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ABSTRACT: Here, we explore a catalyst-free single-step growth strategy
that results in high-quality self-assembled single-crystal vertical GaN
nanowires (NWs) grown on a wide range of common and novel substrates
(including GaN, Ga2O3, and monolayer two-dimensional (2D) transition-
metal dichalcogenide (TMD)) within the same chamber and thus under
identical conditions by pulsed laser deposition. High-resolution trans-
mission electron microscopy and scanning transmission electron micros-
copy (HR-STEM) and grazing incidence X-ray diffraction measurements
confirm the single-crystalline nature of the obtained NWs, whereas
advanced optical and cathodoluminescence measurements provide
evidence of their high optical quality. Further analyses reveal that the
growth is initiated by an in situ polycrystalline layer formed between the
NWs and substrates during growth, while as its thickness increases, the
growth mode transforms into single-crystalline NW nucleation. HR-STEM and corresponding energy-dispersive X-ray compositional
analyses indicate possible growth mechanisms. All samples exhibit strong band edge UV emission (with a negligible defect band)
dominated by radiative recombination with a high optical efficiency (∼65%). As all NWs have similar structural and optical qualities
irrespective of the substrate used, this strategy will open new horizons for developing III-nitride-based devices.

1. INTRODUCTION
III-nitride semiconductors, GaN-based materials, in particular,
already have a wide range of high-power1 and high-frequency2

optoelectronic and electronic applications, such as energy-
saving light-emitting3 and transistor devices,4 photoelectro-
chemical water-splitting devices for energy generation,5 and
devices used for sensing and medical curing, as well as those
operating in harsh industrial environments. The extensive use
of these materials is motivated by their inherent outstanding
properties, such as the direct and tunable band gap, excellent
thermal stability, and mechanical durability.6 Rapid techno-
logical advances, along with the emergence of novel GaN-
based applications, such as flexible displays,7 biosensors,8 and
vertical-cavity surface-emitting lasers (VCSELs),9 have in-
creased the demand for high-quality GaN growth on a wide
range of potential substrates. While this practical goal must be
achieved for mass production, the direct GaN growth of
sufficient quality on any emerging, affordable, or fixable
substrates remains challenging in practice.
In this process, the main issue pertains to the large lattice

mismatch between the common substrates (such as Si, SiC,
and sapphire) and III-nitride materials, which induces
extended threading dislocations (TDs) at the substrate
interface that create nonradiative centers,10 resulting in low

internal quantum efficiency (IQE) and hence low external
efficiency. Moreover, problems arising from thermal expansion
differences or the high cost and size limitation of some
potential and common substrates restricted the fabrication of
possible applications and increased the cost.11 For example,
GaN substrates have been shown to be effective in eliminating
TD defects,12 but this approach is extremely expensive and is
thus not suited for large-scale applications.
Even though a wide range of strategies have been proposed

to overcome these limitations, most researchers advocate the
use of III-nitride nanowires (NWs) as a potential solution for
high TD density issues.13,14 In the NW structure, the density of
TDs that propagate across the interface into the NWs is
reduced substantially as the small NW diameter promotes an
elastic strain relaxation mechanism, resulting in the formation
of TD-free NWs. NW growth has been successfully achieved
using different substrates, including two-dimensional (2D)
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materials (e.g., graphene,15 boron nitride,16 and multiple MoS2
layers16,17), polycrystalline substrates, and buffer interlayers
(e.g., MXene17 or Ti18). However, all strategies proposed thus
far for optimizing the GaN growth conditions are substrate-
dependent. As a result, some promising substrates, such as
Ga2O3 and monolayer 2D transition-metal dichalcogenide
(TMD), have not been successfully used thus far to obtain
GaN NWs of sufficient quality. Thus, due to this substrate
issue, the lift-off and flip-chip processes19 were used to transfer
the device to a desirable substrate, thus further increasing the
design complexity.
On the other hand, as a part of our previous work, we

demonstrated that catalyst-free high-quality ZnO NWs and
nanotubes can be grown on different substrates (including
GaN) by precisely controlling the pulsed laser deposition
(PLD) conditions,20,21 which is considered a relatively cost-
effective technique compared to the common GaN growth
techniques.
In this work, our aim is to achieve a high-quality GaN NW

growth strategy irrespective of the substrate type. For this
purpose, we developed a facile and relatively inexpensive

growth strategy and applied it to obtain self-assembled vertical
GaN NWs grown directly on a wide range of bulk and 2D
substrates simultaneously using the PLD method without a
catalyst. The major advantage of this approach stems from
eliminating the substrate influence on the GaN NW quality
and growth procedure. Advanced structural analyses reveal the
mechanism of such an NW growth method, while the optical
characterizations confirm the optical and structural quality of
the resulting NWs.

