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ABSTRACT

Due to the difference between the bandgap value of wurtzite and zincblende GaN variants, the realization of homo-epitaxial wurtzite/zinc-
blende GaN heterostructures has been considered for long as an attractive possibility to grow optoelectronic devices exhibiting a reduced
internal electric field. In accordance with this goal, we show that controlled phase selection can be achieved in GaN nanowire heterostruc-
tures, taking advantage of the absence of extended defects acting as extrinsic nucleation centers. Zinc blende GaN nanowire sections were
grown in the Ga-rich regime at low temperatures while wurtzite sections were grown at high temperatures in slightly N-rich conditions.
High resolution scanning electron microscopy experiments demonstrate atomically flat interfaces, opening the path to the realization of
homo-epitaxial optoelectronic devices emitting in the UV-A wavelength range.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0279475

INTRODUCTION

Due to the 200 meV bandgap difference between wurtzite
(WZ) and zinc blende (ZB) GaN polytypes, the possibility to
realize homo-epitaxial WZ/ZB heterostructures for light emitting
devices in the UV-A wavelength range has been identified for long.
In particular, it was shown that basal stacking faults (SFs) in GaN,
which consist of a deviation from regular wurtzite (WZ) ABABAB
(0001) plane stacking into zinc blende (ZB) ABCABC (111) plane
stacking, indeed, behave as ultrathin quantum wells (QWs)
opening the path to the realization of such devices.1–3 However,
wavelength emission tuning through carrier confinement is hin-
dered by the difficulty to control the growth of arbitrarily thick
pure ZB GaN layers due to the higher thermodynamical stability of
the WZ phase. In practice, when aiming at growing ZB GaN,
uncontrolled WZ/ZB crystallographic phase mixing is often
observed, associated with the presence of defects in layers triggering
nucleation of the more stable WZ variant.4,5 On the contrary, reali-
zation of practical homo-epitaxial devices requires a controlled

conversion at the monolayer (ML) scale from WZ to ZB and vice
versa, which has not been achieved to date.

Nanowires (NWs), which are nanocrystals free of extended
defects, provide a new paradigm to overcome the above difficulty.
In the case of catalyst-grown NWs, which are prone to exhibit
polytypism, the controlled formation of ZB and WZ sections is
achieved by controlling the size and the wetting angle of the cata-
lyst droplet.6 This approach does not hold in the case of GaN
NWs, which are grown catalyst-free in plasma-assisted molecular
beam epitaxy (PA-MBE). Nevertheless, it will be shown that it is
possible to kinetically control the crystallographic variant, either
ZB or WZ, and realize ZB insertions of controlled thickness and
atomically flat interfaces in WZ GaN NWs. This is achieved by
selecting an appropriate growth temperature and a Ga/N flux ratio.
Using a combination of high resolution scanning electron micros-
copy (HR-STEM), photoluminescence (PL), and cathodolumines-
cence (CL) experiments, the structural and optical properties of the
ZB/WZ GaN NW heterostructures will be discussed, emphasizing
the key role of kinetics.
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RESULTS AND DISCUSSION

The samples were grown by plasma-assisted molecular beam
epitaxy (PA-MBE). The substrates consisted of regularly spaced
GaN pillars grown by metalorganic chemical vapor deposition on a
patterned Si substrate.7 After introduction in the MBE growth
chamber and outgassing at 350 °C during 2 h, an additional NW
section was grown on top of the WZ GaN pillar substrate. In
sample A, a first GaN section was grown at TS = 825 °C during
30 min with a III/V ratio of 2, corresponding to a length of about
150 nm. It was found in this case that GaN NWs exhibited WZ
phase with [1−102] facets, assessed by RHEED, typical of N-rich
conditions. Next, temperature was continuously decreased down to
730 °C, without changing the Ga and N fluxes while pursuing
growth during 30 min, which corresponded to an estimated length
of about 200 nm. As a consequence of the decrease in Ga desorp-
tion associated with lower TS, the Ga/active N flux ratio value
evolved from N-rich to Ga-rich, eventually resulting in excess Ga
accumulation on the substrate base plane and Ga droplet forma-
tion. As the NW growth mechanism is dominated by adatom diffu-
sion from the basal plane toward the NWs and next along the
sidewalls to the top surface,8 Ga accumulation locally resulted in
very Ga-rich conditions. After growth, this Ga excess on the NW
top was removed by dipping in HCl. The effect of local accumula-
tion of Ga on the substrate on the morphology of the top GaN NW
section is illustrated in Fig. 1. In particular, it appears that NWs
grown in the droplet region are well separated from each other,
whereas NWs out from the droplet region are wider and tend to
coalesce.

