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Selective area thermal etching (SATE) of gallium nitride is a simple subtractive process for creating
novel device architectures and improving the structural and optical quality of llI-nitride-based

devices. In contrast to plasma etching, it allows, for example, the creation of enclosed features with
extremely high aspect ratios without introducing ion-related etch damage. We report how SATE can
create uniform and organized GaN nanohole arrays from c-plane and (11-22) semi-polar GaN in a
conventional MOVPE reactor. The morphology, etching anisotropy and etch depth of the nanoholes
were investigated by scanning electron microscopy for a broad range of etching parameters, including
the temperature, the pressure, the NH; flow rate and the carrier gas mixture. The supply of NH; during
SATE plays a crucial role in obtaining a highly anisotropic thermal etching process with the formation
of hexagonal non-polar-faceted nanoholes. Changing other parameters affects the formation, or not,
of non-polar sidewalls, the uniformity of the nanohole diameter, and the etch rate, which reaches 6 um
per hour. Finally, the paper discusses the SATE mechanism within a MOVPE environment, which can
be applied to other mask configurations, such as dots, rings or lines, along with other crystallographic
orientations.

Nanostructures are continuously drawing the attention of the III-nitride community for their success in improv-
ing light emitting devices'™ and their use for emerging applications such as water splitting®, single photon
sources®, piezoelectric nanogenerators’ or solar light harvesting®. Among the different geometries available,
arrays of nanoholes, in the form of a porous or two-dimensional photonic crystal (2D PhC) layer, have been
widely investigated. On one side, a porous layer can provide a change in refractive index™'°, an increased surface
area resulting in both higher sensitivity'! and larger photocurrent!>!3, a more efficient light extraction due to
enhanced scattering'*'®, and improved crystal quality by reducing strain and dislocation density'®". On the
other side, a 2D PhC layer allows one to enhance the IQE thanks to the Purcell effect, increase the light extraction
efficiency and improve/control the directionality of III-nitride based light emitting diodes (LED)*-%. As such,
networks of nanoholes have been used in several applications such as distributed Bragg reflectors'’, sensors'!,
hydrogen generation'>"?, LEDs!***%, free-standing GaN films'’, and energy storage'®"’.

The fabrication of nanohole arrays is usually achieved from a III-nitride layer or an LED structure via a sub-
tractive process or what is called a top-down approach. Porous layers are generally obtained from GaN layers
by various techniques, such as electrochemical etching®!'4!¢, photo-electrochemical etching'>'?, metal assisted
chemical etching?#?, and high temperature annealing with?, or without, a catalyst'>17-1%2728_ Although the depth
of the pores can reach a few microns'®!7-1%2425 the resulting layers are generally composed of a self-organized
network of pores, with a poor control on the dimensions, the shape and the density. In addition, chemicals
involved in some of the porosification processes can have an impact on the performance of the device, which can
explain why the porosification mainly focuses on GaN layers rather than a full LED structure. In order to pre-
cisely control the diameter and density of the nanoholes, a nanotextured mask with a well-defined and uniform
configuration needs to be applied. Yet, in the case of the aforementioned porosification approaches that rely on
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chemical etching or thermal etching, the presence of a mask doesn’t guarantee that the initial pattern will be selec-
tively transferred to the underlying GaN layer?”. Indeed, the porosification mechanism of these approaches often
depends on the intrinsic characteristics of the GaN layer, such as the doping, the threading dislocation or the
pit density!®12-141617.192427 Dry etching of GaN, on the contrary, is not impacted by those characteristics and, in
addition, shows a fairly good anisotropy when covered by a hard etch mask such as SiO,, SiN, or Ni. Thus, several
techniques such as inductively coupled plasma (ICP) etching have been employed, together with etch masks, to
create nanoporous GaN films?, but mainly to achieve 2D PhC on the surface of a LED structure®*-?. In that case,
the configuration of the nanoholes can be accurately tuned and controlled by various nanopatterning techniques,
such as electron beam lithography, interference lithography or nanoimprint lithography. However, controlling the
nanohole profile and achieving high etching anisotropy with straight sidewall remains challenging?*’. Compared
to dry etching of large micrometre size structures, or even of nanorods, dry etching of high aspect ratio nanoholes
is more sensitive to the shadowing effect of neutral species, electrostatic deflection of incoming ions in the holes,
mask erosion or the difficulty in removing etch by-products**°. Although the parameters of the ICP chamber
can be optimized to reach fairly straight nanohole sidewalls for an etch depth up to hundreds of nanometers?"*,
deeper etching over a micron will be inevitably limited by the selectivity, the thickness of the mask and aspect
ratio dependent etching, which induces a dramatic reduction in etch rate for deep holes. In consequence, the
profile of high aspect ratio nanoholes will be degraded. Hence this remains an issue to be solved™.