2. GROWTH AND EXPERIMENTAL METHODS
A Pioneer 240 PLD system (Neocera) equipped with a KrF
excimer laser (248 nm line) was used to ablate a commercial
GaN target of 99.95% purity that was doped unintentionally
with oxygen during target synthesis. To grow vertical GaN
NWs on different substrates simultaneously, the target was
exposed to the laser beam to ablate the species toward
substrates. The following settings were utilized to form NWs,
as they were experimentally determined to yield the most
optimal growth conditions: 150−250 mTorr nitrogen pressure
(PNd2

); 0.95−1.05 J·cm−2 beam fluence focused on the GaN

Figure 1. (a−h) Tilted-view SEM images of self-assembled GaN NWs grown on different substrates (using identical conditions). Cross-sectional
SEM images of GaN NWs grown on (i) Si and (j) (−201) β-Ga2O3 were achieved under the optimal conditions while varying the number of pulses
(40,000 and 100,000 pulses, respectively). (k) The dependence of the number of pulses of NW length and diameter when all conditions remain
constant. (l) GIXRD patterns for GaN NWs grown on all substrates.
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target surface; 8.5−9 cm vertical distance (d) between the
substrate and the target; and 850 °C growth temperature (T),
with a minimum of 40,000 laser pulses at a 10 Hz laser
repetition rate. Different substrates were placed in the chamber
at the same time, namely, a single-side-polished p-type Si (100)
(from University Wafer Inc.); a single-layer graphene/90 nm
SiO2/highly (100) p-doped Si wafer (from α Graphene Inc.); a
commercial bulk (−201) β-Ga2O3 (from Novel Crystal Co.); a
Mg-doped GaN (p-GaN) template grown on c-sapphire
substrate (from University Wafer Inc.); a c-sapphire (from
Semiconductor Wafer Inc.); and Ti3C2 MXene with an ∼40
μm particle size (from Sigma-Aldrich) deposited on glass by
spray-coating. Monolayer WSe2 and MoS2 were grown on
sapphire by chemical vapor deposition (CVD) (from 6Carbon
Technology).
The structural properties of the studied samples were

evaluated by scanning electron microscopy (SEM) using an
FEI Nova Nano 630 apparatus as well as by transmission
electron microscopy (TEM) and scanning transmission
electron microscopy (STEM), while a Titan Themis Z (40−
300) Thermo Fisher TEM was utilized for high-resolution
STEM (HR-STEM), and high-resolution X-ray diffraction
(XRD) measurements were performed on a Bruker D8
Discover apparatus with Cu Kα and λ = 1.5406 Å. For grazing
incidence X-ray diffraction (GIXRD) measurements, we used a
Bruker D8 Discover X-ray diffractometer equipped with a
Göbel mirror and a Ge (022) monochromator using Cu Kα1
radiation (λ = 1.5406 Å) and a 0.5° incident angle to measure
NWs only. Micro-Raman spectroscopy was performed using a
Horiba LabRAM Aramis Raman spectrometer attached to a
charge-coupled device (CCD) camera (employing the 473 nm
excitation wavelength), while a 15× objective was used to
focus the excitation light. In addition, energy-dispersive X-ray
(EDX) spectroscopy was performed in the TEM apparatus to
determine the NW composition, while TEM lamellae were
prepared by an FEI Quanta 3D focused ion beam (FIB)-SEM.
The room-temperature (RT) microphotoluminescence (μ-PL)
and temperature-dependent PL (TDPL) measurements were
carried out using a 325 nm continuous-wave He−Cd laser,
while an Andor spectrograph connected to a CCD camera was
used to collect the data. Power-dependent PL (PDPL)
measurements at 10 K and RT (290 K) were performed by
a 266 nm Teem Photonics SNU-20F-10x laser, whereby the
PL signal was detected by a highly sensitive QE Pro
spectrometer. We used a closed-cycle cryostat for TDPL
measurements. Finally, RT cathodoluminescence (CL) hyper-
spectral schematic imaging was carried out using a custom-
built acquisition system in an SEM, at 5 kV, while adopting an
acquisition time of 100 ms/pixel.

