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A B S T R A C T

We demonstrate GaN nanocolumn growth on fused silica glass by plasma-assisted molecular beam epitaxy. The
effect of the substrate temperature, Ga flux and N⁠2 flow rate on the structural and optical properties are studied.
At optimum growth conditions, GaN nanocolumns are vertically aligned and well separated with an average di-
ameter, height and density of 72nm, 1.2μm and 1.6×10⁠9cm⁠−2, respectively. The nanocolumns exhibit wurtzite
crystal structure with no threading dislocations, stacking faults or twinning and grow in the [0 0 0 1] direction.
At the interface adjacent to the glass, there is a few atom layers thick intermediate phase with ABC stacking
order (zinc blende). Photoluminescence measurements evidence intense and narrow excitonic emissions, along
with the absence of any defect-related zinc blende and yellow luminescence emission.

1. Introduction

Wide band-gap GaN and related ternary III-N semiconductor com-
pounds have been recognized to be among the most important semi-
conductors for electronic [1,2] and optoelectronic devices [3–5] due to
their remarkable optical, electrical and physical properties [1,5]. Never-
theless, the commercialization of GaN-based devices is hampered by the
limitation of substrate availability. Si and sapphire (Al⁠2O⁠3) have been
traditionally employed for the reason of low-cost and good thermal con-
ductivity, despite of having a relatively large lattice- and thermal expan-
sion-mismatch with GaN [6]. This results in a high stacking fault density
that affects the efficiency negatively. An alternative could be SiC which
offers smaller lattice mismatch for c-GaN epitaxy as well as a higher
thermal conductivity [6]. However, its poor wetting with GaN, rough
surface and high cost [6] inhibit SiC to be fully exploited for GaN-based
devices.

The bottom-up growth of nanocolumns (NCs) offers new opportu-
nities to obtain high quality heteroepitaxial material [7–11]. Lattice
mismatch is accommodated via the small NC footprint on the sub-
strate, which induces elastic, rather than plastic, strain relaxation at
the free surface extending into the NC volume. The generated strain
and possible misfit dislocations are confined to the NC/substrate in-
terface and not affecting the bulk of the NC. [12]. Thus, the crystal
quality of the epitaxial material is nearly independent of the crystalline

characteristics of the underlying substrate [13,14]. As a consequence of
its large aspect ratio [15–18], possible dislocation lines for NC whose
diameter exceeds its critical diameter [7] tend to find its minimum en-
ergy by shortening its length in such a way that it bends towards the NC
sidewalls instead of propagating vertically along [0 0 0 1] [18]. This ex-
plains why the strain relaxation is observed at the lower sidewall facets
of NCs [7,19], allowing the upper part of the NC to be free from struc-
tural defects [15–18,20]. This merit is exploited in GaN NC growth on
various types of substrate material, from crystalline (Si [8,21] and Al⁠2O⁠3
[8,22,23]), amorphous (SiO⁠2 [24–26], SiN [27], Al⁠xO⁠y [28] and TiN
[29]) and metal foil (Ti [30,31]). Moreover, high quality GaN NCs have
been successfully grown both on multi-layer graphene on SiO⁠2/Si(100)
substrate covered with a thin AlN buffer layer by molecular beam epi-
taxy (MBE) [32] and directly on single-layer graphene using metal-or-
ganic vapor phase epitaxy (MOVPE) [33].

Fused silica glass is an attractive substrate, not only because it is
cheap but it also has an excellent optical transparency in the visible
and ultraviolet wavelength region [34]. GaN growth on fused silica was
demonstrated by Iwata et al. already in 1997 [35], but the GaN lay-
ers were highly polycrystalline in nature [36]. Despite this, the opti-
cal properties showed a favorable indication for the fabrication of large
area and low-cost light emitting diodes (LEDs) and solar cells [35–38].
Subsequently, there have been several works investigating morpholo-
gies and photoluminescence properties of GaN grown on non-single
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crystalline or amorphous substrates by either MBE or MOVPE [39–41].
Moreover, fabrication of GaN-based optoelectronic devices [42] exploit-
ing such substrates have been realized with promising performances.
Recently, high density and vertically aligned single crystal GaN NCs on
fused silica have been demonstrated [13]. To further optimize and uti-
lize this result, it is important to have a detailed understanding on the
effect of various growth conditions, in order to optimize the crystalline
quality of the GaN NCs and achieve high internal quantum efficiency,
which are essential to enhance device efficiency.

