecular beam epitaxy (MBE) and utilizes either tilted
core NWs4 or “digital alloy” deposition,5 where the group-III ele-
ments of a ternary III–V shell are deposited in an alternating
fashion. In contrast, for group-III nitrides, asymmetric NW shells
have been reported only as a transitional phenomenon caused by
inhomogeneous shell nucleation.9

For this specific material class of group-III nitrides, the for-
mation of core–shell heterostructures in general is complicated
by the peculiarities of the NW growth mechanisms in MBE.10–12

Whereas conventional III–V NWs are typically grown by the
vapor–liquid–solid mechanism, in which uniaxial growth is induced
by a droplet,13 GaN and related NWs form spontaneously.14 Thus,
the interplay between incorporation on the top and sidewall facets
is particularly pronounced, and the enhancement of radial growth
needed for shell formation is more difficult than for conventional
III–V NWs. When samples are grown with continuous rotation
and fluxes, the incidence of the constituent elemental fluxes from
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different directions together with the three-dimensional nature of
the NWs leads to a situation that, in planar growth, is known as
migration enhanced epitaxy:15 on individual side facets, the differ-
ent elements are deposited in an alternating sequence. However,
in the case of GaN NWs, the permanent presence of N on the top
facet causes this facet to constitute a pronounced sink for the metal
atoms.11 Thus, during the growth of (In,Ga)N shells, the enhanced
diffusion of In and Ga to the tip leads to the formation of large par-
asitic top segments.12 This competition between the incorporation
on the side and top facets of the NWs impedes the usability of such
core–shell heterostructures for potential devices. To shift the balance
of this competition toward incorporation on the side facets requires
an improved deposition sequence that allows us to control which
atomic species is present where and when.

In this paper, we present an innovative approach for the growth
of (In,Ga)N shells on GaN nanowires that exploits the directed
nature of the material beams in MBE: Only a single atomic species
is deposited at a given time, and the sample is rotated accordingly
to enable sequential directional deposition (SDD) of either GaN or
(In,Ga)N on only one side of GaN core NWs. This approach allows
to reduce the diffusion of metal adatoms to the NW tip by avoiding
the permanent presence of active N species on this facet. This pro-
tocol enables the growth of uniform, one-sided shells on thin GaN
NWs. From a more general perspective, our study of one-sided shell
growth as a conceptually simplified system helps to assess the poten-
tial of molecular beam epitaxy for the growth of core–shell structures
in the nitride material system. In particular, in comparison to shell
growth with continuous fluxes,12 the parasitic growth on the top of
the NWs is substantially diminished.

II. RESULTS AND DISCUSSION
A. Sequential directional deposition

For these investigations, self-assembled GaN NWs on TiN
grown at a V/III flux ratio of 2.5 and a substrate temperature of
780 ○C, as introduced in Refs. 11 and 16, are used as core NWs.
These NW ensembles have a mean diameter and length of about 35
and 790 nm, respectively, at a density of about 109 cm−2. This low
area density facilitates studies of shell growth since shadowing by
neighboring NWs is avoided.

To introduce the SDD approach, we start with binary GaN
shells (sample G). Figure 1(a) shows the SDD of a one-sided GaN
shell on a GaN core NW. In the first step (i), Ga [typically <1 mono-
layer (ML)] is deposited on one specific side of the NW by opening
the corresponding shutter for a few seconds. After closing the Ga
shutter, the sample is rotated (ii) to align the very same side with the
N source. In the final step (iii), the shutter of the N source is opened
and GaN is grown. After closing the N shutter, the NW is rotated
back to position (i) for the next deposition cycle.