3. RESULTS AND DISCUSSION
3.1. GaN Growth on a Wide Range of Substrates. As a

part of this work, we developed a strategy for growing vertical
GaN NWs on bulk and 2D substrates (exhibiting different
optical and electrical properties as well as a varying degree of
lattice mismatch with GaN (Table S1)) simultaneously located
in the same chamber using identical conditions. Prior to
commencing the growth, the PLD parameters were optimized
(PNd2

= 150−250 mTorr; 0.95−1.05 J cm−2 beam fluence; d =
8.5−9 cm; and T = 850 °C, with a minimum of 40,000 laser
pulses with a10 Hz laser repetition rate), as shown in the SEM
images depicted in Figure 1a−h. To determine the most

optimal growth conditions, we performed micro-PL, XRD, and
SEM on the obtained samples after each growth run and
adjusted the conditions accordingly. For this purpose, we used
a commercial oxygen-doped GaN target and established the
secondary-ion mass spectrometry (SIMS) profile as a function
of depth (as Figure S1 confirms the presence of oxygen in the
GaN target).
Figure 1a−h shows the SEM images of vertically aligned self-

assembled GaN NWs grown directly and simultaneously on a
wide range of bulk (Si, sapphire, GaN, and β-Ga2O3) and 2D
(MXene, graphene, MoS2, and WSe2) substrates, respectively,
using the proposed one-step growth method (i.e., without the
need for a catalyst or a prebuffer layer). As can be seen from
Figure 1i,j, depicting cross-sectional SEM images of NWs
grown on Si and (−201) β-Ga2O3, respectively, different NW
dimensions (length in the ∼1.5 ± 0.14 to ∼3.5 ± 0.17 μm
range and ∼150 ± 5 to ∼200 ± 6 nm diameter) were
produced by varying the number of laser pulses. Figure 1k
shows that the NW length and diameter increased with the
number of pulses, revealing a significant dependence. For
example, under identical conditions (at 850 °C, 100,000
pulses, 200 mTorr, 100 mJ, and 9 cm target−substrate
distance), the length of GaN NWs varied from ∼1.3 ± 0.14 to
∼1.5 ± 0.15 μm, whereas the average diameter and density
were estimated to be ∼150 ± 5 and ∼3.9 ± 0.2 × 109 cm−2,
respectively. These results indicate that the NWs of similar
quality can be grown regardless of the substrate crystallinity
and orientation or its lattice mismatch with GaN, allowing this
strategy to be applied to both common (including GaN) and
emerging (such as Ga2O3 and monolayer 2D TMD) substrates
without changing the growth conditions.
To further study the effect of the substrate employed on the

NW quality and examine the NW crystallinity, GIXRD
measurements were carried out on NWs grown simultaneously
on different substrates. This strategy was adopted, as GIXRD
scanning allows for an accurate NW quality evaluation as it
isolates the signal produced by NWs from that yielded by other
layers. It is thus superior to standard 2θ (Figure S2a) or
rocking curve scans that incorporate signals generated from all
sample layers. GIXRD scans shown in Figure 1l show that a
single peak at 34.6° that corresponds to the (002) GaN plane
was obtained for all NW samples (note that the minor peaks
were produced by the background radiation noise). Moreover,
the calculated c-parameter (0.518 ± 0.002 nm) agrees well
with a typical strain-free GaN lattice parameter value.22 This
finding demonstrates that all NWs grown on different
substrates have a single-crystalline hexagonal wurtzite
structure, with an identical full width at half-maximum
(fwhm) of ∼0.23 ± 0.005°. This fwhm value is comparable
to that obtained for NWs using molecular beam epitaxy
(MBE) and metal organic chemical vapor deposition
(MOCVD) growth methods, indicating high crystal qual-
ity.23,24 The XRD-2θ scans of all samples shown in Figure S2a
reveal the dominance of the (002) plane peak at 34.6°. For all
samples, minor XRD peaks of low intensity at 32.6, 36.9, 57.8,
and 63.5° were observed and were assigned to the (100),
(101), (110), and (103) GaN planes, respectively, based on
the International Centre for Diffraction Data (ICDD) 50-0792.
As will be shown later, these minor peaks are produced by the
polycrystalline (poly-GaN) layer formed between the NWs and
the substrates.
For 2D monolayer substrates, micro-Raman measurements

were performed to examine the effect of growth conditions on
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the properties of monolayer 2D substrates (Figure S2b). No
significant differences were observed in the Raman spectra of
the 2D substrates obtained after NW growth, demonstrating
that their initial crystallinity was well maintained during PLD
growth. Compared to the peak position prior to growth (as
evident from Figure S3 depicting the Raman spectra of bare
2D MoS2 and WSe2 monolayers), a slight shift was observed
after NW growth and was attributed to the bond strain due to
the epitaxial NW growth.25−27 Furthermore, none of the
Raman and XRD spectra provided evidence of secondary
phases (e.g., Ga oxynitride), as shown in Figure S2.
To examine the possibility of obtaining GaN NWs on large

wafer substrates, GaN NWs were grown on a 4 in. Si substrate.
The SEM images presented in Figure S4a−c reveal that the
NWs at the 4″ Si wafer edge exhibited a slight tilt compared to
those located in the center. The height of NWs remained
roughly the same up to the 2 in. diameter, as shown in the
SEM images illustrated in Figure S4e,f. However, μ-PL spectra
collected from areas across the whole wafer (Figure S4d)
contain a strong UV GaN near band edge (NBE) peak. On the
other hand, the much weaker defect yellow luminescence (YL)

in all spectra indicates that good structural quality is
maintained across the entire wafer, suggesting that our method
is suitable for large-scale applications.