To analyze the influence of Ga droplet on the NW growth, we
performed cathodoluminescence (CL) spectroscopy at T = 300 K.
The acceleration voltage has been set to 5 kV to only probe the
MBE regrown section, while the probe current was around 1 nA.
Figure 1(a) shows the CL spectra acquired on and outside the Ga
droplet. Outside the Ga droplet region, the main emission is cen-
tered at 3.42 eV, which corresponds to the luminescence of WZ
GaN near band edge (NBE) emission.9 In the Ga droplet region,
the luminescence is dominated by an emission centered around

3.18 eV, which corresponds to the luminescence of ZB NBE.10

Notably, it is worth noting that CL emission from the ZB region is
15–20 times more intense compared to the region dominated by
WZ emission. The influence of the Ga droplet on growth is con-
firmed by panchromatic images acquired at 3.20 ± 0.04 eV
[Fig. 1(b)] and at 3.40 ± 0.04 eV [Fig. 1(c)]. Indeed, the emission
associated with the ZB phase comes only from the Ga droplet
region, while WZ emission rather comes from outside the Ga
droplet. It is concluded that Ga-rich growth conditions and rela-
tively low TS are resulting in ZB GaN NW formation, consistent
with previous observations in the case of layers.11,12

In the next step, taking advantage of the above findings,
sample B was grown at 650 °C, using a nominal Ga/N flux ratio of
1.6. Growth duration was 30 min, corresponding to a length of
250 nm. Scanning electron microscopy (SEM) images in Figs. 2(a)–
2(d) put in evidence a polyhedral structure of the top GaN NW
section, which is assigned to ZB crystallographic variant. This is
further confirmed by low temperature PL measurements, using a
laser excitation at 244 nm. The spot size was 30 μm, corresponding
to about 4300 NWs. The beam makes an angle of 30° with the
normal of the sample. Experiments were performed in four differ-
ent spots separated from about 1 mm, to rule out the effect of
temperature gradient over the sample. The results are shown in
Fig. 2(e). WZ near the band edge (NBE) comes, at least, partly
from the pedestal substrate. The ZB contribution at 3.269 eV, with
a faint high energy shoulder at about 3.275 eV is dominant for the
four analyzed spots, assessing the presence of strain relaxed GaN in
the ZB phase all over the sample.13 The peak at 3.160 eV is
assigned to DAP contribution of ZB GaN, accompanied at a lower
energy by 1LO phonon replica.10,14 No stacking fault (SF) optical
signature is visible between ZB and WZ NBE emission peaks.

High resolution scanning transmission electron microscopy
(HR-STEM) observations were performed on a focused ion beam
(FIB) prepared lamella from sample B. 4K × 4K HR-STEM images
were taken along the [2−1−10] zone axis on a TITAN Themis
microscope at 200 kV. By using a low magnification of about
×200 K, it was possible to acquire a large field of view of about

FIG. 1. (a) CL spectra in ZB and WZ areas at 300 K. (b) Panchromatic CL mapping of sample A acquired at 3.2 ± 0.04 eV, corresponding to ZB GaN, (c) mapping at
3.4 ± 0.04 eV, corresponding to WZ GaN.
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500 nm while preserving atomic scale information, as shown in
Fig. 3(a). The overall length of the MBE grown section on the
MOCVD pedestal is about 200 nm, consistent with the expected
nominal length. As can be seen in the Fourier transform in
Fig. 3(b), the (0002) and (101) atomic planes of, respectively, WZ
and ZB have a periodicity of about 2 pixels, i.e., close to the
Nyquist limit, and atomic planes are, in fact, hardly seen by the
naked eye. Geometrical phase analysis (GPA) was used to extract
structural information from these “Near-Nyquist-HR-STEM”
images to identify the location of the different phases and evaluate
the strain and defects possibly present in the structure. The GPA
technique was first reported by Takeda et al.15 and Hÿtch et al.16

