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Abstract: The growth of GaN nanowires having a polar, wurtzite structure on nonpolar Si substrates
raises the issue of GaN nanowire polarity. Depending on the growth procedure, coexistence of
nanowires with different polarities inside one ensemble has been reported. Since polarity affects
the optical and electronic properties of nanowires, reliable methods for its control are needed. In
this work, we use Kelvin probe force microscopy to assess the polarity of GaN nanowires grown
by plasma-assisted Molecular Beam Epitaxy on Si(111) substrates. We show that uniformity of the
polarity of GaN nanowires critically depends on substrate processing prior to the growth. Nearly
18% of nanowires with reversed polarity (i.e., Ga-polar) were found on the HF-etched substrates with
hydrogen surface passivation. Alternative Si substrate treatment steps (RCA etching, Ga-triggered
deoxidation) were tested. However, the best results, i.e., purely N-polar ensemble of nanowires, were
obtained on Si wafers thermally deoxidized in the growth chamber at ~1000 ◦C. Interestingly, no
mixed polarity was found for GaN nanowires grown under similar conditions on Si(111) substrates
with a thin AlOy buffer layer. Our results show that reversal of nanowires’ polarity can be prevented
by growing them on a chemically uniform substrate surface, in our case on clean, in situ formed SiNx

or ex situ deposited AlOy buffers.
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1. Introduction

GaN nanowires (NWs) are found as promising building blocks for a future generation of electronic
and optoelectronics devices. In general, NWs are almost strain-free objects without lattice misfit
defects propagating into the crystalline structure even if grown on highly lattice-mismatched substrates.
Therefore, these nanostructures facilitate, for instance, the integration of GaN-based devices with Si
electronics. In addition, complicated heterostructures can be ideally grown in the form of NWs with a
crystallographic quality not achievable in the case of comparable planar heterostructures. However,
the growth of wurtzite GaN nanowires on nonpolar Si substrates raises the issue of GaN NW polarity,
which is known to have a critical impact on the structural properties of GaN, such as the incorporation
of dopants [1–4], surface reactivity [5] and thermal stability [6], as well as on the nucleation and
growth of GaN NWs [7,8]. Polarity also causes the onset of a spontaneous built-in electric field in
nitride heterostructures, which, together with a piezoelectric contribution due to strain-related electric
polarization, accounts for polarization-induced doping [9] and the formation of two-dimensional
electron gas in high-electron mobility transistor structures [10]. Overall, polarity significantly affects
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the performance of GaN-based devices, so it must be carefully controlled and kept uniform over a
large surface area.

While in planar films one polarization domain may overgrow the other and result in a single film
polarity [11], this is very unlikely in NWs due to their low lateral growth rate. It is well established
already that GaN NWs grow exclusively under N-rich conditions with the c-axis parallel to the growth
direction [12–18]. There is no consensus, however, about NW polarity. Although the majority of
self-assembled GaN NWs grown on Si substrates are found to be N-polar, the coexistence of NWs
with different polarities inside the NW ensemble has been observed [9,11,19–22]. The formation of
mixed-polarity NWs is not fully understood and the parameters influencing this behavior, which
include the interface chemistry and the growth procedure, are still under debate. However, it is widely
reported that the polarity of self-assembled NWs is determined at the GaN nucleation stage and can
be reversed from N- to Ga-polar by the high local surface concentration of impurities like Mg, Si, Ti
or O [20,23–30]. These findings clearly indicate that proper substrate preparation is decisive for the
achievement of homogeneous polarity. In particular, in the case of growth on Si surfaces, the processing
procedure and cleanness of Si further determine the chemical and morphological uniformity of the
silicon nitride film created during a Si nitridation step prior to GaN growth. As will be shown, these
are critical steps for the successful formation of GaN NW ensembles with uniform N polarity.

