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Top-down fabrication of large-area GaN micro- and nanopillars
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Large-area gallium nitride (GaN) micro- and nanopillar (NP) arrays were fabricated by plasma
etching of lithographically patterned GaN thin-film grown on Si substrate. Deep-ultraviolet
lithography, inductively coupled plasma (ICP) etching, and subsequent chemical treatments were
effectively utilized to fabricate GaN pillars with diameters ranging from 250nm to 10 um. The
impact of various plasma etching process parameters and chemical etchants on the morphology,
strain, and surface defects of these NPs were studied using scanning-electron microscopy,
photoluminescence (PL), and Raman spectroscopy. It was found that the shape of the NPs can be
controlled by the substrate temperature during the plasma etch and by using different gas chemistries.
Room-temperature PL. and Raman spectroscopy measurements revealed significant strain relaxation
in 250nm diameter pillars as compared to 10 um diameter pillars. PL measurement also indicated
that the surface damage from the plasma etch can be removed by etching in KOH-ethylene glycol
solution. Post-ICP selective wet chemical etch enabled us to fabricate functional structures such as
micro- and nanodisks of GaN, which potentially could be utilized in nitride-based resonators and

lasers. © 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4865908]

. INTRODUCTION

Due to significant advances in epitaxial growth technol-
ogy and fabrication techniques, gallium nitride (GaN) and
related ternary alloys are presently gaining tremendous tech-
nological significance.'™ However, there are still significant
challenges to be solved including control of strain, defect
reduction, and mitigation of unwanted polarization fields.
Nanostructures provide some intriguing possibilities for
resolving those challenges and improving device perform-
ance. Most research on nitride nanostructures has focused on
bottom-up growth methods.” Despite superior material
quality and device performance in those fabricated struc-
tures, lack of large-area control of dimensions, morphology,
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and orientation are problematic for device applications. Top-
down fabrication methods provide an alternative route for
producing of GaN micro- and nanopillar (NP) arrays from
epitaxially grown thin films. Using similar top-down fabrica-
tion methods, nanostructures have also been realized in other
material systems.'®~'> Combination of lithography and etch-
ing techniques enables scalable fabrication of such pillars
with excellent dimensional control, uniformity, and optical
quality."*'> The NP arrays can act as strain-free templates
for subsequent epitaxial growth of n- and p-type group
II-nitride structures enabling electrically active junctions
along the semi- and nonpolar planes.

In order to produce NP arrays for device applications, top-
down fabrication methods should have following attributes:
(1) precise control over dimensions, shape, and morphology,
(2) etch-damage free surfaces, (3) tailored profiles for specific
applications, and (4) large-area uniformity and scalability.
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Development of NP arrays with high aspect ratios (10 and
higher) and diameters in the range of 150 250nm require
careful design of the etch process and selection of the mask
material. It is also essential to analyze and control the surface
defects as well strain in the fabricated NP arrays. Obtaining
smooth and defect-free sidewalls is also crucial for the subse-
quent selective epitaxial overgrowth.

In this article, we report the fabrication of GaN micro- and
nanopillars with variety of shapes and sizes using different
plasma etch chemistries and process conditions. Room-
temperature photoluminescence (PL) and Raman spectros-
copy measurements revealed different levels of strain
relaxation depending on the NP shape and size. Wet chemical
etching in KOH is shown to further improve the optical and
surface quality of the fabricated pillars by removing the
plasma-damaged material from the side-walls. Additionally,
formation of GaN micro- and nanodisks using selective Si
etch is also shown, which could potentially be used for devel-
oping resonators and emitters.

Il. EXPERIMENT

Nominally undoped 0.8 1.5 um thick GaN epitaxial layers
grown by metalorganic chemical vapor deposition on a 4-in.
Si (111) substrate were used in this study. Intermediate
Al; Ga,N buffer layers with varying x and thickness of
150 nm were grown on Si (111) prior to GaN growth. After
the GaN growth, 50 nm of SizN, was deposited on the entire
wafer. The GaN wafers were patterned using deep UV lithog-
raphy and Ti/Ni (50nm/120nm) was deposited by
electron-beam evaporator to serve as a metal etch-mask. After
metal lift-off, arrays of circular Ti/Ni metallization remained
with diameters (D) ranging from 10 um to 250 nm and pitches
from 20 um to 500 nm. For inductively coupled plasma (ICP)
etching, the wafers were diced into 20 mmx 20 mm square
pieces and mounted on a Si carrier wafer coated with 50 nm
atomic layer deposited Al,O3. The samples were etched in an
Oxford PlasmalLab 100 ICP system with an Oxford remote
ICP380 source. After the ICP etching, the samples were put in
HF:HNO5:H,O (1:1:10) solution for 2 min to remove the etch
mask and clean both etch debris and redeposited materials.