This paper presents a growth study of self-assembled GaN NCs on
fused silica by plasma-assisted molecular beam epitaxy (PA-MBE). Sub-
strate temperature (T⁠sub), Ga flux (Φ⁠Ga) and N⁠2 flow rate (Q⁠N) are varied
in order to study their influence upon the structural and optical char-
acteristics of the GaN NCs. The grown GaN NCs are studied using scan-
ning electron microscopy (SEM) and room-temperature (RT) micro-pho-
toluminescence (μ-PL) spectroscopy. Furthermore, the optimized growth
of GaN NCs is investigated with lattice-imaging (scanning) transmission
electron microscopy (HRTEM and HRSTEM) and μ-PL spectroscopy at
77K (77K μ-PL).

2. Experiments

The GaN NCs were grown on 2” fused silica wafers from Semiwafer
(thickness of 0.5mm with a purity of 99.999%) using PA-MBE under
N-rich conditions. Standard Knudsen effusion cells were used to supply
Ga and Si atoms, while atomic nitrogen was generated from a radio-fre-
quency plasma source operating at 450W. A 300nm thick Ti film was
evaporated on the backside of the fused silica wafer to ensure a uniform
and efficient heat transfer from the heater to the substrate as well as
assist pyrometer reading. Prior to loading to the growth chamber, the
substrate was thermally cleaned at 350°C for 1h in a preparation cham-
ber. Catalyst-free, self-assembled GaN NCs were then grown directly on
fused silica, without deliberately forming any intermediate buffer layer.
The growth process was initiated by opening the Ga and N⁠2 shutters si-
multaneously, i.e. no intentional nitridation took place on the surface
of the substrate prior to NC growth. The GaN NCs were n-type doped
with Si using a cell temperature of 1050°C and a growth time of 90min,
identical for all growth series. Si doping has been reported to improve
the optical properties of GaN layers [43] based on the capability of Si to
decrease dislocation density [44]. Its solubility in GaN films is high, of
the order of 10⁠20cm⁠−3, and free carrier concentrations in the range from
10⁠17 to 2×10⁠19cm⁠−3 have been reported [45]. Table 1 lists the growth
conditions of each sample grown for this study.

The structure of the as-grown samples (i.e. without a thin metal coat-
ing to reduce charging effects from a high resistivity of the fused silica
substrate) was evaluated using a SMI3050SE SEM operating at 15kV.
The optical properties were assessed with RT and 77K μ-PL using a
HeCd laser (325nm) as excitation source. A commercial GaN bulk sub-
strate grown by hydride vapor phase epitaxy is set as a benchmark refer-
ence (HVPE-GaN) of the optical quality, like for previous studies on NC
growth on different substrates [15,32]. To verify the crystalline quality
of the optimized GaN NCs, different TEM imaging methods (selective
area diffraction (SAED), HRTEM, high-angle annular dark field scan-
ning TEM (HAADF STEM)) using a field emission JEOL-2100F and JEOL
JEM-ARM200F, both operating at 200kV, have been used. The TEM
specimen was made by a lift-out method utilizing a focused ion beam
(FIB). Prior to FIB, the NCs were coated with Au in order to avoid elec-
tron charging during the FIB specimen preparation. The TEM lamella
was not coated for the TEM analysis.

3. Results and discussion

A summary of the grown GaN NC diameter and density for samples
FS001 to FS008 is shown in Fig. 1. The alteration in NC morphology,
diameter and density for each sample corresponds to the given growth
conditions as described in Table 1.