In this work, we tested the procedures commonly used to prepare Si(111) substrates prior to
plasma-assisted molecular beam epitaxial (PAMBE) growth of GaN NWs regarding their impact on
the polarity of ensembles of self-assembled GaN nanowires. From a wide range of techniques used
to determine the polarity of NWs (see [31] for a review), Kelvin probe force microscopy (KPFM)
was chosen. By contrast to the techniques based on electron microscopy which require complicated
sample preparation, are time-demanding and may lead to sample damage, KPFM allows the polarity
assessment of a statistically significant number of single NWs over micrometer large surface areas
with nanometer resolution and without the need of any special sample preparation [32]. Our studies
show that the uniformity of the polarity of GaN NWs on Si(111) strongly depends on the procedure
used for the substrate processing prior to NW growth. Interestingly, no mixed polarity was found for
GaN NWs grown under similar conditions on Si(111) substrates covered by a thin amorphous AlOy

buffer layer [33,34]. This shows the crucial role the chemistry at the GaN/Si(111) interface plays for the
determination of GaN NWs polarity.

2. Experiment

The samples used in this study were grown by PAMBE using a solid-source effusion Ga cell and
the radio frequency Addon nitrogen plasma source controlled by an optical sensor of plasma light
emission [35]. All samples were grown on n-type low-resistivity (1–30 Ωcm) silicon (111) substrates.
Five of them, later referred to as samples A–E, were grown on bare silicon and they differ only by the
procedure used for Si substrate cleaning before epitaxial growth. Details of these procedures are listed
in Table 1. Irrespective of substrate preparation, all wafers were transferred in air to the PAMBE system
and outgassed in the loading chamber at ~150 ◦C for 1 h and then at ~400 ◦C in the preparation chamber
for 2 h to remove any volatile contamination before the transfer to the growth chamber. The substrate
temperature was calibrated prior to growth on bare Si(111) substrate by observation of the 7 × 7 to 1 × 1
reflection high-energy electron diffraction (RHEED) pattern transition at 830 ◦C [36,37]. The growth
procedure started by exposing silicon substrates to an active nitrogen flux for 15 min at 750 ◦C. The aim
was to create a thin SiNx film on the surface as explained in detail in our previous report [17]. Finally,
the Ga source was opened to induce incubation of three-dimensional GaN islands which subsequently
transformed to NWs [38–41]. In addition, sample F was grown on Si(111) deoxidized by the HF dip,
similar to sample A, and then transferred in air to the atomic layer deposition (ALD) system for the
deposition of a 15 nm thick amorphous AlOy buffer layer at 85 ◦C [42]. Then, the substrate was loaded
to the PAMBE system, degassed in loading and preparation chambers as for the rest of the samples
and transferred to the growth chamber. No substrate nitridation was used for that sample and, after
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reaching the growth temperature and ignition of the N source, the Ga and N shutters were opened
simultaneously to start the growth. All samples reported in this work were grown at the temperature
of 750 ◦C and under nitrogen-rich conditions (N/Ga flux ratio of 1.8) to promote NW growth.

Table 1. Substrate preparation steps used for samples A–F. The last column shows the number of
nanowires (NWs) analyzed by KPFM and the percentage of NWs with a polarity flip from N to Ga.

Sample Description of Si Substrate Processing Procedure % of Ga-Polar NWs

A Aqueous HF dip followed by thermal desorption of
hydrogen passivation in the growth chamber at ~700 ◦C

18% Ga-polar
(125 NWs tested)

B RCA clean followed by thermal removal of silicon oxide
in the growth chamber at ~950 ◦C for 10 min

4% Ga polar
(50 NWs tested)

C Procedure as for sample B followed by 2 × Ga-induced
deoxidation steps in the growth chamber

<3% Ga-polar
(180 NWs tested)

D
Thermal oxide desorption in UHV at ~1000 ◦C for 10 min

followed by 2 × Ga-induced deoxidation steps as for
sample C

0% Ga-polar
(225 NWs tested)

E Thermal native oxide desorption in the growth chamber
at ~1000 ◦C for 10 min

0% Ga-polar
(120 NWs tested)

