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This paper details the fabrication of GaN nanoscale structures using deep ultraviolet lithography and
inductively coupled plasma (ICP) etching techniques. The authors controlled the geometry
(dimensions and shape) and surface morphology of such nanoscale structures through selection of
etching parameters. The authors compared seven different chlorine-based etch chemistries: Cl,, Ar,
Cl/N,, Cly/Ar, Cly/N,/Ar, Cly/Hy/Ar, and Cly/He/Ar. The authors found that nitrogen plays a
significant role in fabricating high quality etched GaN nanostructures. This paper presents the effects
of varying the etch parameters, including gas chemistry, gas flow rate, ICP power, rf power, chamber
pressure, and substrate temperature, on the etch characteristics, including etch rate, sidewall angle,
anisotropy, mask erosion, and surface roughness. Dominant etch mechanisms in relation to the
observed characteristics of the etched features are discussed. Utilizing such methods, the authors
demonstrated the fabrication of nanoscale structures with designed shapes and dimensions over large
area. Nanocolumns with diameter of 120 nm and height of 1.6 um with sidewall angle of 86° (90°
represent a vertical sidewall) were fabricated. Nanocones with tip diameter of 30 nm and height of
1.6 um with sidewall angle of 70° were demonstrated. Such structures could potentially be used in
light-emitting diodes, laser diodes, photodetectors, vertical transistors, field emitters, and photovoltaic
devices. This study indicates the feasibility of top-down methods in the fabrication of next-generation
nitride-based nanoscale devices, with large-area uniformity and scalability. © 2012 American
Vacuum Society. [http://dx.doi.org/10.1116/1.4739424]

. INTRODUCTION

Recently, GaN-based nanoscale structures have gained
tremendous research interest. A of device structures and
applications have been demonstrated using such nanostruc-
tures.'* Significant advances have been made in the
growth methods of GaN 3D nanoscale structures, including
large-area fabrication and vertically aligned core-shell
structures.””’ However, bottom-up growth methods, de-
spite resulting in superior performance, still lack control
over the dimensions, orientation, separation, and dopant
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incorporation.® Bottom-up techniques face significant chal-
lenges in scaling-up over large areas, which is essential for
successful device implementations.

We may resolve such difficulties utilizing standard micro-
and nanofabrication methods to develop such nanoscale
structures. As the dimensions are defined by such highly
mature technologies as lithography and etching, and dopant
profiles are established during the growth of thin films, these
methods promise reproducible large-area fabrication of regu-
lar array nanostructures with controlled geometry for device
applications. However, top-down methods also face signifi-
cant challenges for controlling: (1) surface morphology, (2)
structure anisotropy, (3) nanoscale high-aspect ratio (HAR)
structures, and (4) subsurface damage. For GaN, the
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subsurface damage is perhaps the most crucial factor for
determining the feasibility of these methods, since plasma
etching is the only effective way to etch such 3D structures
in GaN. When designing an etch process to produce nano-
scale structures, we have to find a suitable trade-off between
certain parameters, such as acceptable etch rate, anisotropy,
and subsurface damage.