SEM images of the GaN NCs grown at different T⁠sub are presented in
Fig. 2. At 730°C (sample FS001), the GaN growth resembles a thin film,
although it does not cover the whole surface. When T⁠sub is increased to
750°C (sample FS002), the coalescence is reduced, giving a good indi-
cation of further NC isolation. For the sample grown at 760°C (sample
FS003), the formation of NCs becomes clearly visible. Accordingly, the
NC density in sample FS003 is increased as its average diameter is de-
creased relative to sample FS002 (Fig. 1). Higher T⁠sub increases signifi-
cantly the likelihood of Ga desorption and GaN decomposition [46]. At
the same time, Ga diffusion length is enhanced, which becomes a dri-
ving factor for the Ga atoms to have a higher probability in reaching the
top of the NC c-plane [47]. The V/III ratio should thus play an impor-
tant role for the columnar morphology [46].

The dependence of the GaN columnar morphology on Φ⁠Ga, is shown
in Fig. 3. We expect that growth at a reduced Ga supply, especially at a
very high T⁠sub, leads to a limited amount of Ga availability on the sur-
face, restricting GaN formation and eventually suppressing the degree
of NC coalescence. The growth using Φ⁠Ga of 3.0×10⁠−4Pa is seen to re-
sult in coalescence between NCs (sample FS003), whereas the columnar
structure becomes more apparent when Φ⁠Ga is reduced to a lower flux.
The average diameter has decreased to 72nm while the density is low-
ered to 1.6×10⁠9cm⁠−2 (Fig. 1) at Φ⁠Ga of 2.5×10⁠−4Pa sample FS006).
However, larger and more diverse NC diameters (80–160nm, see Fig.
1) are observed when Φ⁠Ga is lowered to 2.0×10⁠−4Pa (sample FS004).
Further investigation is needed to verify this phenomenon and provide
a plausible explanation regarding the inconsistency found for a low Φ⁠Ga.

To investigate the effect of N atoms in contributing to the NCs
growth, Q⁠N is varied and the SEM results are presented in Fig. 4. In gen-
eral, a columnar structure can be obtained using Q⁠N ranging from 1.50
to 2.75sccm. The electron charging effect due to the high electrical re-
sistivity of fused silica becomes evident in SEM on the sample grown
with the lowest Q⁠N (sample FS008) when it is observed in bird view.
This is due to that this sample has a relatively low density of NCs and
that the SEM detector in this imaging angle receives information mostly
from the charging substrate surface.

It is noticeable from Fig. 4(a–f) that both the NC density and di-
ameter are reduced with a lower Q⁠N, implying that Ga desorption
is enhanced. There is also a significant variation of the NC height,
where the highest NCs are found on FS006 (1220±35nm), followed
by FS007 (870±70nm) and FS008 (540±100nm). The radial and ax-
ial growth rates are reduced with a lower Q⁠N, resulting in shorter and
thinner NCs. In addition, the distance between NCs become larger,
hence the number density is decreased (Fig. 4(c–d), (e–f) and Fig.
1). Compared to FS006, a larger variation in length and diameter
(Fig. 1) is observed for FS007 and FS008 (NCs grown at lower Q⁠N,
Fig. 4(d), (f)). This indicates that individual GaN NCs experience differ-
ent nucleation times, similar to what is reported by Wölz et al. [29] for
GaN NC growth on metallic TiN films. When Q⁠N is 2.75sccm, a finer
NC structure is obtained, confirmed by the uniformity of the NC diam-
eter, density and height (Fig. 4(a), (b)), implying that the NCs nucleate
at an early stage, almost simultaneously. A comprehensive nucleation
study is beyond the scope of this work and will be reported elsewhere.
A cross-sectional HAADF STEM image of FS006 shows that the en

Table 1
GaN nanocolumn growth conditions for the different samples used in this study.