F Aqueous HF dip as for sample A followed by transfer in
air to the ALD system for deposition of AlOy buffer

0% Ga-polar
(>400 NWs tested)

Frequency-modulation KPFM was used to nondestructively determine the polarity of individual
NWs within the assembly. The technique is based on the local measurement of the contact potential
difference (CPD) between the NW top facet and the atomic force microscopy (AFM) tip [43,44].
Assuming similar electron affinities in N- and Ga-polar GaN, the measured CPD is used to reveal
differences in the work function between polar faces [31], which allows their identification [45].
Calibration of the tip contact potential was performed by measuring the CPD on the N- and the
Ga-polar facets of a GaN bulk sample grown by hydride vapor-phase epitaxy. For all Pt-coated tips
used, the resulting CPD was typically comprised in the interval of 0.20–0.35 V for the Ga-polar face
and 0.75–0.90 V for the N-polar face, the difference between N- and Ga-polar faces measured with the
same tip being constant (0.55 ± 0.05 V). Complementary images of KPFM, namely topography and
contact potential difference, were analyzed [32]. They allow measuring the polarity of individual NWs
over an area of tens of µm2 and provide good statistics on the polarity of the ensemble.

3. Results and Discussion

Figure 1a shows the AFM topographic view image of sample A. The NWs have a diameter of
~200 nm, but this is convoluted with the tip, which has a diameter of ~20 nm. Figure 1b shows a
CPD map of the same area. Some darker NWs, marked by blue arrows, are clearly visible on the map.
Figure 1c,d present the CPD value and NW height profiles along the green line, respectively. As seen
in Figure 1b,c, the mean CPD value for the majority of the NWs is ~1000 mV, which is compatible
with their N polarity. On the contrary, for dark NWs marked by blue arrows, the CPD values drop to
~350 mV. Those values could be attributed to a reverse polarity in Ga-polar NWs. As shown in the last
column of Table 1, nearly 18% of 125 NWs checked in total in sample A exhibited reversed polarity.
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Figure 1. (a) AFM topographic view image (1 × 1 μm2, color scale from 0 to 370 nm) and (b) the 
corresponding contact potential difference (CPD) map (color scale from 0 to 1.5 V) of sample A. Blue 
arrows in (b) mark Ga-polar NWs. The CPD value and NW height profiles along the green line, (c) 
and (d), respectively. (e) shows the 3D superposition of the topography (xyz axis) and CPD value 
(color scale). Blue marks Ga-polar and yellow N-polar NWs. 
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HF removes native silicon oxide and results in hydrogen-terminated and locally ordered surfaces. 
[51–54]. The hydrogen surface passivation provides protection against oxygen during the wafer 
transfer to the ultra-high vacuum (UHV) system, where it is removed by annealing at moderate 
temperatures. Unfortunately, it degrades with exposure to air and moisture. Therefore, the 
efficiency of surface protection critically depends on the handling of the etched sample. In particular, 
the time of surface exposure to the laboratory air before transfer to the UHV chamber must be made 
as short as possible. Moreover, the use of a glove box with dry inert atmosphere connected to the 
load lock chamber to prevent exposure of the freshly etched sample to oxygen is recommended [55]. 

Mixed polarity of GaN NWs grown by PAMBE on HF-treated Si substrates is widely observed. 
Concordel et al. reported the amount of Ga-polar NWs to be below a small percent [20], while the 
KPFM studies by Minj et al. revealed ~5% of GaN NWs with Ga instead of N polarity [32]. Although 
these values are much lower than those found in our study, direct comparison is not straight 
forward since most publications do not provide a precise description of how the freshly etched 
substrates have been handled. 