Figure 1(b) shows a bird’s eye secondary electron (SE) micro-
graph of the resulting sample G. The shell was grown at a substrate
temperature of 490 ○C with a Ga-flux of 2.4 nm/min and a N-flux
of 12.4 nm/min (direct fluxes in equivalent growth rate units for
two-dimensional GaN layers). During each cycle, the NW side was
exposed to the Ga beam for 4 s—corresponding to the deposition of
approximately 0.6 ML of Ga on the exposed side facets and 0.8 ML
of Ga on the top facet/substrate, with the difference being caused by
the different deposition angles in relation to the effusion cell. The

FIG. 1. (a) Sketch of the SDD of a one-sided GaN shell. (b) Bird’s eye
SE micrograph of sample G, where one-sided GaN shells were grown on GaN
core NWs using the SDD approach. (c) Modeled shell thickness of a one-sided
GaN shell grown using the SDD approach (blue profile) and for a constantly open
N shutter (green profile) at otherwise similar modeling parameters.

wetted NW side was then rotated toward the N source and exposed
to N for 25 s. Both shutters were closed during the 4 s long rotation
steps. This cycle was repeated 130 times. Thus, a 20–25 nm thick
GaN shell was grown on the right side of the NWs as shown in the
top view sketch in the inset to Fig. 1(b). The shell thickness was esti-
mated by analyzing the NW diameter along the growth direction of
the shell from SE micrographs. The one-sided shells are very homo-
geneous along the entire NW length, as seen in the micrograph of
Fig. 1(b). This homogeneity is in contrast to the hourglass-shape
obtained in Ref. 11 using continuous Ga and N fluxes, both for radi-
ally symmetric GaN shells obtained for continuous rotation and for
one-sided shells grown without substrate rotation. However, note
that the growth temperature in this study was reduced compared
with Ref. 11 in order to decrease adatom diffusivity, avoid Ga des-
orption, and to subsequently enhance the incorporation of In in
ternary (In,Ga)N shells.

To better understand the SDD, we modeled the shell thick-
ness of a one-sided GaN shell on a core NW based on our work in
Ref. 11. Instead of the shell growth for continuous rotation investi-
gated there, we here simulated the different deposition and rotation
sequences of the SDD mode. The model consists of a system of cou-
pled one-dimensional diffusion equations for the different growth
regions (top facet, sidewall facets, and substrate) that are solved
numerically. As input parameters, we used the growth conditions
of sample G described above and modeling parameters correspond-
ing to those from Ref. 11. The resulting profile (blue) is shown in
Fig. 1(c). For comparison, the green profile corresponds to a shell
for a constantly open N shutter with otherwise similar modeling
parameters. In agreement with the experiment, the modeled profile
for the SDD approach (blue) shows a rather uniform shell thickness
along the NW with a slight barrel shape.

During steps (i) and (ii), when the N shutter is still closed, the
Ga adatom concentration on the side, the top facet, and the substrate
reaches an equilibrium state, where the surface is rather homoge-
neously wetted, explaining the homogeneous shell thickness. Note
that due to the slightly higher adatom concentration on the top
facet/substrate, compared to the side facet, there may be small diffu-
sion fluxes onto the side facets. Only when the N-shutter is opened
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FIG. 2. Sketch of the SDD process of a one-sided (In,Ga)N shell with the source
arrangement corresponding to our MBE system. (i) Ga deposition on the side of
the NW. (ii) Rotation toward the In source and In deposition. (iii) Rotation toward
the In source and opening the N shutter for (In,Ga)N growth. Note that all shutters
are closed during the rotation phases.

for step (iii), Ga adatoms diffuse from the NW side to the NW
top and the substrate due to the higher incorporation rates in these
regions (caused by the higher effective N flux related to the deposi-
tion geometry11). Due to these diffusion effects, the barrel shape is
much more pronounced in cases where the N shutter is kept con-
tinuously open (green profile), and the increased Ga diffusion, away
from the side facet, results in a much smaller mean shell thickness
(<10 nm).

B. Systematic analysis of ternary alloy shells
Turning to ternary alloy shells, Fig. 2 outlines the SDD pro-

cess for a one-sided (In,Ga)N shell. Compared to the binary shell,
an intermediate step is added after the Ga deposition, where the
growth side faces the In cell and In is deposited. The total amount
of deposited metal was kept constant at 0.3 ML (0.4 ML) on the side
facet (top facet) per deposition cycle. Finally, the facets were exposed
to an N flux of 16.2 nm/min for ≈25 s.