T=-120°C

10 um

D=

250 nm

D=

021204-2

The samples were then observed in a field-emission scanning
electron microscope (FESEM, Hitachi S4700). An integrated
HORIBA Jobin Yvon’s LabRAM 800HR bench-top system
was used for PL (Kimmon He-Cd, 325 nm) and Raman spec-
troscopy (Laser Quantum DPSS, 532 nm) measurements with
typical laser spot sizes of ~50 um and /1 um, respectively.
For post-ICP damage removal, 10% (mass fraction) KOH
in ethylene glycol solution was used. For an isotropic
wet etching of silicon, the samples were dipped in HF:HNO;:
CH;COOH (1:25:25) solution at room-temperature for 1 min.

lll. RESULTS AND DISCUSSION
A. Effects of substrate temperature during ICP etch

Figures 1(a) 1(f) present FESEM images of etched pillars
with 10 um and 250 nm diameter starting circular patterns
etched using Cl,/No/Ar (25/5/2 sccm) gas mixture at three dif-
ferent substrate temperatures (T): —120°C, 40°C, and 350°C.
The other etch parameters such as ICP power (800 W), RF
power (300 W), pressure (5 mT), and etching time (5 min) were
kept constant. At lower etch temperature, significant tapering
of the side wall angle was seen in smaller diameter structures.
Figure 1(d) shows the cone shape pillars with base diameter of
680 nm and sloped sidewall angle of 75°. For smaller diameter
pillars [Fig. 1(d)], significant lateral etching of the metal mask
at —120°C can be seen and this is probably the cause for the
formation of sharp tips. Similar phenomenon has been reported
earlier.'® Also, it is interesting to note that the sidewall angle
increases with increasing temperature. Sloped sidewalls at
lower temperatures indicate a sputter-dominated regime with
limited volatility of etch products;'” at lower cathode tempera-
tures, the etch product (GaCl;) might be solid given its melting
point is 77.9°C at atmospheric pressure. As the temperature
increases, the rate of chemical etching increases, which enhan-
ces uniform lateral etching of the sidewalls, leading to vertical
NP sidewalls at 350 °C as shown in Fig. 1(f).

B. Optical properties of etched pillars

Optical properties of those NPs have been measured using
PL [Fig. 2(a)] and Raman spectroscopy [Fig. 2(b)] in order to
understand the strain relaxation of GaN-on-Si structures as

T =350°C

Fic. 1. FESEM images of GaN pillars etched using the indicated diameter (D) of metal mask and substrate temperatures (T) in Cly/N,/Ar (25/5/2 sccm). The

scale bars indicate 2 pm.
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Fic. 2. (Color online) Representative room temperature (a) near band edge PL and (b) Raman E,! spectra of the pillars fabricated with metal mask of
D 0.25 um at 350 °C. The peak positions of the pillars made from various mask sizes in Fig. 1 are also shown in (c¢) and (d). Open circles correspond to the

pillars fabricated with metal mask of D
(open circles) are also shown for comparison.

compared to the unetched films. Figure 2(c) represents the
near band-edge (NBE) peak positions of the PL. measured on
the structures shown in Fig. 1. For comparison, we also
included the NBE position from a free-standing, stress-free
3 mm thick GaN sample grown by halide vapor phase epitaxy
method. As grown GaN films experience significant in-plane
tensile stress due to the large mismatch in the thermal expan-
sion coefficients between GaN and Si, which results in a red-
shift of the NBE peak position in the PL as compared to the
strain-free material.'® The clear blue shift of the NBE peaks
for all the etched samples in Fig. 2(c) from the thin film value
implies that the pillars are strain-relaxed compared to the
GaN thin film. Similar compressive stress relaxation was
observed in GaN NPs fabricated on sapphire substrate.'”'®
The level of strain relaxation is greater in structures etched
from 250 nm features, as compared to 10 um features. Figure
2(d) summarizes the E peak position of Raman scattering for
different structures shown in Fig. 1. The same trend is also
evident in Raman scattering measurement, i.e., blue-shift of
the etched structures indicates strain-relaxation due to ICP
etching. In addition, the EIZ{ mode for NPs etched at 350°C in
Fig. 1(f) appears to be shifted toward higher wavenumber as
compared to others. Thus, these NPs fabricated at higher tem-
perature appear to be most strain-relaxed, which is not surpris-
ing considering their smallest overall diameter.