3.2. HR-STEM Characterizations at the GaN−Sub-
strate Interface. 3.2.1. In Situ Polycrystalline GaN Layer. To
gain insight into the NW growth mechanism, we carried out
extensive HR-STEM and EDX measurements for elemental
mapping of GaN NWs grown on all substrates. The STEM
image in Figure 2a shows the vertical self-assembled GaN NW
structure. (Note that vertical lines that are visible across the
entire substrate are attributed to the ion beam penetration
between NWs during the FIB lamella preparation.)
Figure 2b−i shows the cross-sectional HR-STEM images

and the corresponding EDX maps and profiles of the area near
the substrate for samples grown on Si, sapphire, 2D MXene,
and single-layer TMD (e.g., MoS2) substrates, respectively.
The HR-STEM images reveal that an in situ poly-GaN layer
was formed below GaN NWs, during growth on all bulk and
2D substrates, as shown in Figure 2b,c for Si and sapphire, as
well as Figure 2f,h for 2D MXene and monolayer MoS2
substrates. This poly-GaN layer consists of many single-

Figure 2. (a) STEM images of the GaN NWs. HR-STEM images of the poly-GaN layer on (b) Si and (c) c-sapphire substrates. The dotted red
rectangular border demarcates the in situ nanolayer at the interface between poly-GaN and substrates. (d) The corresponding EDX map and (e) its
profile. HR-STEM images and its elemental profiles of the GaN−substrate interface grown on (f, g) MXene and the corresponding EDX profile
(the inset shows the EDX map) and (h, i) MoS2 substrates and the corresponding EDX profile (the inset shows the EDX map).
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crystalline nanograins with different orientations, which is in
line with the different minor GaN peaks observed in the XRD-
2θ scans (Figure S2a). Similar results were obtained for all
other substrates, as shown in the HR-STEM images illustrated
in Figure 3a−d. The fast Fourier transform (FFT) patterns

depicted in Figure 3e further indicate that the ring diffraction
shape arises due to the different nanograin orientations in the
poly-GaN area.
The STEM images of a wider area illustrated in Figure S5

indicate that, under the PLD conditions used in this work, the
poly-GaN layer thickness remains at ∼300 nm for all samples
grown on bulk and 2D substrates. As expected, comparable
grain sizes (in the ∼8 to ∼15 nm range) are obtained in
samples grown on different substrates.28 Therefore, no obvious
correlation between the substrate type and the poly-GaN layer
thickness and grain size or NW structure is observed as all
substrates were simultaneously exposed to identical PLD
conditions. In addition, as shown in the HR-STEM images
illustrated in Figures 2 and 3, no evidence was found of TD
propagation from the substrate interface to the poly-GaN layer
due to the fact that the random misorientation between the
nanograins in the poly-GaN layer is large enough to stop TD
propagation, as Burgers vector is different for nanograins with
different orientations.29 Similarly, owing to the effect of
different nanograin orientations, no crystallographic relation-
ship between the poly-GaN layer and the substrate can be
established.30,31

The HR-STEM images taken near the substrate shown in
Figures 2b,c and 3 reveal that a homogeneous in situ nanolayer
of uniform ∼2 nm thickness was formed above the substrate
during PLD growth using the oxygen-doped GaN target as
oxygen migrates into the interface with the substrates as a
result of limited solubility.20,21,32

3.2.2. Single-Crystalline Nature of GaN NWs. As shown in
Figure 4a−h, HR-STEM analyses demonstrated the high-
quality and single-crystalline structure of vertically aligned
wurtzite GaN NWs for all samples grown on all bulk and 2D
substrates, which is in line with the GIXRD results. The single-
crystalline wurtzite structure of NWs along the c-direction was

further demonstrated by selected area electron diffraction
(SAED) and FFT patterns obtained from different NW areas,
as indicated in Figure 4i.
To explore the process underpinning the transformation