Significant advances have been made in plasma etching of
GaN in the last decade. Early reports on inductively coupled
plasma (ICP) etching of GaN were made by Shul er al.’
where they indicated GaN etch rate in excess of 0.5 um/min
using Clo/H,/Ar chemistry. Smith et al.'® reported a maxi-
mum etch rate of 980 nm/min with an etch chemistry of Cl,/
Ar. The breaking of Ga—N bonds by ion bombardment was
speculated to be the rate-limiting step in ICP etching of
nitrides. Shul et al.'' reported Cl,/N,/Ar chemistry among
other plasma chemistries, where the addition of nitrogen was
linked to the reduction of nitride etch rates. They indicated
that under the experimental plasma condition, the etch was
dominated by ion bombardment. Sheu ef al.'* compared the
etching rates of Cl,/N, and Cl,/Ar chemistries, and the higher
etch rate for Cl,/Ar recipe was attributed to the more efficient
dissociation of Cl, by Ar ions. Kim et al."* studied the relative
amounts of positive ion species and neutral species in Cly/
BCl; plasma in an ICP reactor using plasma mass spectrome-
try. It was shown that ion-assisted chemical desorption was
enhanced with the addition of BCl; to Cl,. Hahn ez al.'* stud-
ied the effects of adding He, Ar, and Xe to Cl, in ICP plasma
and showed that the etch rate was highest for the Cl,/He. Lee
et al."” also studied the effects of gas additives such as H, Ar,
and CHy in Cl,-based chemistries for ICP etching of GaN and
InGaN. They used rare-gas actinometry to identify the
increased concentration of atomic Cl radical when Ar is added
to the Cl,/H,, which resulted in higher etch rates as compared
to Cly/H, only. Excellent numerical simulations have been
presented by Despiau-Pujo et al.,'® who used a two-
dimensional fluid model to simulate the ion and radical fluxes
in Cly/Ar plasma in an ICP reactor with varying process pa-
rameters and used the simulation results to explain observed
experimental etching of GaN. Although the above-mentioned
works provide significant relevant information on ICP etching
of nitrides, they mostly focus on producing micrometer scale
features. The most important difference between etching a mi-
crometer scale feature and a nanoscale feature is the thickness
of the etch mask that can be used, i.e., for smaller features
thinner etch mask is needed. As physical sputtering is inevita-
bly present in most ICP processes, thinner etch masks make it
difficult to produce HAR nanoscale structures.

In recent years, there have been few reports on nitride
nanostructures formed by etching. Rong ez al.'” investigated
Cl,-based ICP etching of GaN by Ar, Cl,, and N, gas mix-
tures for developing high-aspect ratio nanophotonic crystal
waveguides in GaN. They demonstrated the beneficial role
of N, in producing anisotropic smooth etch profiles, with
reduction in trenching at the bottom of etched holes. Also,
GaN/AlGaN one-dimensional photonic crystals were demon-
strated by Stomeo et al.'® using N»/Ar/SiCl, plasma. How-
ever, more detailed and comprehensive study of the effects
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of various etching parameters on the quality of the etch for
the nanoscale HAR structures is required. Such study should
address specific questions, such as how to have acceptable
etch rate and anisotropy with minimum surface damage, or
the maximum etch depth possible without significant mask
erosion. Also, microloading effects are significant for HAR
nanostructures, which should be investigated in detail. In
addition, for various device applications, such as light-
emitting diodes, laser diodes, photodetectors, vertical tran-
sistors, field emitters, and photovoltaic devices, production
of features with various shapes such as rods, cones, and nee-
dles with nanoscale dimensions is needed. Motivation for
the current work is to identify top-down fabrication methods
for producing GaN nanoscale structures with designed
shapes, dimensions, and morphology suitable for device
applications.

In this paper we discuss our work on developing GaN
nanoscale structures using deep-ultraviolet lithography
(deep-UV) and ICP etching. Our goal was to understand the
effects of various etch conditions on the feature geometry
and final morphology, and to produce features with con-
trolled shapes by properly designing the etch process. We
compared seven different etch chemistries—Cl,, Ar, Cl,/N»,
Cly/Ar, Cly/Ny/Ar, Cly/Hy/Ar, and Cly/He/Ar. We present
detailed results for varying individual etch parameters,
including gas chemistry, gas flow rate, ICP power, rf power,
chamber pressure, and substrate temperature. A figure of
merit was proposed to quantitatively characterize the effects
of these parameters on the quality of etched structures.

Il. EXPERIMENT

The GaN samples used for this study were grown on
n-type Si (111) substrates with sheet resistance of 15kQ/sq.
A commercial metalorganic chemical vapor deposition
system was used to grow the GaN epitaxial layers. The
thickness of the GaN epilayer was in the range from 0.8 to
1.5 um. Intermediate Al;_,Ga,N buffer layers with varying x
and thickness ranging from 125 to 500 nm were utilized.