C. Gas chemistry dependent etching behavior

The morphologies of the NPs fabricated at room-
temperature using different gas chemistries are shown in

JVST B - Microelectronics and Nanometer Structures

10 um whereas the solid circles represent the same for D 250 nm. The data for the bulk and unetched GaN samples

Fig. 3. By measuring the height of the NPs etched at different
etch conditions, it is clear that the etch rate is much lower for
the Cly/Ho/Ar (25/5/2 sccm) chemistry than for Cl,/He/Ar
(25/5/2 scem) and Clp/N,/Ar (25/5/2 sccm). Similar suppres-
sion of the GaN etch rate with addition of H, has been
observed for Cl/Ar plasma and was attributed to the con-
sumption of reactive Cl radical by H, forming HCL'
Figure 3(c) shows the room temperature NBE PL spectra from
these NPs. There is no significant shift in the peak position.
However, NPs fabricated using the Cl,/Ho/Ar (25/5/2 sccm)
chemistry exhibit the most intense PL peak. Although the sur-
face areas and volumes are different for all three different
etch structures, simple calculations indicate that these differ-
ences are not sufficient to account for the observed differences
in the PL intensities of the three samples. The difference in
PL intensities for the three different etch chemistries was con-
sistent across all three samples. As decrease in the PL inten-
sity can be associated with increase in surface nonradiative
recombination of photocarriers, the highest NBE PL intensity
observed for the H, chemistry could be attributed to the lower
surface defect density produced by the etch. However, the pil-
lar geometry can also affect the light-coupling efficiency,
which can account for the observed PL intensity enhance-
ment. Comparing atomic mass of hydrogen (1.007 amu), he-
lium (4.002 amu), and nitrogen (14.006 amu), it appears that
the smaller mass of hydrogen atom might lead to lower dam-
age of the etched surface, when other gases and processing pa-
rameters are same in the etch process. Temperature-dependent
etching behavior for different gas chemistries are currently
under investigation.
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FiG. 3. (Color online) FESEM images of GaN NPs etched at different plasma chemistry: (a) Clp/He/Ar (25/5/2 scem) and (b) Cly/Ho/Ar (25/5/2 scem) at
40°C. The starting mask pattern was 250 nm diameter circles. For comparison, see Fig. 1(f) for Cl,/N,/Ar (25/5/2 sccm) etch. The scale bars indicate 2 um.

The room temperature PL spectra are shown in (c).
D. Wet chemical etch of GaN pillars

Figures 4(a) and 4(b) show the morphology of the side-
wall surface of GaN pillars after ICP etching and after subse-
quent wet chemical etching using 10 wt. % KOH in ethylene
glycol for 10 min at 40 °C. The KOH wet etching produced
microfacets on the side walls but not on the top surface. The
polarity-selective nature of KOH etching process is well-
known, where N-polar planes are etched while Ga-polar
planes remain unaffected due to the different states of the
surface bonding.?® Stocker et al. reported the evolution of
{1010} plane by etching cleaved GaN in 10 wt. % KOH dis-
solved in ethylene glycol at 165 °C.?! The reported etch-rate
for the m-plane in (10 50)% KOH in ethylene glycol at
90°C was 1.5 nm/min, whereas etch rate for c-plane was in-
significant.”! Thus, it is most-likely that the microfacets
observed on the side walls here are the {1010} planes. To
study the effectiveness of KOH based etchant for plasma
etch-damage removal, the temperature was kept relatively
low (i.e., 40°C) to ensure very slow etch rate. Under these
conditions, the KOH wet etching produced surface texturing
on the side walls of the GaN NPs [Fig. 4(b)]. Significant
enhancement in the room temperature PL intensity was

Intensity (a.u.)

observed after the KOH etching as compared to the ICP
etched NPs [Fig. 4(c)]. This PL intensity enhancement could
result from the removal of the surface plasma-induced
defects (acting as nonradiative recombination centers) or
from enhanced light extraction due to the texturing of the
side-walls, or both.