As a solution to circumvent dry etching limitations, thermal etching of GaN appears to be the most promising
route to achieve highly organized nanoholes with a high aspect ratio and straight sidewall profile. Compared to
dry etching, thermal etching doesn’'t generate any ion-induced surface defects that can affect the optical proper-
ties. The etch depth is also not limited by the thickness of the mask, providing that the layer employed is thermally
stable to the annealing temperature, hence resulting in an infinite selectivity to GaN. Finally, under appropri-
ate annealing conditions, the etching rate can be highly anisotropic, with a preferential etching of the c-plane
compared to the sidewall. Indeed, Miao et al. reported the formation of a nanoporous GaN template in a metal
organic vapor phase epitaxy (MOVPE) chamber from a SiO, nanohole mask?’. In this work, nanoholes with a
height over a micron and with a fairly straight sidewall profile were obtained. However, the process was reported
to be strongly sensitive to threading defects, resulting in the formation of pores under the mask and, therefore,
with a poor organization of nanoholes overall and poor uniformity of the nanohole dimensions. More recently,
Damilano and co-authors reported several works on the selective area sublimation (SAS) of nanorods and nano-
holes having a straight sidewall profile, achieved in a molecular beam epitaxy (MBE) chamber either from a SiN,
self-organized mask'>?!, or a SiN, nanopatterned mask®>**. With their conditions, nanorods and nanoholes with a
high organization and fairly uniform dimensions were successfully achieved®>**. Despite the successful formation
of nanoholes, few technical details have been provided on the impact of the thermal etching environment on the
morphology of the nanohole arrays. Compared to MBE experiments performed under high vacuum, a MOVPE
reactor provides a broader range of parameters to be investigated, with the potential of achieving a higher thermal
etch rate. Moreover, MOVPE reactors are currently at the core of most III-nitride LED manufacturing processes
enabling commercial scale-up. As such, a thermal etching process on GaN layers could be easily implemented in
a commercial MOVPE growth reactor as a simple annealing step prior to the regrowth of 2D or 3D layers.

In this work, the impact of the thermal etching environment on the SATE of GaN is investigated within a
MOVPE reactor. Parameters such as the temperature, the pressure, the supply of NH; and the carrier gas mixture
are explored. The morphology of the nanoholes and their characteristics, such as the uniformity of diameter, the
shape and the height were characterized after etching using a scanning electron microscope (SEM). It is found
that, among other parameters, the supply of NH; during thermal etching plays a crucial role in obtaining hexag-
onally faceted nanoholes. Optimized annealing conditions are successfully employed on c¢-plane and (1122)
semi-polar GaN templates having various mask configurations to achieve high aspect ratio faceted nanoholes.
Finally, the etching mechanism behind the SATE of GaN nanohole arrays within a MOVPE environment is
discussed.

Results and Discussion

To create GaN nanoholes, a SiN, mask having circular nano-openings was fabricated by Displacement Talbot
Lithography (DTL)* and inductively coupled plasma etching on GaN templates. A commercial ~7 pm c-plane
GaN template and a ~1.5pum (1122) semi-polar GaN template, both grown by MOVPE respectively on (0001) and
r-plane sapphire substrates, were used for the experiments. After the DTL process, a hexagonal array of circular
openings was created in ~30 nm thick SiN,. A parametric thermal etching investigation was performed on sam-
ples with mask openings that have a relatively large diameter of ~590nm and a pitch of 1.5 um. Optimized ther-
mal etching parameters were then used for further experiments on various mask configurations created on
c-plane and (1122) semi-polar GaN templates. A detailed description of the dielectric mask fabrication process
can be found in the Methods section and our previous publication®’, while SEM images of the SiN, openings are
shown in Fig. S1. After careful cleaning of the wafer, the GaN patterned sample was placed in a MOVPE reactor
for SATE experiments.

To study the influence of several annealing parameters, namely the NH; flow rate, the proportion of carrier
gas, the temperature and the pressure, four sets of experiments in which one parameter was varied, have been
performed on c-plane GaN template. In this investigation, the annealing time was fixed to one hour. Figure 1 dis-
plays the scanning electron microscopy (SEM) plan-view (in inset) and cross-section images of the resulting GaN
nanoholes for the various thermal etching experiments, with the central one in Fig. le being in common with
the four sets of experiments. Table 1 in the Methods section gives further details about the annealing conditions
employed and the related nanohole characteristics such as the c-plane etch depth, uniformity of the nanohole
diameter or the formation or not of non-polar facets.
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Figure 1. Cross-section and related plan view (in inset) SEM images of GaN nanoholes after 1 h SATE. All
images correspond to the four annealing parameters given in (e), unless specified on the image.

la 900 100 10 3.2:0.8 550 no no
1.b 950 100 10 4:0 3000 no yes
lc 950 400 10 3.2:0.8 2300 no yes
1.d 950 100 0 3.2:0.8 3000-3500 yes no
le 950 100 10 3.2:0.8 2100 no yes
1.f 950 100 4000 3.2:0.8 700 no no
lg 950 20 10 3.2:0.8 500 yes no
Lh | 950 100 10 0:4 150 no no
Li 1000 100 10 3.2:0.8 5900 yes yes
2 975 50 10 4:0 2300 yes yes

Table 1. Thermal etching conditions and nanohole characteristics for the experiments presented in Fig. 1.

Effect of NH;. Figure 1d-f display SATE experiments as a function of the NH; supply. Without NH;, the GaN
layer is thermally etched along the vertical and lateral directions, resulting in a poor anisotropy and a rough GaN
surface on which the SiN, mask collapsed (Fig. 1d). The poor anisotropy is already clearly observed after 10 min
(Fig. S2). For 10 sccm NH;, the thermal etching conditions are highly anisotropic with the formation of vertical
non-polar faceted sidewalls (Fig. 1e). At high NH; flow rate of 4000 sccm, the etch depth drastically decreases
and inclined facets are formed rather than non-polar ones (Fig. 1f). Thus, in the annealing conditions employed,
the supply of NHj is a critical parameter that helps to control first, the anisotropy of the etching and second, the
formation of vertical non-polar or inclined semi polar facets.