In the case of sample A, prior to the NW growth, the Si (111) substrate was etched in 5% 
aqueous HF solution for 1 min, followed by a short deionized water bath and drying with nitrogen. 
Then, it was transferred in air to the MBE system. The freshly etched substrate was exposed to the air 
for ~10 min until pumping of the load lock chamber started. After initial thermal treatment in the 
load chamber as described in Section 2 above, the hydrogen passivation was removed by substrate 
annealing in the growth chamber at a temperature of ~700 °C. This resulted in a sharp 7 × 7 RHEED 
pattern characteristic of a clean, oxide-free Si (111) surface. Despite that, presumably some oxide 

Figure 1. (a) AFM topographic view image (1 × 1 µm2, color scale from 0 to 370 nm) and (b) the
corresponding contact potential difference (CPD) map (color scale from 0 to 1.5 V) of sample A. Blue
arrows in (b) mark Ga-polar NWs. The CPD value and NW height profiles along the green line, (c) and
(d), respectively. (e) shows the 3D superposition of the topography (xyz axis) and CPD value (color
scale). Blue marks Ga-polar and yellow N-polar NWs.

Dipping of the as-received wafer in diluted (~5%) HF acid is the most commonly used procedure
for Si substrate preparation before GaN NWs growth by PAMBE [46–50]. This is due to the simplicity
of the technique. Moreover, the high-temperature substrate heater required by other methods is not
needed. There are a number of studies showing that etching of silicon in a solution of HF removes native
silicon oxide and results in hydrogen-terminated and locally ordered surfaces. [51–54]. The hydrogen
surface passivation provides protection against oxygen during the wafer transfer to the ultra-high
vacuum (UHV) system, where it is removed by annealing at moderate temperatures. Unfortunately, it
degrades with exposure to air and moisture. Therefore, the efficiency of surface protection critically
depends on the handling of the etched sample. In particular, the time of surface exposure to the
laboratory air before transfer to the UHV chamber must be made as short as possible. Moreover, the
use of a glove box with dry inert atmosphere connected to the load lock chamber to prevent exposure
of the freshly etched sample to oxygen is recommended [55].

Mixed polarity of GaN NWs grown by PAMBE on HF-treated Si substrates is widely observed.
Concordel et al. reported the amount of Ga-polar NWs to be below a small percent [20], while the
KPFM studies by Minj et al. revealed ~5% of GaN NWs with Ga instead of N polarity [32]. Although
these values are much lower than those found in our study, direct comparison is not straight forward
since most publications do not provide a precise description of how the freshly etched substrates have
been handled.

In the case of sample A, prior to the NW growth, the Si(111) substrate was etched in 5% aqueous
HF solution for 1 min, followed by a short deionized water bath and drying with nitrogen. Then,
it was transferred in air to the MBE system. The freshly etched substrate was exposed to the air
for ~10 min until pumping of the load lock chamber started. After initial thermal treatment in the
load chamber as described in Section 2 above, the hydrogen passivation was removed by substrate
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annealing in the growth chamber at a temperature of ~700 ◦C. This resulted in a sharp 7 × 7 RHEED
pattern characteristic of a clean, oxide-free Si(111) surface. Despite that, presumably some oxide islands
were left on the surface. As proposed by Borysiuk et al. [19], these islands might locally protect the
Si(001) substrate against the creation of a SiNx amorphous layer during the substrate exposure to the
nitrogen flux. Thus, after the nitridation stage, the surface was covered by a silicon nitride amorphous
layer with some spots of silicon oxide where GaN nucleated, first as zinc-blende (ZB) GaN pyramids
and then transformed into wurzite Ga-polar GaN NWs [19].