Smaller diameter (500nm and 250nm) NPs were also
etched at higher temperature (80 °C) with KOH in ethylene
glycol for different duration (Fig. 5). For this study, we used
1.5 um thick GaN epilayer, etched down with ~0.5 um of
GaN remaining on the surface. This permitted longer etching
duration in the KOH solution that would not have been pos-
sible if Si was exposed at the base of these pillars.
Preferential etching of Si would have resulted in removal of
the pillars from the surface. Microfacets are evident after
20min of etching. Reduction of the tapering with uniform
diameters along the height of the NPs is observed after
120 min of etching. Reduction of the tapering can be
explained by the removal of faster-etching planes, leaving
slower-etching {1010} m-planes along the height of the pil-
lar. In recent years, there has been a significant push for the
development of active devices along the nonpolar planes of
GaN. The absence of detrimental polarization induced

Before KOH

—— After KOH

Photon Energy (eV)

FiG. 4. (Color online) FESEM images of GaN NPs etched after (a) ICP etching at T 40 °C, and (b) followed by wet etch in a solution of (10%) KOH in ethyl
ene glycol. Inset image shows the magnified image of the side wall with surface texturing. The scale bars indicate 1 um. (c) Room temperature PL spectra

show the enhancement of the intensity after KOH treatment.
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Fic. 5. FESEM images of KOH treated GaN NPs showing the evolution of different morphology as a function of different etching time (t). The wet chemical
etch is carried out at 80 °C using 10% KOH in ethylene glycol. NPs are fabricated using metal masks with 500 nm and 250 nm diameters. The scale bars indi

cate 500 nm.

charges and associated electric field in the nonpolar devices
is the key in realizing high-performance light-emitting devi-
ces. Thus, the NPs with vertical sidewalls can be used as
templates for engineering device heterostructures with active
nonpolar interfaces.

E. Micro- and nanodisk structures

There have been a number of reports regarding the fabri-
cation of nitride based microdisks using various selective
chemical etching methods. > However, those reported
structures are very large with diameters ranging from 5 um
to 200 um with rough side walls. By using selective wet
chemical etch, we realized free-standing arrays of GaN
micro- and nanodisks on Si (Fig. 6). The wet chemical etch-
ing was done using a solution of HF, HNO;, and CH;COOH
(HNA) at room temperature to selectively etch the Si at the
base of the GaN pillars producing an undercut. GaN micro-
disk structures show top diameter of 2 um with Si base pillar

with 1 um diameter [Fig. 6(a)]. The GaN nanodisks have top
diameter of 500 nm with fine Si nanopillar with 50 nm diam-
eter [Fig. 6(b)]. The etching rate of Si is very sensitive to the
etchant solution temperature and etching time. At 25 °C, the
etching rate of Si is found to be (400 500) nm/min while the
etching rate of GaN is negligible. The GaN micro- and nano-
disks with small diameter, smooth sidewalls, and good uni-
formity over a large area can thus be fabricated on the same
substrate. Raman spectroscopy data of these nanodisks are
compared with that of as-grown film in Fig. 6(c). The E,"
peak positions for GaN thin film and nanodisk structures are
found to be at 564.2 and 566.3 cm ', respectively. This indi-
cates that the nanodisk structures are more strain-relaxed as
compared to the as-grown GaN-on-Si film. Furthermore, a
large increase in the Raman scattering intensity is observed
from the nanodisk structures. This enhancement might be
due to more efficient coupling and multiple scattering of
light enabled by the large dielectric contrast of the air gap
beneath the GaN surface as reported earlier.”” These small

Intensity (a.u.)

— T T T T T T T T T T T T T

A's-g‘]rown'
Nanodisks

555 560 565 570 575 580

Raman Shift (cm™)

Fic. 6. (Color online) FESEM images of GaN (a) micro and (b) nanodisk arrays fabricated using ICP etch and subsequent selective Si etching by HNA solu
tion (The scale bars are 1 um; the inset scale bars are 500 nm.) Inset in (a) shows a single microdisk with diameter of 2 um with base silicon undercut diameter
of 1 um; inset in (b) shows a single nanodisk with diameter of 500 nm with base Si undercut diameter of 50 nm. (c) Room temperature Raman scattering spec

tra from the nanodisk structures along with the as grown film.
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diameter nanodisk structures might be useful for GaN based
resonant cavity devices as well as low-power nanolaser.

IV. SUMMARY AND CONCLUSION

We have studied the surface morphology and optical prop-
erties of GaN micro and nanopillars fabricated using a combi-
nation of ICP and wet chemical etching of GaN epilayers
grown on Si. Stress reduction has been achieved due to the
reduction of constraining interfaces in these nanostructures.
Etch damage resulting from different ICP processes was com-
pared using PL, and post-ICP wet chemical etching treatment
was studied as a means for its removal. This paper establishes
a top-down methodology that effectively combines lithogra-
phy, plasma-etch, and chemical-etch for fabrication of high-
quality GaN micro- and nanostructures on Si substrate that
can be utilized for high-quality vertical nano LEDs, UV pho-
todetectors, and other photonic and electronic device.
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