Effect of carrier gas.  Figure 1b,e,h show the impact of carrier gas. Under pure N,, the c-plane GaN surface
is found to be fairly stable with almost no thermal etching occurring in the mask openings (Fig. 1h). Indeed, after
one hour, a pit can be merely observed in the middle of each opening (insets in Fig. 1h). When N, is substituted
by H,, the thermal etch rate is highly increased (Fig. le), to reach a maximum value under pure H, (Fig. 1b).
Therefore, to increase the aspect ratio of nanoholes pure H, should be employed.
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Figure 2. Arrhenius plot of the GaN decomposition rate within SiN nano-openings as a function of
temperature in log scale. The fitting by a linear function gives an activation energy of 3.07 eV.
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Figure 3. Cross-section and plan-view images of GaN nanohole arrays for (a) 1.5 um pitch after 1 h SATE
(~2.35um etch depth) and (b) 500 nm pitch after 2h SATE (~2.4 um etch depth). Inset are high magnification
SEM images.

Effect of temperature. Figure 1a,e,i illustrate the evolution of the nanoholes as a function of the tempera-
ture. At low temperature, the nanoholes possess a low etch depth and display an inclined sidewall profile (Fig. 1a),
similarly to the SATE experiments performed under high NH; flow rate. As the temperature increases, vertical
non-polar facets are formed along with a significant gain in etch depth (Fig. 1e). For the highest temperature
investigated, the vertical etch rate almost reaches 6 um per hour resulting in nanoholes having an aspect ratio
of 10 (Fig. 1i). In addition, the overall surface of the c-plane GaN openings appears to be etched away (inset in
Fig. 1i), which was not the case for lower temperature. Further, at high temperatures, a randomly distributed
change in contrast can be observed below the SiN, mask (inset in Fig. 1i) along with the formation of additional
nanoholes in between the main 1.5 um pitch periodic array (Fig. 1i). This observation suggests that high temper-
ature thermal etching becomes more dislocation sensitive!”?”*°, inducing the formation of nanopits/nanoholes
below the SiN, mask. Finally, by extracting the c-plane etch rate as a function of temperature in log scale, as shown
in Fig. 2, and fitting a linear function (dashed line), an activation energy, E,, of 3.07 eV has been extracted. This
value agrees quite well with previous reports®®”.

Effect of pressure. Figure 1c,e,g finally show the impact of pressure on SATE experiments. For a relatively
high pressure, anisotropic vertical etching occurs with the formation of vertical non-polar sidewalls (Fig. 1¢).
However, it can be observed that the diameter of the nanoholes within each GaN opening is highly non-uniform
(inset in Fig. 1c). Decreasing the pressure helps to improve the uniformity (inset in Fig. le) to achieve fairly
uniform etched GaN circular openings for the lowest pressure (inset in Fig. 1g). Yet, the drawback of using low
pressure is a serious decrease in vertical etch rate and the absence of well-defined non-polar facets.

Following the parametric study, SATE conditions have been tuned to achieve uniform openings, non-polar
faceted sidewalls and low thermal evaporation below the SiN, mask. Figure 3a,b display the results obtained for
two configurations of nano-openings in SiN, having a pitch of 1.5 um and 500 nm, respectively. The nanoholes are
fully open without any GaN remaining at the periphery of the SiN, mask (lower inset in Fig. 3a,b) and are uni-
form, both in diameter and height. Plan-view and cross-sectional images indicate the formation of well-defined
and straight hexagonal facets, with only few GaN desorption residues at the junction between the non-polar
planes (upper inset in Fig. 3a). Careful optimisation of the cooling down step or a short GaN regrowth step should
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Figure 4. (a,d) Plan view, (b,e) 45° tilt and (c,f) cross-section SEM images of (1122) semi-polar GaN nanoholes
after 30 (upper row) and 60 min (lower row) SATE. Inset are high magnification plan view SEM images. The
color code employed to identify the facets highlighted in b and c is the same as the one employed in Fig. 5b.
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Figure 5. 3D schematic of the nanohole geometry for (a) c-plane and (b) (1122) semi-polar GaN layers. The
color code employed to identify the facets highlighted in b is the same as the one employed in Fig. 4b,c.

limit the formation of such residues, as suggested by regrowth experiments (see Fig. $6). Finally, no thermal etch-
ing seems to occur under the SiN, mask. Note that the distortion of the hexagonal shape observed for the 500 nm
pitch is more likely to be due to the initial small deformation of the nanohole opening in SiN, (see Fig. S1b).
Although not rigorously investigated, the etch rate appears to depend on the feature aspect ratio, likely due to the
more difficult supply of H, and NH; and removal of the etch by-products. Note that the flat of the sapphire wafer
is found to be parallel to the faceted sidewalls. Given that the flat of the sapphire is parallel to the (1120) a-plane,
and that the GaN hexagonal lattice is rotated by 30° along the c-axis with respect to the sapphire unit cell®, the six
non-polar facets can be identified as (1100) m-planes.

In addition to c-plane GaN layers, SATE experiments have also been carried out on (1122) semi-polar GaN
layers, which are displayed in Fig. 4a—c,e,f, for a time of 30 and 60 min, respectively. Plan-view images reveal three
contrasts: the mostly unetched area in light grey, the circular thermally etched area within the SiN, opening in
black, and a trail going from the opening toward the (I1123) direction (inset in Fig. 4a) in dark grey. Tilted-view
and cross-section SEM images reveal first, the formation of well-defined facets within the nanoholes, second, that
the dark grey trail is related to thermal etching occurring below the SiN mask, and third, that the buffer layer is
reached after 60 min.