A series of six samples with different In/Ga flux ratios (between
1 and 5) and at different growth temperatures (between 440 and
590 ○C) were grown, as summarized in Table I. Only for sample D,
with an In/Ga flux ratio of 5, the metal flux had to be increased to
0.45 ML (0.6 ML) for the side facet (top facet) to maintain a rea-
sonable calibration of the Ga flux and shutter response times. By
adjusting the number of SDD cycles for each sample, we aimed to
maintain a shell thickness of 10–15 nm.

The morphology and emission properties of these GaN NWs
with a one-sided (In,Ga)N shell (samples A–D), plotted as a func-
tion of the growth temperature and the nominal In/Ga flux ratio, are
shown in Fig. 3. The presented line scans are representative choices

TABLE I. Summary of the growth conditions for the investigated samples, including
the growth temperature, the In/Ga flux ratio, the amount of deposited In and Ga per
deposition cycle, as well as the total number of cycles carried out for the respective
sample.

Sample Tsub In/Ga In per Ga per No. of
(○C) flux ratio cycle (ML) cycle (ML) Cycles

A 590 1 0.2 0.2 250
B1 540 1 0.2 0.2 250
B2 540 3 0.3 0.1 350
C1 490 1 0.2 0.2 250
C2 490 3 0.3 0.1 350
D 440 5 0.5 0.1 250

among 10–20 line scans on dispersed NWs performed for each sam-
ple. To resolve the emission along the NW axis, the NWs were
dispersed on an Au-coated Si substrate, and cathodoluminescence
(CL) spectral line scans were measured using a Gatan MonoCL4
system mounted on a Zeiss Ultra55 field-emission scanning elec-
tron microscope (SEM) operated at 5 kV acceleration voltage with
a probe current of 1.0–1.5 nA. The data was analyzed and plotted
using the python packages HyperSpy17 and LumiSpy.18 In Fig. 3,
representative CL line scans collected at a sample temperature of
10 K on individual NWs are plotted alongside bird’s eye scanning
electron (SE) micrographs of the corresponding NW ensemble. The
SE micrographs of the single NWs corresponding to each of the line
scans are presented in the supplementary material. With respect to
the CL measurements, in addition to the broad emission band of
the (In,Ga)N shell at longer wavelengths, all samples also exhibit a
notable luminescence at around 357 nm (3.47 eV), which can be
attributed to the near band edge emission of the GaN cores. The
contribution of this band varies between individual line scans even
from the same sample, which might just be a geometric effect of the
CL excitation depending on where the shell is oriented on the dis-
persed NWs. Note that the streaky features in the CL linescans are
an experimental artifact due to the drift correction employed during
the measurements.

In terms of morphology, the growth map reveals that with
decreasing growth temperature from 540 to 440 ○C and increas-
ing In/Ga flux ratio from 1 to 5, the NWs bend more and more to
one side, while the CL emission of the (In,Ga)N shell shifts from
around 380 nm (3.26 eV) for sample B1 to about 480 nm (2.58 eV)
for sample D. Only for sample A, grown at the highest temperature,
no (In,Ga)N shell emission can be detected. Note that the one-sided
(In,Ga)N shells show luminescence even without passivation by an
outer GaN shell, indicating that the localization of carriers in the
ternary alloy prevents them from recombining non-radiatively at
the surface, as observed previously.12 However, such carrier local-
ization and variations in its effectiveness can lead to the observed
variations in (In,Ga)N emission intensity along the length of single
NWs, most pronounced for the line scan displayed for sample B2.
Note that the apparent changes in the full width at half maximum
of the emission band, correlating with these intensity variations,
result from the logscale intensity colorscale chosen for the plots.
Additional experiments presented in the supplementary material
show that a conventional co-deposition of all constituents with-
out rotation also leads to one-sided shells. However, this approach
results in very rough shells with an inhomogeneous composition.
Furthermore, for SDD, the deposition sequence (Ga-In-N) is impor-
tant to incorporate In, as also discussed in the supplementary
material.