Later, Rouvière et al.17 pointed out the interest and simplicity of
performing a 1D-GPA analysis. In 1D-GPA analysis, as in the first
step of the classical 2D-GPA analysis, one family of crystallographic
plane g is selected by introducing a mask in the Fourier transform
of the image. From this unique “g” frequency selection, GPA con-
sists of computing the associated g-amplitude, g-phase, and
g-Moiré images. The g-Moiré image is a special display of the
g-phase information giving a visual representation of strain and
detecting the presence of possible defects such as edge dislocations
and stacking fault.18,19 A HR-STEM image of a single NW is
shown in Fig. 3(a). By choosing the crystallographic planes corre-
sponding to either the ZB or WZ phase or common to both phases

in the Fourier transform of the HR image [see Fig. 3(b)], amplitude
images in Figs. 3(c)–3(e) were obtained, putting in evidence the
sharp interface between WZ GaN pedestal and ZB upper part.
The dark lines in Figs. 3(c) and 3(e) correspond to a SF initiating
at the WZ/ZB interface, as shown in the g-Moiré image in Fig. 3(f)
using the common g = (000−2)WZ/(−11−1)ZB spot [red spot in
Fig. 2(b)].

Sample C was then grown, with the purpose of demonstrating
the reverse transition from ZB GaN toward WZ. Once the ZB
section, about 100 nm thick, has been completed using the same
growth conditions as for the ZB section of sample B, both Ga and N
cells were shuttered and the sample rapidly heated at 780 °C to
desorb Ga excess. Next, growth was resumed using a Ga/N flux ratio
equal to 0.8 and temperature set at 750 °C in order to grow a 200 nm
thick GaN upper section. The results are shown in Figs. 4(a)–4(c),
where the SEM image of a single NW exhibits the characteristic
polyhedral top as well as CL mapping at 3.40 and 3.26 eV corre-
sponding to both WZ and ZB band edges, respectively. The
HR-STEM image of one NW is shown in Fig. 4(d). GPA amplitude
images corresponding to the WZ and ZB phases are shown in
Figs. 4(e) and 4(f), respectively. Interestingly, a stacking fault (SF) is
visible in the ZB section, starting and finishing at the atomically flat
c-plane interface between both crystallographic phases. CL at both
room and low temperatures is shown in Fig. 4(g), dominated by the
near band edge contribution of the ZB and WZ sections. As previ-
ously shown in Fig. 2, the peak at 3.16 eV in the low temperature
spectrum is assigned to DAP contribution, with the associated 1LO
and 2LO phonon replica.10,14 Also, a faint peak is observed around
3.35 eV, which is tentatively assigned to the presence of WZ SFs in
the ZB section.20

The submonolayer nucleation of GaN homoepitaxially grown
on GaN was recently investigated by Peng Su et al.21 They estab-
lished that submonolayer growth occurs through the formation of
triangular nuclei. In the absence of extrinsic nucleation centers
such as dislocations or grain boundaries, the size and density of
such nuclei are governed by both atomic fluxes and temperature.
Accordingly, in the case of NWs exhibiting a diameter in the 200–
300 nm range and in the absence of extended defects acting as
extrinsic nucleation centers, it is expected that submonolayer
growth will be dominated by diffusion and nucleation kinetics.

On the one hand, Ga adatom diffusion was theoretically inves-
tigated by Zywietz et al.22 In particular, it was found that the WZ
and ZB Ga adsorption sites on (0001) GaN were energetically
similar in Ga-rich growth conditions, Ga migration from one site
to another being governed by a diffusion barrier equal to 0.4 eV
and a large Ga mobility. In addition, the presence of Ga in excess
on the surface favors N capture by Ga adatoms to the expense of
their recombination followed by N2 molecule desorption.22 It is
worth pointing out that in such conditions, Ga adatom diffusion
length may be of the order of the NW diameter, suggesting the
occurrence of a single nucleation event per monolayer.23

On the other hand, Zang et al. recently investigated the com-
petition between ZB and WZ phases in the nucleation stage.24

These authors pointed out that small ZB phase GaN nuclei are,
indeed, energetically favorable, despite the higher thermodynamical
stability of the WZ phase with respect to its ZB counterpart. In
accordance with these results, we propose that ZB phase formation