The hypothesis that on the HF-treated Si substrate the islands of residual oxide were responsible
for inducing Ga-polar growth of GaN NWs is strongly supported by results of recent X-ray diffraction
measurements [56]. Due to the high intensity of the synchrotron radiation beam used and the
application of grazing incidence geometry, the presence of tiny ZB-GaN pyramids that are the seeds
for Ga-polar NWs could be detected on the HF-treated Si(001) substrate. For that study, we used a
GaN NWs sample grown on HF-treated Si(001). We then compared the results with those obtained
for NWs grown on a similar substrate, but for which, after H passivation desorption and substrate
nitridation, the so-called gallium-induced surface cleaning [57–60] was used. The procedure consisted
of the deposition of a few monolayers of Ga at a low temperature of 500 ◦C in the absence of active
nitrogen, followed by gallium desorption at 800 ◦C. This step was repeated three times, after which the
substrate was nitridated again. It is well established that Ga-induced cleaning leads to the creation of
volatile Ga2O on the substrate that is removed from the surface during heating [61,62]. We anticipated
that if after the first nitridation step the substrate was cleaned by gallium flux, the residual silicon
oxide islands should be removed, so the second nitridation step could complete the SiNx film on
places initially covered by the oxide. As a result, the concentration of ZB-GaN pyramids should be
significantly reduced. This was indeed observed, together with a corresponding reduction in the
number of Ga-polar NWs [56].

In silicon manufacturing, the standard way of treating Si wafers before high-temperature processing
steps is the well-known RCA clean developed by the Radio Corporation of America in 1965 [63]. In
this cleaning procedure, the native oxide on silicon is dissolved and a new oxide layer forms. Such
oxide regeneration is an important factor in the removal of particles and chemical impurities from
the surface. The thin volatile oxide created on the wafer may be removed at ~800 ◦C under UHV if a
pure silicon surface is needed for epitaxial growth [13,38,64–67]. The Si substrate for sample B was
prepared by its exposure for 10 min to a mixture of water-diluted hydrogen peroxide and ammonium
hydroxide at 80 ◦C (SC-1 bath), followed by a short immersion in a 1:20 solution of aqueous HF (oxide
removal) and a final etching in a mixture of water-diluted hydrogen peroxide and hydrochloric acid at
80 ◦C for 10 min (SC-2 bath) [68]. After the deionized water rinse and drying in nitrogen flow, the
substrate was annealed in the PAMBE growth chamber at ~950 ◦C for 10 min to desorb the oxide
film. Next, standard substrate nitridation and GaN NW growth were performed. KPFM studies of the
as-prepared sample B revealed that 4% of the 50 NWs checked exhibited reversed polarity. This result
is similar to that reported by Eftychis et al., who used KOH etching to assess the polarity of GaN NWs
grown by PAMBE on RCA-cleaned Si(111) substrates [65].

Interestingly, if after desorption of the oxide film formed by the RCA clean two Ga-triggered
deoxidation steps were additionally applied (sample C), the number of Ga-polar NWs reduced only
slightly to ~3% (180 NWs analyzed in total). This indicates that oxides were only a fraction of the
impurities responsible for the reversed polarity, while the majority of them most probably originated
from a residual contamination of chemicals, water, glassware or handling tools.

Next, sample D was prepared, for which, instead of using the RCA clean, the native oxide was
thermally desorbed from an as-received wafer in the PAMBE growth chamber at ~1000 ◦C for 10 min.
Then, two Ga-induced surface deoxidation steps were applied before substrate nitridation as for
sample C. KPFM studies showed that none of the 225 NWs tested in sample D exhibited Ga polarity.
In order to elucidate whether this was due to the thermal oxide desorption itself or the Ga-triggered
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deoxidation, sample E was studied for which the substrate was prepared as for sample D but without
the Ga-induced surface cleaning steps.

Figure 2a,b show, respectively, the AFM topographic view image and the CPD map of the same
area of sample E. The profile in Figure 2c shows a uniform CPD distribution with the mean value of
~850 mV, which is compatible with the nitrogen polarity of the NWs. No dark spots corresponding to
Ga-polar NWs, as those marked with arrows in Figure 1b, are found on the CPD map of sample E
(120 NWs analyzed in total). This evidences that thermal native oxide desorption at high temperature
alone provides a clean Si surface and that additional Ga-triggered deoxidation steps, as those used
for sample D, are not necessary. However, it is worthy noticing that results of the substrate cleaning
procedure may depend on the particular conditions available in various laboratories. For instance,
Carnevalle et al. reported ~10% of Ga-polar NWs grown by PAMBE on Si(111) substrates thermally
deoxidized in the growth chamber at a temperature of ~1000 ◦C [9], i.e., under conditions similar to
those used for sample E.
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Figure 2. (a) AFM topographic view image (1 × 1 µm2, color scale from 0 to 100 nm) and (b) the
corresponding CPD map (color scale from 0 to 1.5 V) of sample E. The CPD value and NW height
profiles along the green line, (c) and (d), respectively. (e) shows the 3D superposition of the topography
(xyz axis) and CPD value (color scale).