from polycrystallinity to single crystallinity in our samples, HR-
STEM measurements were performed at different locations
situated progressively further away (vertically) from the
substrate interface, as shown in Figure 4j,k. The HR-STEM
images provided in Figure 4k�corresponding to the segments
surrounded by the yellow dotted line in Figure 4j�confirm the
crystalline nature of the depicted areas. These HR-STEM
images also reveal that the polycrystalline characteristics
diminish as the poly-GaN thickness increases. Figure 4k
further shows that, at a >300 nm vertical distance from the
substrate (GaN NW bottom), the structure becomes single-
crystalline along the c-direction and is retained throughout the
entire NW structure, as confirmed by images shown in Figure
4a−h.
The EDX maps and profiles presented in Figure 4l measured

from the substrate to the top of NWs indicate that, while
oxygen concentration is the greatest in the poly-GaN/substrate
interface, it declines to <5 atom % when the distance from the
substrate exceeds 300 nm (i.e., at the end of the poly-GaN
layer at which point the single-crystalline structure is initiated)
and remains constant across the entire NW length. Figure S6
shows a similar behavior for all samples. Due to the low
solubility of oxygen in crystalline GaN,35 oxygen accumulates
in the poly-GaN layer, while a small amount remains in the
NWs, as shown by EDX profiles presented in Figure 4l.

3.3. In-Depth Investigation of the NW Growth
Mechanism. Our growth method is denoted as a “one-step
growth” as it does not require any changes to the temperature,
pressure, or layer components. Similarly, it does not involve
the use of a prebuffer layer or seeding and does not require an
increase in the N2 supply during growth, while the NWs are
grown simultaneously on different substrates that have similar
quality and properties. When PLD is employed, the nucleation
surface energy depends on the energy of the charged species
landed on the substrate,28 which can be modified to control
the material structure.20,21,36 This species energy depends on
the initial energy of the charged species in the plume emerging
from the target surface, the distance between the target and the
substrate, the growth temperature, and the nitrogen pressure.
When the kinetic energy (E) of the charged species arriving at
the substrate surface is sufficiently low, it allows NW formation
on the poly-GaN layer without catalysis or seeding.33,37 The
relatively high PN2 (≥150 mTorr) and/or relatively low E0 of
the ablated species can reduce the E value due to high species
scattering as a result of a large number of collisions with
nitrogen molecules, leading to NW nucleation.33,37 As the
effect of species kinetic energy in PLD is analogous to that of
impinging the Ga flux on the substrate in MBE, it has a similar
impact on the NW growth.38 Therefore, the effect of the
growth parameters (temperature, laser power, pressure, and
number of pulses) on NW characteristics is significant, as
shown in Figures S7−S10, respectively. The optimized
temperature (850 °C) is similar to that used in MBE.28,39

The μ-PL spectra of optimized NWs (as illustrated in Figure
S11) showed typical GaN emission,40,41 with a UV NBE
emission quality that is superior to those produced under other
PLD conditions.
As shown in Figure 4k, the grain size increases until a single-

crystalline structure is attained and NW formation is initiated,

Figure 3. STEM images of the interface between the poly-GaN layer
and different substrates for samples grown on a (a) sapphire, (b) Si,
(c) p-GaN film, and (d) MoS2 monolayer. Note that the black spots
and lines are due to the FIB effect. (e) FFT patterns of the poly-GaN
layer.
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i.e., at 300 nm above the substrate, while Figure S12 further
confirms that the grain size increases as the poly-GaN layer
thickness increases until the single-crystalline structure is
obtained in the bottom of the NWs. This finding is ascribed to
different factors, including the increase in the layer thick-
ness,42,43 the time required for deposition,44,45 and the
decrease in the dopant (in this case oxygen) concentration.46

Previously reported findings indicate that, as the temperature
gradient occurs as the polylayer thickness increases, the grain
size becomes larger.47 Previously, the transformation from
polycrystalline to the single-crystal phase was observed and has
been explained from the classic theory of the grain boundary
migration perspective, indicating that the formation energy
along the growth direction plays a role in this process.47,48

Thus, in our case, as the formation energy of GaN along the c-
axis is much lower than in other directions,49 they are aligned

along the c-direction only while progressive elimination of
different orientation grains occurs during growth, resulting in a
single-crystalline phase (a schematic illustration of this growth
mechanism is shown in Figure S14). Similar explanations for
the phase transformation have been offered in the pertinent
literature for different materials.47−49 Such a growth mecha-
nism of single-crystalline GaN NWs is similar to the growth
features observed in the columnar growth of NWs typically
seen in MBE.38,50,51

To understand the growth mechanism, we study the strain
behavior by evaluating the lattice parameters from the
substrate/poly-GaN interface to the NW top using advanced
HR-STEM analyses and the corresponding FFT and inverse
FFT (IFFT) patterns. Such analyses assist in understanding
the role of strain in single-crystalline NW formation. Figure 5a
depicts the STEM image of the NWs from which all HR-