Sample ID FS001 FS002 FS003 FS004 FS006 FS007 FS008

T⁠sub (°C) 730 750 760 760 760 760 760
Φ⁠Ga (Pa) 3.0×10⁠−4 3.0×10⁠−4 3.0×10⁠−4 2.0×10⁠−4 2.5×10⁠−4 2.5×10⁠−4 2.5×10⁠−4

Q⁠N (sccm) 2.75 2.75 2.75 2.75 2.75 2.00 1.50
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Fig. 1. Diameter (red dots) and density (black squares) of the grown GaN NCs on samples
FS001 to FS004 and FS006 to FS008. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

semble of NCs grow near perpendicular to the fused silica substrate,
where each NC has a flat top facet and smooth sidewalls (Fig. 4(g)).

An overview of the optical quality of all samples is given in Fig. 5.
Overall, the RT μ-PL measured in the range from 340 to 580nm displays
a single emission peak at 364nm in all samples, due to the wurtzite GaN
free exciton emission.

As shown in Fig. 5, the PL peak intensity of the first four samples
(FS001–FS004) are below that of the HVPE-GaN reference sample. How-
ever, the PL intensity increases gradually with higher sample ID num-
ber, which can be reasoned from that higher T⁠sub (for FS001–FS003,
see Table 1) aids in effectively decreasing the stacking fault density
[48] (coalesced NCs are minimized [20]). A higher light extraction
efficiency (LEE) is demonstrated through non-coalescence NC struc-
ture by sample FS004 upon reducing Φ⁠Ga. In addition, it has a full
width at half maximum (FWHM) of 67.4meV, which is much nar-
rower than for samples FS001 to FS003 (Fig. 5). A significant improve-
ment is found in sample FS006, where the PL peak intensity is at least
three times higher than for the HVPE-GaN reference sample, demon-
strating a similar quality as reported for self-organized GaN NCs on
graphene [32]. In addition, it has the lowest FWHM (67meV) of all
samples in this study (Fig. 5). The PL intensity

Fig. 2. Top view SEM images of GaN NC growth at different T⁠sub ((a) 730°C (FS001), (b) 750°C (FS002) and (c) 760°C (FS003)). Φ⁠Ga and Q⁠N are fixed to 3.0×10⁠−4Pa and 2.75sccm,
respectively. All scale bars are 1μm.

Fig. 3. Top view SEM images of GaN NC growth at different Φ⁠Ga ((a) 3.0×10⁠−4Pa (FS003), (b) 2.5×10⁠−4Pa (FS006) and (c) 2.0×10⁠−4Pa (FS004)). T⁠sub and Q⁠N, are fixed to 760°C and
2.75sccm, respectively. All scale bars are 1μm.

Fig. 4. SEM images (top and bird view at top and middle row, respectively) of GaN NC growth with different Q⁠N ((a, b) 2.75sccm (FS006), (c, d) 2.00sccm (FS007) and (e, f) 1.50sccm
(FS008)). T⁠sub and Φ⁠Ga are fixed to 760°C and 2.5×10⁠−4Pa, respectively. (g) A HAADF STEM overview image of FS006 (a, b). All scale bars are 1μm.
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Fig. 5. RT μ-PL maximum peak intensity (red dots) and FWHM (black squares) of grown
GaN NCs. The PL peak emission at 364nm has been normalized to the peak intensity from
the HVPE-GaN reference sample. The PL intensity and FWHM of the HVPE-GaN reference
sample are indicated by the dashed red and black lines, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of
this article.)

is further reduced when the Q⁠N is decreased to 2.00 and 1.50sccm in
sample FS007 and FS008, respectively. The grown NCs in sample FS007
and FS008 are observed to have a larger diameter and height disper-
sion, as well as lower density compared with FS006 (Figs. 1 and 4(a–f)).
We expect that these factors are the main reasons for the lower LEE in
FS007 and FS008 [15]. From structural and optical evaluations, it can
thus be deduced that sample FS006 has the highest quality among all
grown NCs on fused silica, and its quality is on par with the GaN NCs on
different substrates [15,32]. Further detailed examinations by TEM, RT
and 77K μ-PL on this sample are presented below.