After the growth, the wafers were patterned using deep-
UV lithography. The lithography mask used for this study
had different patterns (square, circle, hexagon, octagon, five-
pointed star, seven-pointed star, and diamond) with diame-
ters from 10 to 250 nm and pitches ranging from 20 um to
100 nm. The etch mask used for this study was Ti/Ni (50 nm/
120nm) deposited by electron-beam evaporation and pat-
terned by lift-off.

For the etching experiments, the wafers were diced into
20mm x 20 mm pieces and mounted on a 4 in. Si carrier wa-
fer with 50 nm atomic layer deposited Al,O5. Thermal contact
to the carrier wafer was made with suitable thermal grease.
When the same etching conditions are applied to a full 4 in.
GaN wafer it is a possibility that macroloading effects can
locally alter the etching characteristics. However, we con-
ducted experiments both on pieces and large wafers and did
not observe any significant macroloading effects. The samples
were etched in an Oxford PlasmaLab 100 ICP system with an
Oxford remote ICP380 source. The helium pressure for wafer
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back-side cooling was 1.33 kPa (10 Torr). For every etch pro-
cess the dc self-bias was recorded. Before every etch experi-
ment, the ICP chamber was cleaned and conditioned.

After the ICP etching, the samples were put in
HF:HNO3:H,O (1:1:10) solution for 2 min to remove the etch
mask and clean both etch debris and redeposit. The samples
were then observed with a 70° tilted sample-holder in a field-
emission scanning electron microscope (FESEM). In order to
compare results for the different etch conditions, we com-
puted the etch rate and sidewall angle, 0, for every sample.

lll. RESULTS AND DISCUSSION

A schematic of an ideal etch profile with a perfect 90°
sidewall angle is shown in Fig. 1(a). This represents an ideal
anisotropic etch with infinite selectivity, i.e., the etch rate of
the mask material is negligible compared to the etch rate of
the substrate material. However, in any given plasma etch
process, there is always a certain degree of lateral etch,
which produces tapered structures with diameters smaller
than the starting etch mask pattern, as shown in Fig. 1(b).
The two most significant sources of lateral etch are mask
erosion and wider ion angular distribution function
(IADF)."® The IADF represents the spread of the angular dis-
tribution of the ions impinging on the surface. Ions, while
crossing the sheath, encounter collisions with gas molecules,
which broadens their IADF. Smaller full width at half maxi-
mum of the TADF results in higher anisotropy of the etched
structure.

For quantitative comparison of the quality of the etch for
various etching conditions, we proposed a figure of merit
(FOM) defined as

o
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where 4 is the height of the etched structure, d; is the initial
diameter of the etch mask, dy is the final tip diameter of the
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FiG. 1. (a) Schematic representation of an ideal etched structure with infinite

mask selectivity, and perfect anisotropy, (b) representation of a real etched
feature with tapering and mask erosion.
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etch pattern, 0 is the sidewall angle, and 7,4 is the etch
mask thickness, as shown in Fig. 1. The proposed FOM can
be thought as a modified aspect ratio, with the mask selectiv-
ity and anisotropy incorporated.

Although we had various shapes and diameters on the
etch mask, for comparative purposes we will present the
results for the 850 nm (measured by FESEM) diameter circle
as seen in Fig. 2. As the mask pattern was formed by metal
lift-off, there is certain degree of edge nonuniformity present
on the dots, as can be seen on the inset of Fig. 2. These non-
uniformities of the etch mask also get transferred to the side-
walls of the etched patterns.