FIG. 2. (a) SEM image of an ensemble of cubic GaN nanowires. (b) and (c)
Top view and bird view zoom on a single NW: the three types of facets are con-
sistent with (d) natural facets of the cube. Growth axis is (111), parallel to the
(0001) wurtzite axis of the pedestal substrate. (e) 5 K PL spectra in four different
spots on the ensemble of ZB GaN NWs.
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at low temperature results from the saturation of all available Ga
adsorption sites on the surface in Ga-rich conditions, which favors
the formation of ZB phase nuclei to the expense of WZ ones in a
process dominated by nucleation kinetics rather than by Ga
adatom diffusion.25 As predicted by Zang et al., the coordination
properties of the initial ZB nucleus are maintained during its
expansion process till completion of a full ZB ML.24 Repetition of

this process leads to the formation of a ZB GaN NW section, with
an abrupt interface with the WZ GaN base. Conversely, when shift-
ing to high growth temperature and a Ga/N ratio of about 0.8, i.e.,
in N-rich conditions, the WZ-coordinated Ga site turns to be ener-
getically more favorable than its ZB-coordinated counterpart.22 In
such conditions, at temperatures high enough to ensure sufficient
Ga adatom diffusion, high N coverage favors the formation and

FIG. 3. (a) 4K × 4K near-Nyquist-HR-
STEM image of a single NW (b)
Fourier transform of image (a),
showing the diffraction spots corre-
sponding to ZB (yellow squares) and
WZ (white hexagons), respectively. (c)–
(e) g-amplitude images obtained by
selecting circular masks with different
g-planes. In (c), the red mask in (b)
selects both the g = (000−2) planes of
WZ and the g = (−1,1,−1) planes of
ZB. In (d), the blue mask in (b) selects
only the g = (0,1,−10) planes of WZ. In
(e), the green mask in (b) selects only
the g = (0,0,−2) planes of ZB. (f )
g-moiré images obtained by using the
red mask in (b) as in (c). In order to
have more pixels per crystallographic
plane, the starting HR-STEM image of
(f ) has a magnification 1.5 times higher
than the one in (a). The black line in (c)
corresponds to a stacking fault initiating
at the WZ/ZB interface, as put in evi-
dence in (f ) the moiré image.

FIG. 4. (a) SEM image of a single ZB/WZ GaN NW in the CL setup. (b) CL mapping (at 300 K) at 3.4 eV, corresponding to the WZ phase. (c) CL mapping (at 300 K) at
3.26 eV, corresponding to the ZB phase. (d) HR-STEM image of a single NW. (e) GPA amplitude image corresponding to WZ. (f ) GPA amplitude image corresponding to
ZB. One SF initiating at the WZ/ZB interface is visible. (g) PL spectra of an ensemble of ZB/WZ GaN NWs.
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stabilization of the thermodynamically more stable WZ phase in a
process dominated by Ga adatom diffusion.25 However, the
absence of antiphase domains in the HR-STEM data, further sug-
gests that the growth of each new layer on top of the NW obeys a
mononuclear regime; also, in this case, discarding the occurrence
of competition between different domains randomly nucleated.
Interestingly, an abrupt ZB/WZ GaN interface is observed in the
basal plane, a result specific to the NWs that we assign to the
absence of extended defects acting as parasitic nucleation centers in
layers.

At this stage, it has to be stressed that the process governing
ZB GaN NW segment formation reported here is drastically differ-
ent from ZB SF formation in WZ GaN. Indeed, in (0001) GaN
layers, SF formation is observed at low temperatures and N-rich
conditions, i.e., for the N-terminated surface. These conditions cor-
respond to a large Ga adatom diffusion barrier, which results in the
random trapping of Ga adatoms in unfavorable ZB sites and the
eventual formation of a ZB nucleus.22 By contrast, ZB GaN forma-
tion under Ga-rich conditions is triggered by nucleation kinetics,
further emphasizing the different nature of the diffusion-limited
and kinetically-limited GaN growth regimes.25

CONCLUSION

In conclusion, we have shown that the alternated growth of
the ZB and WZ GaN NW sections can be controlled by an appro-
priate choice of growth conditions, emphasizing the role of nucle-
ation kinetics. Remarkably, the ZB/WZ and WZ/ZB interfaces were
found to be atomically flat. This opens the path to the realization
of homo-epitaxial UV-A light emitting devices, free of misfit dislo-
cations. Such heterostructures are furthermore expected to exhibit a
reduced quantum confined Stark effect due to the absence of piezo-
electric polarization contribution to the total internal electric field
and should, therefore, exhibit higher emission intensity at satura-
tion and less power dependent wavelength shift than ternary alloy-
based heterostructures emitting in the same wavelength range.
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