Figure 4. STEM images of single-crystal GaN NWs grown on different substrates: (a) on Si and (b) the corresponding HR-STEM image; (c) on c-
sapphire (d) and the corresponding HR-STEM image; (e) MXene (f) and the corresponding HR-STEM image; and (g) MoS2 (h) and the
corresponding HR-STEM image. (i) The corresponding SAED and FFT patterns of the single-crystalline NWs. (j) STEM image of a full poly-GaN
layer and (k) the dotted blue box: the corresponding HR-STEM images taken at the interface (the bottom left panel) and at 100 nm (top left), 300
nm (top right), and 400 nm (bottom right) above the interface. (l) EDX elemental map extending from the substrate to the top of the NW (left
panel) and the corresponding EDX profile (right panel).
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STEM images were taken (Figure S13). The corresponding
FFT patterns shown in Figure 5b−f reveal that the lattice
parameter values change as the vertical distance from the
substrate to the NW increases. The yellow dotted line in
Figure 5a demarcates the position at which the poly-GaN layer
terminates (at a 300 nm height from the substrate).
Figure 5b shows the FFT taken at the substrate/poly-GaN

interface, and the ring diffraction shape is obtained due to a
roughly amorphous structure. The image shown in Figure 5c
illustrates the FFT patterns obtained from HR-STEM images
in Figure S13 (taken at an ∼100 nm height from the
substrate), where a c-parameter of 0.48 nm is obtained.
However, different grains with different orientations are
characterized by the a-parameter of 0.33 nm, as evident from
the FFT patterns illustrated in Figure S13a, demonstrating a
well-strained poly-GaN layer (note that, in the poly-GaN layer,
we can observe either the a- or c-direction depending on the
grain orientation). As shown in FFT patterns in Figure 5d
taken from HR-STEM in Figure S13b, at a 200 nm height from
the substrate, the layer starts to relax, as indicated by the a-
parameter of 0.324 nm. Moreover, IFFT and FFT patterns
obtained at 300 nm from the substrate shown in Figure S13c
demonstrate that when grains become larger, the a-parameter
relaxes further, taking the value of 0.323 nm. In previous
studies, grain boundaries were found to be a source of intrinsic
stress in polycrystalline materials31 as the interatomic forces at

the grain boundaries tend to close any existing gaps due to
which the neighboring nanograins are strained.30 However, as
the grain size increases, strain relaxation occurs,52 which is in
line with our findings.
At a 400 nm height from the substrate (i.e., above the poly-

GaN layer), the single-crystalline structure commences,
allowing the FFT and IFFT patterns to be resolved to the c-
direction and a-direction, as shown in Figures 5e (extracted
from the HR-STEM images shown in Figure S13d). At this
point, the strain along the c-direction starts relaxing (c = 0.504
nm), while a slight relaxation is also observed in the a-
parameter (a = 0.322 nm). The analyses of FFT and IFFT
patterns�depicted in the inset of Figure 5f−h�near the top
of the NWs (Figure 5f) confirm a fully relaxed GaN structure,
and the resulting c = 0.518 nm and a = 0.320 nm values are
comparable to those of free-strained GaN while concurring
with our XRD and GIXRD results.
HR-STEM analyses yielded similar findings for NWs grown

on different substrates, indicating that the NW nucleation
mode, which is correlated to the landed species energy E in
PLD growth, is controlled by the built-in stress. Here, the
strained layer (in situ poly-GaN) is formed first. Then, as the
material continuously relaxes owing to lattice distortion in the
growth direction, the growth mode transforms from the layer-
by-layer mode to the 3D nucleation mode, resulting in the
emergence of self-assembled NWs.33 In columnar NW growth,

Figure 5. (a) STEM image of NWs including the poly-GaN layer. The yellow dotted line indicates the end of the polycrystalline layer (at 300 nm).
The vertical dotted blue arrow indicates the strain relaxation direction from the substrate to NWs. FFT patterns are taken from HR-STEM and HR-
TEM images acquired at (b) the interface between the substrate and GaN (area demarcated by the purple square in panel (a)); (c) 50 nm (area
demarcated by the cyan square), (d) 200 nm (area demarcated by the blue square), and (e) above 300 nm (area demarcated by the orange square).
(f) HR-STEM and the corresponding FFT patterns (inset) taken from the top of NW (area demarcated by the red square), as well as the
corresponding IFFT patterns for (g) the (0002) plane and (h) the (10−10) plane where the lattice parameters are estimated.
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relaxation was found to be a necessary condition for the self-
induced formation of NW nuclei, as the initial deposition of a
2D wetting layer is followed by the nucleation of almost fully
relaxed NW nuclei.53 Similar mechanisms can also be
considered for the NW growth by PLD in this study. Thus,
the poly-GaN layer may assist in forming suitable nucleation
centers for NW formation similar to that observed in the
Stranski−Krastanov (film + nanostructure) growth mode (as
shown in the schematic diagram in Figure S14). In addition,
based on the surface energy theory,33,34 the interface oxygen-
rich in situ nanolayer might impact growth by affecting the NW
nucleation process. Such a process can eliminate the substrate
dependence.53