The bending of the NWs visible in the SE micrographs is a con-
sequence of the larger lattice constant of (In,Ga)N with respect to
GaN. Hence, once an (In,Ga)N shell is grown on one side of the GaN
NWs (right side in the micrographs of Fig. 3), they bend to the oppo-
site (left) side. Thus, the bending of the NWs confirms the presence
of a one-sided (In,Ga)N shell with a larger In content and, thus, a lat-
tice mismatch resulting in a more pronounced bending of the NWs.
For sample A, the straight NWs indicate no or only little In incor-
poration into the shell, consistent with the absence of a pronounced
(In,Ga)N emission. Correspondingly, the red-shift of the shell lumi-
nescence with decreasing growth temperature can be attributed to
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FIG. 3. SE micrographs of GaN NW ensembles with a one-sided (In,Ga)N shell and the respective CL line scans (measured at 10 K) of single, dispersed NWs as a function of
the growth temperature and the nominal In/Ga flux ratio. The CL intensities are color-coded in arbitrary units using a logarithmic scale. The top-right inset displays ensemble
PL spectra of the samples C1, C2, and D acquired at room temperature. The growth conditions for the presented samples are summarized in Table I.

an increase in In incorporation resulting from a reduced desorp-
tion of In and a lower dissociation rate of InN.19–22 Note that the
bending of a NW results in a non-uniform strain distribution in
the core–shell structure, which includes a gradient in the εzz com-
ponent of the strain tensor across the NW diameter, affecting the
band structure5 and hence the emission wavelength of the (In,Ga)N
shell.

The increasing In/Ga flux ratio from samples B1 to B2 (and
C1 to C2) further increases the In incorporation, corresponding to
an additional red-shift and broadening of the shell emission. This
red-shift and broadening are also visible when analyzing the ensem-
ble photoluminescence (PL) spectra of the samples C1 and C2 shown
in the top-right inset of Fig. 3. The spectra were acquired at 300 K
using a Horiba Jobin Yvon (Labram HR 800 UV) μ-PL setup with
excitation from a HeCd laser (325 nm) with a spot diameter of about
3 μm, thus probing about 70 NWs. The PL spectrum of sample D,
grown at the lowest growth temperature and highest In/Ga flux ratio,
shows an even broader emission band with rather constant emission
intensities between 440 nm (2.82 eV) and 510 nm (2.43 eV).

For planar (In,Ga)N layers,23,24 the observed red-shift from
380 nm (3.26 eV) to 480 nm (2.58 eV) between samples B1 and D
would correspond to a change of the In content from 6% to 22%. For
our samples, this composition can only be a rough estimate since the
different strain states of the one-sided (In,Ga)N shells are not taken
into account. With respect to the nominal In/Ga flux ratios used
during the growth, only a small fraction of the In is incorporated.
This discrepancy is not surprising since even for sample D, In des-
orption was detected by line-of-sight quadruple mass spectrometry.

The desorption being another loss channel in addition to the dis-
cussed diffusion of In from the sidewalls to the top facet of the NW
and the substrate.

For radially symmetric (In,Ga)N shells,16 such a redshift of
the shell emission with an increasing In/Ga flux ratio has not been
observed. The higher In incorporation for one-sided shells can be
explained by a reduced In diffusion away from the side facet during
the SDD process due to the sequential and directional N exposure.
However, a broadening of the PL spectrum toward higher In/Ga
flux ratios was also observed for the radially symmetric shells.12 For
the one-sided (In,Ga)N shells, this broadening may be attributed to
the increasing variation of the emission wavelength from NW to
NW observed between CL line scans, but also the emission band in
individual NWs is significantly broadened with increasing In con-
tent. Note that different strain states along the axis of the one-sided
(In,Ga)N shells due to the bending of the NW may also contribute
to the emission broadening.5