In summary, from the silicon substrate cleaning procedures tested in this work, thermal native
oxide desorption at high temperature inside the growth chamber provides the best uniformity of
polarity in the GaN NWs ensemble. Obviously, the cleaner the surface of the silicon substrate before its
nitridation, the cleaner and more chemically uniform the silicon nitride layer on which NWs nucleate.
If any contamination is left on the Si surface, it disturbs the SiNx nucleation layer and may lead to the
formation of NWs with reversed polarity. We underline that each of the substrate cleaning techniques
presented above resulted in a sharp 7 × 7 RHEED pattern characteristic of a clean, oxide-free Si(111)
surface prior to the switching on the nitrogen source. Results of our KPFM studies show that this is
not sufficient to ensure uniform N polarity in the whole NW ensemble.

Another strategy for the formation of polarity-uniform GaN NWs arrays by PAMBE is to grow
them on a thin uniform buffer layer deposited ex situ on the silicon substrate. If such a buffer is
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chemically stable and conformally buries residual impurities on the substrate, it should prevent NW
polarity reversal from N to Ga.

Recently, there is an increasing interest in the application of amorphous AlOy films deposited
by ALD as nucleation layers for the PAMBE growth of GaN nanostructures. Such buffers effectively
induce selective area formation of GaN NWs on sapphire [33] and GaN [69,70]. As shown in previous
studies [34,41,71,72], AlOy buffer layers significantly enhance the nucleation rate of GaN with respect
to nitridated Si without a loss of structural and optical quality [34]. Additionally, AlOy buffers prevent
diffusion of silicon from the substrate [34], facilitating the growth of GaN nanostructures at high
temperatures without incorporating any impurities [73], thus potentially leading to exceptional optical
properties. However, the polarity of GaN NWs grown by PAMBE on Si(111) substrate with a thin AlOy

buffer layer deposited by ALD has never been tested. In this study, we used KPFM to fill this gap.
Figure 3a shows the AFM topographic view image of sample F. The NWs have a diameter of

~90 nm, but as before, this is convoluted with the AFM tip of ~20 nm diameter. The CPD values shown
in the map in Figure 3b and in the CPD line profile in Figure 3c are quite uniform with the mean value
of ~750 mV, which is compatible with the N polarity of the NWs. In some points of the map, the CPD
value slightly decreases to ~450 mV, but these points do not correspond to the top of the NWs and are
assigned to NWs’ sidewalls. This allows us to conclude that no mixed polarity with a certainty above
99.8% (more than 400 NWs analyzed) was observed for GaN NWs grown on Si(111) substrates covered
by a thin amorphous AlOy buffer layer.
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Figure 3. (a) AFM topographic view image (1 × 1 µm2, color scale from 0 to 140 nm) and (b) the
corresponding CPD map (color scale from 0 to 1.5 V) of sample F. The CPD value and NW height
profiles along the green line, (c) and (d), respectively. (e) shows the 3D superposition of the topography
(xyz axis) and CPD value (color scale).

Finally, it is worth mentioning that the silicon substrate for sample F was cleaned by a HF dip in the
same procedure as used for sample A, and then transferred in air to the ALD system. It took a few hours
before the deposition of the buffer layer started. Due to the instability of the H-passivated substrate
surface, it certainly got locally oxidized during the long time of unprotected storage. Nevertheless, no
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reversed NW polarity was found in sample F. This indicates that the islands of oxide that led to the
appearance of Ga-polar NWs in sample A were efficiently covered by the buffer and their presence
under the amorphous AlOy layer had no impact on GaN nucleation.