A. Gas chemistry dependent etching behavior

Figure 3 shows the etch profiles for seven different etch
chemistries. The four numbers on each pillar are as follows:
(1) diameter at the top of the pillar in nanometers, (2) diame-
ter at the bottom in nanometers, (3) on the left side the total
height of the pillar in nanometers, and (4) angle 0 of the
sidewall measured in degrees at the top left corner of the
image. The computed etch rate, FOM, and the measured dc
self-bias are summarized in Table I. For this experiment, the
ICP power was 800 W, rf power was 300 W, chamber pres-
sure was 0.66 Pa (5 mTorr), and substrate temperature was
maintained at 40 °C. The total flow rate for all the chemis-
tries was kept constant at 32 SCCM (SCCM denotes cubic
centimeters per minute at standard temperature and pres-
sure). Comparing the FESEM images of the features etched
using pure Cl, and Ar (the first two images in Fig. 3), certain
key aspects of GaN etch mechanisms can be identified. The
etch rate is significantly higher in the case of pure Cl, com-
pared to pure Ar. This highlights the crucial role of chemical
reaction combined with physical sputtering in etching of
GaN. In the case of the Cl, only process, both Cl neutral rad-
icals, and CI" and ClJ ions are present in the plasma.'® The
Cl radicals promote the chemical etch, whereas the C1" and
Cl5 ions provide the physical sputtering. In the case of pure
Ar plasma, only sputtering due to Ar™ ions is present. This is
also reflected in the dc self-bias values in Table I: the dc
self-bias is 473 V for Ar compared to 594 V for Cl, plasma.

Fic. 2. (Color online) FESEM image of metal dots (850nm diameter)
formed by lift-off technique on GaN. The inset shows a single dot where the
edge roughness is visible.
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FiG. 3. (Color online) FESEM images of pillars etched using different plasma chemistries. The starting etch pattern was an 850 nm diameter circle. The etch
parameters were ICP power 800 W, rf power 300 W, chamber pressure 0.66 Pa, etch time 4 min, and substrate temperature 40 °C. The imaging is done after re-

moval of the etch mask.

The significant difference in the dc self-bias can be under-
stood by considering the following relationship between the
rf power P, ion flux crossing the sheath F;,,, and dc self-
bias V. (Ref. 20):

P o< VaeFion. @)

In the case of Ar only plasma, the ICP source is able to pro-
duce more Ar ions, leading to an increase in the ion flux, as
compared to the Cl, case where both radicals and ions are
present. From Eq. (2), we can see that increase in ion flux for
constant rf power would lead to a decrease of the dc self-
bias. When comparing the final diameter of the etched pillar
(667nm) with the starting diameter of the etch mask
(850nm), it is evident that there is significant mask erosion
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in Ar plasma etch, which is expected for pure physical sput-
tering. Mask erosion is also present in Cl, plasma, which
could be due to the formation of Ni and Ti chlorides in the
presence of highly reactive Cl radicals. Significant trenching
at the bottom of the Ar-etched pillar indicates the increased
spreading of IADF for Ar plasma as compared to the Cl,.
For the Ar process the deep trenching also results from the
scattering of ions impinging on an angled surface.

The addition of 7 SCCM of N, or Ar to Cl, (keeping the
total flow to 32 SCCM) results in significant changes in the
etch characteristics. Compared to pure Cl,, there is etch rate
suppression with the addition of N, and significant etch rate
enhancement with the addition of Ar (see Table I). Etch rate
suppression with the addition of N, has been observed by
Shul e al.'' However, Sheu et al.'? reported higher GaN
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TaBLE I. Etch rates, FOMs, and dc self-bias values for different etch
chemistries.

Etch chemistry (SCCM) Etch rate (um/min) FOM Direct current bias (V)

Cly/Ar (25/7) 0.37 1.61 547
Cl,/He/Ar (25/5/2) 0.38 1.59 548
Cl,/H,/Ar (25/5/2) 0.28 1.20 565
Clo/No/Ar (25/5/2) 0.28 1.20 540
Cl, (32) 0.28 1.16 594
Clo/N, (25/7) 0.25 1.14 567
Ar (32) 0.11 0.33 473

etch rate for the Cl,/N; recipe compared to the Cl,/Ar recipe,
which is opposite of what we have observed. Comparing the
dc self-bias in Table I, it is evident that the addition of Ar or
N, results in the reduction of dc self-bias from pure Cl,
value, which only indicates an increase in ion flux in both
cases. As the mass of N2+ ion is less than Ar™, the observed
difference in etch rate could be due to the difference in sput-
tering yields. The increase in etch rate due to Ar addition has
been attributed to the increase in ion density due to Penning
ionization.'® Also in Fig. 3, suppression of etch mask erosion
is observed with the addition of N, compared to pure Cl,
and Cl,/Ar recipes.