To better visualize and identify the various nanohole facets formed after thermal etching of (1122) semi-polar
GaN layers, a three-dimensional schematic of the nanohole geometry has been extrapolated and is displayed in
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Fig. 5b. Figure 5a represents the 3D hexagonal shape of the nanohole obtained from c-plane GaN template, with
six {1100} non-polar facets. While the bottom of the nanohole appears to be pointed or tapered from SEM images,
it is represented as being flat for simplicity. Figure 5b shows the real 3D shape of a nanohole created from a (1122)
semi-polar GaN template for two different depths. The nanohole geometry is not simply composed of six {1100}
inclined non-polar facets, as one could have expected, but instead are composed of one (0001) facet, six {1100}
non-polar facets having various dimensions and probably a (1122) bottom facet. The colour code of the facets
used in Fig. 5b is the same as that used in Fig. 4b,c. As for c-plane GaN thermal etching, the {1100} non-polar
facets are stable. In addition, so is the (0001) facet. Thermal etching is driven along the (1123) direction by the
expansion of the two lateral {1100} non-polar facets and by c-plane thermal etching along the (0001) direction,
and in the opposite direction by the combined expansion of the (0001) facets (in yellow) and the two bottom
{1100} non-polar facets (in blue and green) respectively towards the (1210) and (0001} direction.

Photoluminescence optical characterization performed on the c-plane and semi-polar plane GaN nanohole
samples displayed in Figs. 3 and 4a—c, respectively, reveal a change in the NBE intensity and position (see Fig. S5),
suggesting improved light absorption/extraction and strain relaxation, which is in agreement with previous
reports!#1>%7,

Different mechanisms have been proposed in the literature to explain GaN decomposition: decomposition
into gaseous Ga and nitrogen, decomposition into liquid Ga and gaseous nitrogen and sublimation of GaN as a
diatomic or polymeric product®®*.

2GaN(s) — 2Ga(g) + Ny(g).
2GaN(s) — 2Ga(l) + Ny(g) — 2Ga(g) + N,(g).
GaN(s) — GaN(g) or [GaN],(g).

The sublimation of GaN is less likely to be the main mechanism as the presence of H, in almost all the experi-
ments will assist decomposition by the reverse GaN synthesis reaction and the reformation of NH,**!,

GaN(s) + 3/2H,(g) — Ga(g) + NH,(g).

Although no clear formation of Ga droplets was observed in any of the experiments, the decomposition into
liquid Ga and gaseous nitrogen cannot be ruled out as the remnants of Ga droplets formed during thermal treat-
ment could be transformed to GaN due to reaction with NH; during the cooling down phase. Ga metal could
also accumulate at the GaN/SiN, interface, which could explain the absence of Ga droplets and the robustness
of the SiN, mask to buffered oxide etching (Fig. S3). Comparing our experiments to the literature, Koleske et al.
investigated GaN decomposition as a function of pressure under hydrogen, for a similar range of temperatures
as employed in this study*?. It was reported that for pressures less than 40 Torr (53 mbars) no Ga droplets were
observed, which is also consistent with vacuum experiments® and theoretical calculations*. The presence of lig-
uid gallium catalyses and enhances GaN decomposition locally on the surface by lowering the activation energy
for dissociation®’, which could explain the significant increase in etch depth observed between 20 mbars (15 Torr)
in Fig. 1g and 100 mbars (75 Torr) in Fig. le. Therefore, decomposition into liquid Ga and gaseous nitrogen
appears to be the driving mechanism for most of our set of SATE experiments, except for two: the one carried out
at 20 mbars (Fig. 1g) and the one under pure N, carrier gas (Fig. 1h).

We observe that various annealing parameters influence GaN decomposition and our results for the evolution
of the etch rate for a GaN layer covered with SiN, circular nano-openings is in good agreement with previous
reports performed on GaN thin films. As such, the GaN thermal etch rate increases as the temperature and pres-
sure increases®®44445 as the NH; flow decreases®®*, and, with a substitution of carrier gas from pure N, to pure
H,36:4145,

The mechanism of thermal etching occurring in the direction perpendicular to the c-plane surface has pre-
viously been suggested to be defect assisted, preferentially occurring at weak areas such as dislocation sites'”>.
In our experiments, we observe the additional formation of self-assembled GaN nanopores having various etch
depths in between the organized array of GaN nanoholes at high temperatures. The absence of such features for
other conditions where strong etching anisotropy is observed suggests that the influence of dislocations can be
mitigated by limiting the etching temperature.

Most interestingly, and similarly to the continuous selective area growth (SAG) of nanorods, the anisotropy of
c-plane GaN thermal etching is largely influenced by the NH; flow rate and the temperature. In continuous SAG,
as the NH; flow rate is reduced from hundreds to tens of sccm, the morphology of the nanostructures evolves
from nanopyramids, defined by {1101} semi-polar planes, to nanorods having six {1100} non-polar facets, hence
enabling anisotropic growth along the c-axis**~*%. In SATE of nanoholes, a similar behaviour is observed, from the
formation of pyramidal pits at high NH, flow rate (Fig. 1f), to the creation of six well-defined {1100} non-polar
facets for tens of sccm (Fig. 1e). Although the threshold in the NH; flow rate value required to form {1100}
non-polar facets and enhance anisotropic nanorod growth along the c-axis may vary depending on the growth
conditions and the configuration of the mask openings**-*%, it generally remains lower than 50 sccm, with a reduc-
tion of the diameter and improved uniformity for values as low as 5-10 sccm*~*%. In contrast, additional SATE
experiments performed at 200 sccm NH; (see Fig. S4) suggest that an NH; flow rate up to hundreds of sccm
remains sufficient to obtain highly anisotropic thermal etching. The higher flow rate also leads to a reduction of
the nanohole diameter due to the formation of inclined semi-polar planes in the upper part of the nanohole,
suggesting that NH; flow rate can also be used to tune the diameter of the nanoholes, as has been observed for
nanorods**~*, The same analogy can be made with the temperature where the thermal etching anisotropy along
the -c-axis and growth anisotropy along the c-axis are improved with temperature, however, only up to a certain
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extent since growth and thermal etching will inevitably compete at elevated temperatures for the SAG of
nanorods*®*,