4. Summary and Conclusions

In this work, the most common procedures used to process Si substrates prior to epitaxial growth
are tested to find their impact on polarity uniformity inside the ensemble of self-assembled GaN NWs
grown by PAMBE. Since local contamination of the silicon substrate surface eventually disturbs the
uniformity of the SiNx film formed during the nitridation step preceding the GaN nucleation, this
might lead to the formation of NWs with reversed Ga polarity.

Kelvin probe force microscopy was used to determine the polarity of GaN NWs. The technique
allows the polarity assessment of a statistically significant number of single NWs on the wafer over
micrometer large surface areas with nanometer resolution and without the need of any special sample
preparation. Complementary images of KPFM, namely topography and contact potential difference,
were analyzed.

We showed that the uniformity of the polarity within the ensemble of GaN NWs on Si(111)
strongly depends on the procedure used for substrate cleaning. As high as 18% of NWs with reversed
polarity (i.e., Ga-polar) were detected by KPFM if the Si substrate was etched in diluted HF and then
annealed in the growth chamber to remove hydrogen passivation prior to the substrate nitridation.
We ascribe this behavior to the low stability of the hydrogen passivation layer. Apparently, it did
not sufficiently protect the freshly etched substrate during its transfer to the UHV system and some
islands of oxide were formed, which induced the growth of Ga-polar GaN NWs by the mechanism
reported earlier [19]. Such conclusion is strongly supported by previous studies showing that the
mixed polarity of GaN NWs on HF-treated Si can be eliminated by additional Ga-triggered deoxidation
of the substrate performed just before its nitridation inside the growth chamber [56].

Much better homogeneity of NW polarity was obtained on the Si substrate cleaned by the RCA
procedure in which the native oxide was dissolved and a new oxide layer was formed. Next, this oxide
was desorbed by annealing in the PAMBE growth chamber at ~950 ◦C for 10 min. KPFM studies of
an NW ensemble grown on such substrate revealed that around 4% of NWs had reversed polarity.
This number decreased to less than 3% if after oxide desorption, but before the nitridation step, the
substrate was additionally cleaned by Ga-triggered deoxidation. In the latter case, the polarity flip
could be due to surface contamination by residual pollution of chemicals, water, glassware or handling
tools, instead of local surface oxidation.

The best results, i.e., purely N-polar ensemble of NWs, were obtained on epi-ready Si wafers
thermally deoxidized in the growth chamber at ~1000 ◦C just prior to their nitridation. Additional
Ga-induced surface cleaning steps were not needed in that case. Our studies indicate that
high-temperature silicon oxide desorption under UHV produces the cleanest Si surface, resulting in the
formation of a uniform SiNx layer that prevents an NW polarity reversal from N to Ga. This requires,
however, that a high-temperature substrate heater is available in the PAMBE system, which is not
always the case.

It is worth mentioning that each substrate cleaning technique tested in this work resulted in a
sharp 7 × 7 RHEED pattern characteristic of a clean Si(111) surface prior to switching the nitrogen
source on. Results of our KPFM studies show that this is not sufficient to ensure uniform N polarity in
the whole NW ensemble.

Finally, no mixed polarity with a certainty above 99.8% was found for GaN NWs grown under
similar conditions on Si(111) substrates covered by a thin amorphous AlOy buffer layer. It is well
known that the ALD technique produces compact, pinhole-free layers conformally covering the surface.
Our results indicate that an ALD-deposited AlOy buffer efficiently buries oxides that might eventually
form during a few hours’ storage in air of the HF-dipped Si wafer before buffer deposition in the ALD
system. Therefore, possible contamination of the substrate surface under the amorphous AlOy layer
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had no impact on GaN polarity. In summary, our results show that reversal of GaN nanowires’ polarity
can be efficiently prevented by growing them on a chemically uniform substrate surface, in our case on
clean, in situ formed SiNx or ex situ deposited AlOy buffers.
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