3.4. NW Quality Evaluation through Optical Analyses.
3.4.1. Emission Properties. To further confirm the NW
quality, we conducted μ-PL as well as TDPL and PDPL
measurements as they are powerful, commonly used tools for
evaluating the material quality. Figure 6a shows the RT μ-PL
spectra, revealing a dominant UV NBE emission centered at

∼3.55 eV for NWs grown on all substrates, along with a weak
defect YL band emission (the log-scales of PL spectra of all
samples are shown in Figure S15 to confirm the dominant
band edge emission), which is a typical GaN emission as such a
weak YL confirms its good optical quality.41,54 This result is
also in line with the STEM and GIXRD results, demonstrating
the success of our growth method. No discernible change in
the PL spectra was observed for the NW grown on different
substrates.
To investigate the PL peak broadening, the emission

originating from different parts of the samples was studied
by RT CL hyperspectral imaging, allowing the emissions from
the poly-GaN layer and NW regions to be spatially resolved.
The CL maps illustrated in the left panel of Figure 6b were
acquired from a cross-sectional SEM image of the GaN NW
sample taken from the top to the bottom of the sample. The
2D integrated CL spectrum provided in the right panel of
Figure 6b reveals two peaks centered at ∼345 nm (∼3.59 eV)
and ∼326 nm (∼3.8 eV), which are emitted from the NWs and

Figure 6. (a) μ-PL spectra pertaining to GaN NWs grown on all substrates. (b) The left panel: the cross-sectional CL map of the NW sample from
the poly-GaN layer to the NW top; and the right panel: the corresponding RT integrated CL spectral map. (c) The left panel: RT CL spectral map
of a single NW taken from the poly-GaN layer to the NW top; and the right panel: its schematic diagram. (d) Temperature-dependent PL spectra
of GaN NWs at RT and 5 K. (e) Power-dependent PL spectra at RT. (f) IQE as a function of the power density at RT. (g) Log−log integrated RT
PL intensity vs the laser excitation density.
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poly-GaN, respectively. The NW emission peak at ∼3.59 eV is
closer to the PL peak, confirming that the dominant emission
is generated from the NWs. The CL spectrum of poly-GaN at
3.8 eV shown in the inset of Figure 6b indicates that its NBE
peak is blue-shifted and much broader. Figure 6c shows the CL
map of a single NW taken by traversing from the poly-GaN
layer to the top of the NW, further confirming the dominant
NBE of NW, as well as the broader emission of the poly-GaN
compared to that of NW.
There are several causes of such PL emission broadening,

one of which can be the residual strain distribution55,56 in the
poly-GaN layer and NWs as different nanograin sizes would
result in variation in strain in the poly-GaN layer. In addition,
the presence of impurities,57 including oxygen in GaN,58

generally causes broadening of the PL band edge emission.
Notably, Okada et al.59 indicated that when oxygen (in
concentrations ranging from 7 × 1016 to 1 × 1017/cm3) was
introduced in the InGaN active layer (without Si doping), the
light output power of the LED can be improved, suggesting
that the presence of oxygen may improve the optical emission
in NWs. However, a detailed study of this phenomenon is
beyond the scope of this work. Furthermore, Figure S16 shows
the sharp absorption edge of GaN NWs with an RT band gap
at 3.56 eV,60 which is in line with the single-crystalline GaN
value, and the absorption tail is most probably due to the poly-
GaN layer.

3.4.2. Internal Quantum Efficiency Analysis and Domi-
nant Radiative Recombination. To provide additional
evidence of high NW quality, optical efficiency (mainly IQE)
was calculated through both TDPL61−63 and PDPL methods.
Figure 6d shows that the NBE emission is intense at both RT
and 5 K. Moreover, the ratio of PL intensity at 5 K to that at
RT was ∼44% for the sample grown on Si (Figure 6d), and it
ranged from ∼40% to 45% for all samples, suggesting single-
crystalline NWs of high optical quality.61−63