The formation of facets, e.g. semi-polar or non-polar, is driven by the stability of each surface that depends
mainly on the surface energy and the stability of surface atoms. These factors can be understood by simply con-
sidering the density of dangling bonds (DBs) per unit area and the surface polarity*. Therefore, the relative sta-
bility of the facets should follow the order Ga-face> non-polar faces > semi-polar faces > N-face and more
precisely (0001) > {1100} > {1120} > {1101} > {1122} as the DBs per nm~2 are respectively:
11.4<12.1 <14 <16 < 17.8. However, in most of our SATE experiments, the (0001) surface is efficiently etched
away, suggesting, on the contrary, a poor stability of the (0001) surface. There are two potential explanations for
this unexpected observation. First, as discussed previously, the presence of liquid gallium can catalyse and
enhance GaN decomposition locally on the surface by lowering the activation energy for its dissociation®’.
Second, hydrogen can highly influence the stability of the facets as the large number of unsaturated dangling
bonds can be efficiently saturated by the adsorption of hydrogen. Several publications report that a hydrogen
environment can efficiently etch GaN via Ga-H and N-H formation at high temperature®*->2. Additionally,
Northrup et al. showed that the Ga adatom structure would not be stable if the background pressure of hydrogen
is greater than about 1072 atm at T = 1000 K. This corroborates why etching occurs in all experiments except
under pure N, carrier gas (Fig. 1h), where the (0001) surface is too stable, with supressed N desorption compared
to H, carrier gas®. Interestingly, Northrup et al. also suggested that, in the presence of hydrogen, a 3(N — H)
surface reconstruction forms a passivation layer on the (0001) surface™, which supports the formation and high
stability of the (0001) N-polar surface during the thermal etching of (1122) semi-polar GaN layers (Figs. 4 and 5b).
With the (0001) surface stability being reduced either by liquid gallium or Ga-H thermal etching, the next most
stable surfaces are the {1100} non-polar ones. This analysis agrees well with the identification of six {1100}
non-polar facets in both the nanoholes created from c-plane or (1122) semi-polar GaN layers. Changing the pres-
sure, the temperature or the NH; flow rate will however impact the stability of N-terminated surfaces such as
{1101} and {1122}. In our case, semi-polar facets are formed and are stable at low temperature (Fig. 1a), high
pressure (Fig. 1c) and high NH; flow rate (Fig. 1f), which follows the trend previously discussed for the SAG of
nanorods and for epitaxial lateral overgrowth of GaN*¢-%,

In summary, the key advantages of the SATE are: a highly anisotropic etching, an infinite selectivity of
GaN etching over SiN, and SiO, mask etching, the absence of dry etching surface damage and generation of
non-radiative recombination centers, and the potential to combine SATE with in-situ regrowth without expo-
sure to air (Fig. S6). In addition, SATE of GaN nanoholes via MOVPE appears to be more advantageous than
the selective area sublimation of GaN nanoholes by MBE (Fig. S7). The latter displays a relatively low etch rate
(~300nm/h), hence a longer process time. The nanohole sidewalls are also not faceted with a circularity strongly
impacted by defects (Fig. S7e,f). In contrast, the SATE via MOVPE shows a clear faceting of the non-polar side-
walls, with a minimal impact of defects for optimum conditions, and with an etch rate 8 to 20 times higher
depending on the conditions employed.

Conclusions

In this paper, we successfully achieve the selective area thermal etching of highly organized and faceted nanohole
structures and discuss the decomposition mechanism and their morphology evolution as a function of the
MOVPE environment. A low NH; flow rate and a relatively high temperature combined with a hydrogen environ-
ment are key to achieve highly anisotropic thermal etching along the -c-axis together with the formation of clear
{1101} non-polar facets. Selective area thermal etching is not only demonstrated on ¢-plane GaN layers for various
filling factors but also on a (1122) semi-polar GaN template. In principle, the process should be transferable to
other features than circular mask openings, such as dots, rings or lines, along with other semi-polar
orientations.

The simplicity of the thermal etching process on nano-masked GaN templates allows the process to be easily
implemented as an annealing step either in a commercial MOVPE growth reactor or alternatively, in a relatively
low-cost furnace equipped with hydrogen and ammonia. Combining selective area thermal etching with an addi-
tional regrowth step offers the chance to create novel core-shell architectures or to improve the structural and
optical quality of III-nitride-based LEDs via filtering extended defects and controlling the directionality of the
emission via photonic crystal effects.