The crystallinity of NC and its interface with the fused silica sub-
strate is unveiled by HRTEM, as shown in Fig. 6(a). The SAED image
(inset in Fig. 6(a)) shows that the NC has a wurtzite crystal structure and
the growth direction is [0 0 0 1]. Even though fused silica is a non-crys-
talline material, the grown NC is vertical and consistently demonstrates
a single crystalline structure with well-defined atomic planes. A darker
irregular layer is clearly seen at the interface. This suggests the forma-
tion of a thin interfacial layer with a thickness of about 0–4 atomic lay-
ers. By aberration corrected HAADF STEM (lower inset in Fig. 6(b)), the
atom columns in the interfacial layer seems less bright compared to the
rest of the NC. Assuming an equal specimen thickness, which is reason-
able for a FIB specimen, this indicates that this layer has a lower average
atomic number, which could indicate that it is Si⁠xN⁠y rather than GaN.
Due to charging effects, energy-dispersive X-ray spectroscopy could not
be performed to confirm the composition of this layer.

In addition, the fact that Si-N (4.5eV) has a higher bonding en-
ergy compared to Ga-N (2.2eV), favors SiN rather than GaN as the
origin of the interface layer [24]. The layer has a zinc blende crys-
tal structure (ABC stacking order, lower inset in Fig. 6(b)) observed
in this interface region. The crystalline

interfacial layer with an ABC stacking might therefore be Si⁠xN⁠y. Due
the small and varying layer thickness, i.e. between 0–4 atomic layers,
analyzing this layer becomes more challenging. Albeit being inconclu-
sive regarding the exact composition, the variation in stacking order is
a clear indication of another phase at the interface. To further study this
interfacial layer would require a solution for the charging problem to
allow a dedicated advanced TEM study. The stacking otherwise reveals
an ABAB order (upper inset in Fig. 6(b)), an evidence of wurtzite crys-
tal structure excluding structural defects, such as threading dislocations
and stacking faults. These results serve as a clear evidence of the high
structural quality of the GaN NC under investigation (sample FS006),
despite it is grown on an amorphous substrate. These results demon-
strate the superiority of GaN NC crystal quality over a thin film structure
[35,49].

This interfacial layer is generally observed in the grown GaN NCs
on Si, both intentionally [27,50,51] and unintentionally grown
[14,47,52–54]. However, these reported studies (except [53] which
used reflection high energy-electron diffraction and in situ grazing in-
cidence X-ray diffraction) on cross-sectional lattice imaging were done
solely by HRTEM, making stacking order interpretation of a thin (i.e. a
few atomic layers thick) interfacial layer difficult [55], and they did not
further discuss the stacking order.

RT μ-PL measurements in the range from 340 to 580nm of a
HVPE-GaN reference sample (black line) and an ensemble GaN NCs
(sample FS006, red line) are presented in Fig. 7(a). Both samples exhibit
band edge emission from the GaN wurtzite crystal phase at 364nm, with
a small additional shoulder (grey arrow) observed in the HVPE-GaN ref-
erence sample. The NC structure (red line) has an intensity of 3.3 times
higher compared to the thin film reference (black line). Zinc blende
GaN-related emission, typically occurring at 386nm [56], is not ob-
served. In addition, the HVPE-GaN reference sample clearly shows PL
corresponding to broad yellow luminescence (YL) emission (see insets
of Fig. 7(a)). This infamous broad luminescence in GaN could be caused
by the deep acceptor level introduced by the Ga vacancy [57–59] or C
substituting Ga (C⁠Ga) [57,60] or C substituting N (C⁠N) - related defects
[60–62]. This type of YL emission is absent in the GaN NCs, indicating
that a higher crystalline quality of GaN is obtained in the NC structure.