The high IQE of GaN NWs was also validated by calculating
its value for the sample grown on Si, using the Shockley−
Read−Hall (SRH) method based on PDPL measurements,
which is considered an accurate and reliable method for
calculating the IQE at RT.64,65 For this purpose, the PDPL
spectra shown in Figure 6e were obtained under different
injected laser powers. The IQE was calculated by applying the
ABC model to the PDPL data, using the total recombination
rate equation28,66

G An Bn Cn2 3= + + (1)

where An represents the SRH nonradiative recombination rate,
Bn2 denotes the radiative recombination rate, and Cn3 is the
carrier Auger-like nonradiative recombination rate. As can be
seen from eq 1, the three regimes can be represented via the
relationship between the injected current density (G) and
carrier concentration (I), whereby IPL α Gk, as defined by the
following relation67,68

G Q I Q I Q I( )opt 1 PL 2 PL 3 PL
3/2= + + (2)

where Q1, Q2, and Q3 indicate the fitting parameters explained
in terms of A, B, and C. For the nonradiative SRH
recombination regime, k = 2 at a low carrier injection density.
At high carrier concentration, k = 2/3 or 0.66 denotes the
Auger recombination regime, whereas k = 1 holds when the
total radiative recombination regime is applied.68

Consequently, the IQE at steady state can be expressed
as67,68

Bn
G

Q I

GIQE

2

opt

2 PL

opt
= =

(3)

where Q2 is a constant (the detailed calculation method was
explained elsewhere).28,66−69 The power-dependent IQE as a
function of the injected carrier density at RT is shown in
Figure 6f, indicating that the IQE increases rapidly with
excitation energy density. This trend is attributed to the
saturation of the nonradiative recombination centers by
generated carriers,67 whereby its maximum value (65%) is
achieved at ∼70 kW/cm3, demonstrating a significant
predominance of radiative recombination. At higher excitation
energy densities, the IQE starts to decline, reaching ∼47% at
1.2 × 103 kW/cm3, which is in line with the IQE values yielded
by TDPL. Such an IQE value is considered high for GaN UV
emission and is comparable to that obtained from high-quality
NWs grown by MBE.61−63 The droop regime that follows a
convex curve was attributed to the dominant effect of defect-
related nonradiative recombination through the SRH process,
whereas the droop that follows the concave regime was
ascribed to the carrier overflow mechanism66,70 Thus, the
concave IQE droop behavior of these NWs further confirms
the dominant radiative recombination process even after the
droop.
To gain further insight into the radiative recombination

contribution and identify the reasons behind the droop, we
plotted log (IPL) as a function of log (Gopt) (power density) at
RT and 10 K. Figure 6g shows that k ∼ 1.2 is obtained at RT
under a low excitation power density, further confirming the
significant contribution of the radiative recombination
accompanied by negligible nonradiative recombination. On
the other hand, at the higher end of the IQE range, i.e., at ≥30
kW/cm3 before the onset of the droop regime where k = 1 is
obtained�high excitation power density leads to the
saturation of nonradiative centers, showing that the radiative
recombination process fully governs the observed emission.
However, in the efficiency droop range, the slope of ∼0.89 is
obtained, suggesting that dominant radiative recombination is
accompanied by a minor Auger recombination contribution,
which is likely the main reason behind the slight IQE droop. At
low temperature (10 K), the k is in the 1−1.1 range, indicating
that radiative recombination predominates in both low and
high excitation densities, where the IQE value at 10 K is 100%
and is accompanied by a slight droop (IQE = 92%) in the high
excitation region. These results provide ample evidence in
support of the high NW quality and suggest that our method
can be potentially used in a wide range of applications.

4. CONCLUSIONS
We have established a successful growth strategy for obtaining
high-quality self-assembled GaN NWs simultaneously on any
2D TMD or bulk substrates placed in the same chamber and
thus subjected to identical conditions. As no metal catalyst,
prenucleation, or buffer layer was required, this facile and cost-
effective method can be adopted for growth on a wide range of
emerging substrates, such as Ga2O3 monolayer 2D TMD
substrates, as well as lattice-matched substrates (including
GaN) without seeding or the use of additional buffer layer.
Our extensive analyses indicate that the growth mechanism
progresses from the poly-GaN layer toward single-crystalline
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NWs, while the advanced optical analyses and carrier dynamics
measurements carried out as a part of this work confirm the
good optical properties and high optical efficiency of the
obtained NWs. As this growth strategy allowed the
simultaneous NW growth on different substrates without the
need for modifying the growth conditions, it can be generalized
for developing III-nitride devices for large-scale applications, as
it can eliminate the need for the lift-off and device transfer,
which are highly complex processes. Moreover, this single-step
growth method can be applied using other techniques, such as
sputtering or MBE, by controlling the energy with which the
species lend to the substrate.
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