Methods

MOVPE growth. A single (1122) GaN layer was grown on m-plane sapphire using a high temperature AIN
buffer technique by metal organic vapor phase epitaxy (MOVPE). The substrate was initially subjected to thermal
cleaning in flowing H,, and an atomically flat AIN layer with a thickness of 220 nm was then grown at 1170°C,
followed by the growth of a single layer of GaN with a thickness of 1.3 pm at 1100 °C. More details can be found
in our previous publication®.

Dielectric mask fabrication. A SiN, mask was fabricated on a 2-inch c-plane GaN and a (1122) semi-polar
GaN template. The 30 nm SiN, was first deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD). A
~270 nm bottom antireflective coating (BARC) (Wide 30 W - Brewer Science) layer and a ~360 nm high-contrast
positive resist (Dow Ultra-i 123 diluted with Dow EC11 solvent) were spin-coated at 3000 rpm. Circular openings
were defined in the resist via Displacement Talbot Lithography (PhableR 100, Eulitha) using a coherent 375 nm
light source, an energy density of 1 mW.cm™? and a gap of 150 pm. An integration time between 210 and 270 sec
and a Talbot length of 8.81 pm were employed for the 1.5 pm pitch amplitude mask with 800 nm diameter circular
openings while an integration time of 60 sec and a Talbot length of 750 nm was employed for the 500 nm pitch
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phase mask with 300 nm diameter circular openings. After a post-bake at 120 °C for 1 min 30 sec, the resist was
developed in MF-CD-26 for 90 sec. The circular openings were then transferred into the BARC and SiN, layers via
an inductively coupled plasma dry etch system (Oxford Instruments System 100 Cobra) with the following
parameters: a CHF; chemistry of 25 sccm, a temperature set to 20 °C, a pressure of 8 mTorr, 50 RF power and
300 W ICP source power. Finally, the wafer was cleaned in a piranha solution (3:1) to remove the resist and BARC,
an oxygen plasma to remove any residue, and a final dip in BOE 100:1 for 10sec. SEM images of the SiN, openings
are shown in Fig. S1.

Selective area thermal etching (SATE). SATE was carried outina 1 x 2" horizontal Aixtron MOVPE
reactor. The details of the SATE conditions are given in Table 1. Temperature ramp-up has been performed under
the same conditions for all experiments, with 3L N,, 4L of NH; and at 100 mbars in order to avoid any thermal
etching of the GaN surface. SATE conditions were then changed once the set temperature was reached. 4L of NH,
was supplied during the ramp-down.

SEMimaging. Plan-view, cross-section and tilted scanning electron microscope images were acquired using
a Hitachi S-4300 SEM.

Received: 9 November 2019; Accepted: 12 March 2020;
Published online: 27 March 2020