In Ref. 12, we observed significant axial growth on the top
facet for NWs with radially symmetric shells grown with continu-
ous fluxes, which would complicate the processing of devices out of
such NW heterostructures. This parasitic growth is notably reduced
in our one-sided (In,Ga)N shells. The reduced volume of the top
segment can be attributed to the smaller amount of material that is
deposited but also to the aforementioned reduction of adatom diffu-
sion toward the NW top for the SDD approach. Since the CL analysis
of the different samples focused on the emission properties of the
shells, the spectral region where the top segments might emit was
not covered. Only for samples B1 and C1, the onset of the top seg-
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FIG. 4. (a) Cross-sectional, bright-field STEM micrograph of sample D and (b) zoom into the mid segment of a representative NW. (c) STEM-EDX intensity profiles of the In
and Ga signals across the NW diameter (blue arrow) of the NW presented in (b). (d) Exemplary high-resolution STEM micrograph of the interface between the (In,Ga)N shell
and the GaN core NW along the [101̄0] zone axis.

ment emission is visible at about 560 nm (2.21 eV), while for sample
A, the NW tip is the only part showing (In,Ga)N emission.

To independently verify the presence of one-sided (In,Ga)N
shells, Fig. 4 shows the results of an analysis of sample D by scan-
ning transmission electron microscopy (STEM) and STEM-based
energy-dispersive x-ray spectroscopy (EDX) using a JEOL JEM-3010
microscope. The STEM sample was prepared using a classic polish-
ing procedure where the NW ensemble was embedded in epoxy glue.
The bending of the NWs and the parasitic underlayer are highlighted
in Fig. 4(a). As already observed in SE micrographs, both the bend-
ing radius and the shape of the top segments can vary from NW to
NW. Figure 4(b) shows an enlarged bright-field STEM micrograph
of the middle segment of a representative NW. The ≈10-nm-thick
shell is clearly visible on only one side of the NW, while the oppo-
site side shows no shell growth. A STEM-EDX line scan across the
NW diameter, shown in Fig. 4(c), shows a clear increase in the In
signal for the position of the shell, proving that the shell does indeed
contain a significant amount of In, even if a quantification is not pos-
sible. Note that the low intensity of the In-L lines results in a rather
noisy profile with a notable contribution from the background.
Finally, Fig. 4(d) shows a representative high-resolution micrograph
of the interface between the (In,Ga)N shell and the GaN core NW.
Analysis of such high resolution images along the NW showed
that there is no evidence of plastic relaxation or dislocations in the
shells. Apparently, most of the strain resulting from the different

lattice constants of GaN and (In,Ga)N is released by the bending of
the NW.

III. CONCLUSIONS
We have presented a sequential directional deposition method

for GaN and (In,Ga)N using MBE to grow one-sided shells on
GaN NW cores while minimizing the parasitic growth on the top
facet of the NW compared to shell growth employing continuous
fluxes. Using a dedicated sequence of shutter openings and rota-
tions, the individual metal fluxes and, subsequently, the nitrogen
flux are directed toward the same facet. For the growth of GaN
shells, the SDD mode allows not only the deposition of single shells
on selected lateral sides of a NW but also enables the growth of a
homogeneous GaN shell along the entire NW length. For ternary,
one-sided (In,Ga)N shells, the emission wavelength can be shifted
in a controlled manner from the UV to the green range (510 nm)
by lowering the growth temperature (down to 440 ○C) and increas-
ing the In/Ga flux ratio (up to 5), while the shell thickness remains
homogeneous along the NW length. Using thin core NWs (average
diameter 35 nm), the one-sided (In,Ga)N shells can even induce a
bending of the NWs.

Our new approach to the growth of ternary (In,Ga)N shells
can be exploited for device fabrication in two different ways. First,
by applying the same sequential directional deposition sequence to
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all six NW sidewalls, radially symmetric homogeneous core–shell
quantum wells can be grown with minimal parasitic axial growth.
This benefit compared to continuous deposition simplifies the sub-
sequent processing into devices such as light-emitting diodes. Sec-
ond, new opportunities for device design are opened up. More
specifically, one-sided shell quantum wells with different emission
wavelengths can be grown on different sidewall facets of one and
the same NW, thus potentially enabling multi-color light-emitting
diodes within a single NW.

SUPPLEMENTARY MATERIAL

See the supplementary material for corresponding
SE micrographs for the single NW CL line scans shown in
Fig. 3, as well as an investigation of one-sided shell growth with
continuous fluxes (co-deposition) and samples grown with an
inverted metal deposition sequence (In-Ga-N).
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