Finally, the HVPE-GaN reference sample and sample FS006 were
subject to 77K μ-PL measurements, and the results are shown in
Fig. 7(b). The NC sample demonstrates a strong band edge emission
from the GaN wurtzite crystal observed at 357nm. In addition, the emis-
sion peak at 378nm (3.28eV) comes from donor-acceptor pairs (DAP)
recombinations, while the weaker peak at 388nm (3.19eV) is 1-longi-
tudinal optical (LO) phonon replica [64–66]. The DAP recombinations
can be observed despite only Si (donor) atoms were used as dopant and
probably involve acceptor levels related to carbon impurities, specifi-
cally C⁠N [67].

Fig. 6. (a) HRTEM and SAED (inset) of a GaN NC (from sample FS006) including its interface with the fused silica substrate, showing a thin interfacial layer (dark contrast). (b) Aberration
corrected HAADF STEM image of the GaN NC (upper inset: crystal stacking order of wurtzite, lower inset: interface layer).
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Fig. 7. PL spectra of a HVPE-GaN reference sample (black line) and an ensemble of GaN
NCs (sample FS006, red line) measured at (a) RT (inset: linear scale in the range from 430
to 580nm) and (b) 77K (inset: logarithmic scale). In HVPE GaN: grey arrow indicates exci-
ton bound to structural defects [63] and blue arrow (inset: blue dashed box) marks donor
acceptor pair recombinations. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

That GaN material with columnar structure is marked by a promi-
nent intensity of DAP luminescence and their 1-LO phonon replica, as
compared to the HVPE GaN reference sample (marked by blue arrows in
Fig. 7(b), might be explained by the presence of unintentional C atoms
in the chamber, enforcing incorporation of C into the N sublattice dur-
ing growth. On the other hand, the halide vapor precursor of the HVPE
technique is known to give high purity materials without carbon cont-
amination [68]. Secondary ion mass spectroscopy (SIMS) measurement
reveals that in the case of another GaN NC sample, C atoms are present
in the n-GaN NCs part at a concentration level of ca. one order of magni-
tude lower than Si, i.e. 10⁠16Catoms/cm⁠3 and 10⁠17Siatoms/cm⁠3. Quanti-
tative SIMS analysis on sample FS006 in particular can be suggested as
further research topic. Nevertheless, although the concentration level of
unintentional C atoms is relatively high, defects which might originate
from C⁠Ga [57,60] or C⁠N [60–62] are effectively quenched, confirmed
from the lacking of YL emission in the GaN with NC structure.

Furthermore, there is a weak PL peak at 365nm in the HVPE-GaN
reference sample (grey arrow) which transforms into a PL shoulder
around 369nm in the RT μ-PL spectrum. This peak is affiliated with an
exciton bound to structural defects [63]. The absence of any zinc blende
GaN band-edge and YL emission [69] are evidence of the exceptionally
high crystal quality of the GaN NCs in sample FS006.

4. Conclusions

The morphology and optical quality of GaN NC structures grown
on fused silica glass substrates using PA-MBE have been systematically
studied as a function of substrate temperature, Ga flux and N⁠2 flow rate.
Each growth condition gives rise to distinct effects towards the colum-
nar structure. Under optimized conditions, a high density of vertically
aligned self-assembled GaN NCs are successfully grown on fused silica
without the aid from any external catalyst. TEM confirms a high-qual-
ity wurtzite crystal structure with the absence of threading dislocations,
stacking faults and twinning defects. A layer with a zinc blende struc-
ture/stacking, probably Si⁠xN⁠y, and a thickness of a few atomic layers is
formed at the interface to the glass. Both RT and 77K μ-PL measure-
ments show a sharp and intense GaN excitonic emission from an ensem-
ble of NCs with the absence of any deep level related emissions, indicat-
ing a very high crystal quality of the free-standing GaN NCs grown on
fused silica. These results could facilitate further development of an eco-
nomical route towards the fabrication of efficient III-nitride NC-based
LED devices.
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