References
1. Zhmakin, A. I. Enhancement of light extraction from light emitting diodes. Phys Rep. 498, 189-241 (2011).
2. Li, S. & Waag, A. GaN based nanorods for solid state lighting. J. Appl. Phys. 111,071101-071123 (2012).
3. Zhao, S., Nguyen, H. P. T, Kibria, M. G. & Mi, Z. III-Nitride nanowire optoelectronics. Prog. Quantum Electron. 44, 14-68 (2015).
4. Alias, M. S. et al. Review of nanophotonics approaches using nanostructures and nanofabrication for III-nitrides ultraviolet-
photonic devices. J. Nanophotonics 12, 043508 (2018).
5. Wang, D. F. et al. Wafer-Level Photocatalytic Water Splitting on GaN Nanowire Arrays Grown by Molecular Beam Epitaxy. Nano
Lett. 11, 2353-2357 (2011).
6. Holmes, M. J., Choi, K., Kako, S., Arita, M. & Arakawa, Y. Room-Temperature Triggered Single Photon Emission from a III-Nitride
Site-Controlled Nanowire Quantum Dot. Nano Lett. 14, 982 (2014).
7. Gogneau, N. et al. From single III-nitride nanowires to piezoelectric generators: New route for powering nomad electronics.
Semicond. Sci. Technol. 31, 103002 (2016).
8. Chatterjee, U,, Park, J. H., Um, D. Y. & Lee, C. R. III-Nitride Nanowires for Solar Light Harvesting: A Review. Renewable Sustainable
Energy Rev. 79, 1002-1015 (2017).
9. Alshehri, B. et al. Optical waveguiding properties into porous gallium nitride structures investigated by prism coupling technique.
Appl. Phys. Lett. 105, 051906 (2014).
10. Zhang, C. et al. Mesoporous GaN for Photonic Engineering - Highly Reflective GaN Mirrors as an Example. ACS Photonics 2, 980
(2015).
11. Ramizy, A., Hassan, Z. & Omar, K. Porous GaN on Si(111) and its application to hydrogen gas sensor. Sens. Actuators B Chem.
155(2), 699-708 (2011).
12. Benton, J., Bai, J. & Wang, T. Utilisation of GaN and InGaN/GaN with nanoporous structures for water Splitting. Appl. Phys. Lett.
105(22), 223902 (2014).
13. Tseng, W. ]., van Dorp, D. H,, Lieten, R. R, Vereecken, P. M. & Borghs, G. Anodic Etching of n-GaN Epilayer into Porous GaN and
Its Photoelectrochemical Properties. J. Phys. Chem. C 118, 29492-29498 (2014).
14. Soh, C. B. et al. Nanopore morphology in porous GaN template and its effect on the LEDs emission. J. Phys. Appl. Phys. 46(36),
365102 (2013).
15. Damilano, B., Vezian, S. & Massies, J. Photoluminescence properties of porous GaN and (Ga,In)N/GaN single quantum well made
by selective area sublimation. Opt. Express 25, 33243 (2017).
16. Hartono, H., Soh, C. B., Chow, S. Y., Chua, S. J. & Fitzgerald, E. A. Reduction of threading dislocation density in GaN grown on
strain relaxed nanoporous GaN template. Appl. Phys. Lett. 90(17), 171917 (2007).
17. Yeh, Y. H. et al. Hydrogen etching of GaN and its application to produce free-standing GaN thick films. J. Cryst. Growth 333,16-19 (2011).
18. Yu, ], Zhang, L., Shen, J., Xiu, Z. & Liu, S. Wafer-scale porous GaN single crystal substrates and their application in energy storage.
CrystEngComm 18(27), 5149-5154 (2016).
19. Zhang, L. et al. One-step fabrication of porous GaN crystal membrane and its application in energy storage. Sci. Rep. 7, 44063 (2017).
20. Oder, T. N,, Shakya, J., Lin, J. Y. & Jiang, H. X. IlI-nitride photonic crystals. Appl. Phys. Lett. 83,1231 (2003).
21. Rong, B. et al. Fabrication of two dimensional GaN nanophotonic crystals (31). Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures Processing, Measurement, and Phenomena 25, 2632 (2007).
22. Wierer, J. J., David, A. & Megens, M. M. IlI-nitride photonic-crystal light-emitting diodes with high extraction efficiency. Nat.
Photon. 3,163-169 (2009).
23. Lai, C. E, Kuo, H. C,, Chao, C. H., Yu, P. & Yeh, W. Y. Structural effects on highly directional far-field emission patterns of GaN-based
micro-cavity light-emitting diodes with photonic crystals. J. Lightwave Technol. 28, 2881-2889 (2010).
24. Diaz, D.]., Williamson, T. L., Adesida, I. & Bohn, P. W. Morphology evolution and luminescence properties of porous GaN generated
via Pt-assisted electroless etching of hydride vapor phase epitaxy GaN on sapphire. J. Appl. Phys. 94, 7526 (2003).
25. Nie, B., Duan, B. K. & Bohn, P. W. Nanoporous GaN—Ag Composite Materials Prepared by Metal Assisted Electroless Etching for
Direct Laser Desorption-Ionization Mass Spectrometry. ACS Appl. Mater. Interfaces 5, 6208 (2013).
26. Pandey, P. et al. Nanoparticles to nanoholes: fabrication of porous GaN with precisely controlled dimension via the enhanced GaN
decomposition by Au nanoparticles. Cryst. Growth ¢ Des. 16, 3334-3344 (2016).
27. Miao, C., Honda, Y., Yamaguchi, M. & Amano, H. GaN Overgrowth on Thermally Etched Nanoporous GaN Template. Jpn. J. Appl.
Phys. 52, 08]B03 (2013).
28. Fernandez-Garrido, S. et al. Top-down fabrication of ordered arrays of GaN nanowires by selective area sublimation. Nanoscale Adv.
1, 1893-1900 (2019).
29. Wang, Y. D. et al. Fabrication and properties of nanoporous GaN films. Appl. Phys. Lett. 85, 816 (2004).
30. Le Boulbar, E. D., Lewins, C. J., Allsopp, D. W. E., Bowen, C. R. & Shields, P. A. Fabrication of high-aspect ratio GaN nanostructures
for advanced photonic devices. Microelectronic Engineering 153, 132-136 (2016).
31. Damilano, B., Vezian, S., Brault, J., Alloing, B. & Massies, J. Selective Area Sublimation: A Simple Top-down Route for GaN-Based
Nanowire Fabrication. Nano Lett. 16(3), 1863-1868 (2016).
32. Damilano, B. et al. Top-down fabrication of GaN nano-laser arrays by displacement Talbot lithography and selective area
sublimation. Appl. Phys. Express 12, 045007 (2019).

SCIENTIFIC REPORTS |

(2020) 10:5642 | https://doi.org/10.1038/s41598-020-62539-1


https://doi.org/10.1038/s41598-020-62539-1

www.nature.com/scientificreports/

33. Coulon, P.-M. et al. Displacement Talbot lithography for nanoengineering of III-nitride materials. Microsystems & Nanoengineering
5,52 (2019).

34. Solak, H. H,, Dais, C. & Clube, E. Displacement Talbot lithography: a new method for high-resolution patterning of large areas. Opt.
Express 19, 10686-10691 (2011).

35. Yeh, Y. H, Chen, K. M., Wu, Y. H,, Hsu, Y. C. & Lee, W. 1. Hydrogen etching on the surface of GaN for producing patterned
structures. J. Cryst. Growth 314, 9 (2011).

36. Koleske, D. D., Wickenden, A. E., Henry, R. L., Culbertson, J. C. & Twigg, M. E. GaN decomposition in H2 and N2 at MOVPE
temperatures and pressures. J. Cryst. Growth 223, 466 (2001).

37. Koukitu, A., Mayumi, M. & Kumagai, Y. Surface polarity dependence of decomposition and growth of GaNstudied using in situ
gravimetric monitoring. J. Cryst. Growth 246, 230-236 (2002).

38. Grandjean, N. et al. GaN epitaxial growth on sapphire (0001): the role of the substrate nitridation. J. Cryst. Growth 178, 220-228
(1997).

39. Munir, Z. A. & Searcy, A. W. Activation Energy for the Sublimation of Gallium Nitride. J. Chem. Phys. 42, 4223 (1965).

40. Lvov, B. V. Kinetics and mechanism of thermal decomposition of GaN. Thermochimica Acta 360, 85-91 (2000).

41. Rebey, A, Boufaden, T. & El Jani, B. I situ optical monitoring of the decomposition of GaN thin films. J. Cryst. Growth 203, 12-17 (1999).

42. Koleske, D. D. et al. Enhanced GaN decomposition in near atmospheric pressures. Appl. Phys. Lett. 73, 2018-2020 (1998).

43. Pisch, A. & Schmid-Fetzer, R. In situ decomposition study of GaN thin films. J. Cryst. Growth 187, 329 (1998).

44. Morimoto, Y. Few Characteristics of Epitaxial GaN-Etching and Thermal Decomposition. J. Electrochem. Soc. 121, 1383-1384 (1974).

45. Furtado, M. & Jacob, G. Influence of annealing effects in GaN VPE. J. Cryst. Growth 64, 257-267 (1983).

46. Choi, K., Arita, M. & Arakawa, Y. Selective-area growth of thin GaN nanowires by MOCVD. J. Cryst. Growth 357, 58 (2012).

47. Lin, Y., Yeh, T., Nakajima, Y. & Dapkus, P. D. Catalyst-Free GaN Nanorods Synthesized by Selective Area Growth. Adv. Funct. Mater.
24,3162-3171 (2014).

48. Coulon, P.-M. et al. Selective area growth of Ga-polar GaN nanowire arrays by continuous-flow MOVPE: A systematic study on the
effect of growth conditions on the array properties. phys. Stat. sol. (b) 252, 1096-1103 (2015).

49. Hiramatsu, K. et al. Recent progress in selective area growth and epitaxial lateral overgrowth of III-nitrides. Effects of reactor
pressure in MOVPE growth. phys. Stat. sol. (a) 176(1), 535-543 (1999).

50. Koukitu, A., Mayumi, M. & Kumagai, Y. Surface polarity dependence of decomposition and growth of GaN studied using in situ
gravimetric monitoring. J. Cryst. Growth 246, 230 (2002).

51. Yakovlev, E. V. et al. Hydrogen effects in III-nitride MOVPE. J. Cryst. Growth 310(23), 4862-4866 (2008).

52. Li, S. F. et al. Polarity and Its Influence on Growth Mechanism during MOVPE Growth of GaN Sub-micrometer Rods. Cryst. Growth
Des. 11, 1573 (2011).

53. Northrup, J. E. & Neugebauer. Strong affinity of hydrogen for the GaN(000-1) surface: Implications for molecular beam epitaxy and
metalorganic chemical vapor deposition. J. Appl. Phys. Lett. 85, 3429 (2004).

54. Kobayashi, Y. & Kobayashi, N. Influence of N, carrier gas on surface stoichiometry in GaN MOVPE studied by surface
photoabsorption. J. Cryst. Growth 188/189, 301 (1998).

55. Wang, T. Topical Review: Development of overgrown semi-polar GaN for high efficiency green/yellow emission. Semicond. Sci.
Technol. 31, 093003 (2016).

Acknowledgements

This work has been financially supported by the EPSRC, UK via Grant No. EP/M015181/1, “Manufacturing nano-
engineered III-nitrides” and EP/P006973/1, “Future Compound Semiconductor Manufacturing Hub”. This work
was partially supported by the French National Research Agency (ANR) through the project NAPOLI (ANR-
18-CE24-0022). This publication is supported by multiple data sets, which are openly available here: https://doi.
org/10.15125/BATH-00726.

Author contributions

P.-M.C. conceived the experimental work, supervised by P.A.S. P.-M.C. carried out the DTL patterning and
dielectric mask fabrication, MOVPE thermal etching experiment, and SEM characterization. PF and TW carried
out the MOVPE growth of (1122) semi-polar GaN layers. B.D carried out the PL experiments. B.D. and S.V.
performed the sublimation experiments by MBE P.-M.C. wrote the main manuscript text and all the authors
discussed the results and commented on the manuscript during the manuscript writing.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-62539-1.

Correspondence and requests for materials should be addressed to P.-M.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:5642 | https://doi.org/10.1038/s41598-020-62539-1


https://doi.org/10.1038/s41598-020-62539-1
https://doi.org/10.15125/BATH-00726
https://doi.org/10.15125/BATH-00726
https://doi.org/10.1038/s41598-020-62539-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Influence of the reactor environment on the selective area thermal etching of GaN nanohole arrays

	Results and Discussion

	Effect of NH3. 
	Effect of carrier gas. 
	Effect of temperature. 
	Effect of pressure. 

	Conclusions

	Methods

	MOVPE growth. 
	Dielectric mask fabrication. 
	Selective area thermal etching (SATE). 
	SEM imaging. 

	Acknowledgements

	Figure 1 Cross-section and related plan view (in inset) SEM images of GaN nanoholes after 1 h SATE.
	Figure 2 Arrhenius plot of the GaN decomposition rate within SiN nano-openings as a function of temperature in log scale.
	Figure 3 Cross-section and plan-view images of GaN nanohole arrays for (a) 1.
	Figure 4 (a,d) Plan view, (b,e) 45° tilt and (c,f) cross-section SEM images of semi-polar GaN nanoholes after 30 (upper row) and 60 min (lower row) SATE.
	Figure 5 3D schematic of the nanohole geometry for (a) c-plane and (b) semi-polar GaN layers.
	Table 1 Thermal etching conditions and nanohole characteristics for the experiments presented in Fig.