Interesting effects are observed with the addition of two
inert gases while keeping the total flow constant at 32
SCCM (see the last three images in Fig. 3). The first observa-
tion is the similarity of the Cl,/He/Ar (25/5/2 SCCM) and
Cl,/Ar (25/7 SCCM) etched features. The dc self-bias values
and FOMs are also identical as seen in Table I. The rough
sidewall morphology is also quite similar in both cases.
Even the trenching at the base of the pillars and the bottom
plane morphology appear identical for both the etches.
Although the ionization energies are different for Ar and He,
both are monoatomic gases, which might be the reason for
the observed similarity of their etch characteristics. Although
CL/N,/Ar produces very similar characteristics to Cly/N,
etch, the Cly/H,/Ar process produces a very distinct shape
with sloped sidewalls. Suppression of GaN etch rate with the
addition of H, has been observed for Cl,/Ar plasma by Shul
et al.'! This was attributed to the consumption of reactive CI
radical by H forming HCI.

Comparing the FOMs for all seven etches (see Table I), it
is clear that although CIl,/Ar and Cl,/He/Ar have the highest
FOMs, the sidewall morphology is rough for both of them.
Cl,/H,/Ar etch has an FOM comparable to Cl,/N,/Ar; how-
ever, rough surface morphology is prominent in the Cly/Hy/
Ar. Also, H,-based etches are avoided due to the possibility
of Mg dopant passivation in p-GaN. It is interesting to note
that there is no observable mask erosion in the case Cl,/H,/
Ar. Considering the overall performances, we decided to fur-
ther study the Cl,/N,/Ar chemistry, which provides a reason-
able etch rate and FOM.

B. Effect of gas flow on the etch characteristics

We varied the total gas flow rate for the Cl,/N,/Ar chem-
istry with the constant constituent ratio (25:5:2). By varying
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the flow rate, while keeping the pressure constant, we can
observe the effect of gas residence time on the etch charac-
teristics. Also, by increasing the total flow rate, we can iden-
tify whether the etch is reactant limited or not. For this
experiment, the ICP power was 800 W, 1f power was 300 W,
chamber pressure was 0.66 Pa (5mTorr), and the substrate
temperature was maintained at 40 °C. Looking at Fig. 4, it is
clear that the total gas flow rate has only a modest effect on
the etch characteristics. This is consistent with the graph pre-
sented in Fig. 5, where the dc self-bias is shown to be con-
stant with flow rate. According to Eq. (2), this indicates that
the total ion flux is independent of the gas flow rate. Khan
et al*' also observed very little change in GaN etch rate
with increasing flow rates for 70% Cl, in Cl,/Ar etch. The
most interesting point is the slight decrease of the etch rate
with increasing gas flow rate. Keeping the pressure constant
while increasing the flow rate decreases the residence time
of reactive radical and ions in the chamber. Thus, the chemi-
cal species do not have sufficient time to support etching. As
expected, the sidewall profiles and bottom plane morpholo-
gies are quite similar for all the flow rates, except at the
highest flow rate. Rough sidewall morphology for 48 SCCM
total flow rate indicates inefficient removal of the etch prod-
ucts. One interesting point evident from Fig. 4 is that the
mask erosion is significantly suppressed at higher flow rates,
the reason for which is not clear at this point.

C. Effect of ICP power on the etch characteristics

One of the most significant etch parameters is the ICP
power. Increasing ICP power results in higher density of
ions and radicals in the plasma. This, in general, increases
the chemical component of the etch. We varied the ICP
power from 500 to 1500 W for the Cl,/N,/Ar chemistry
while keeping the rf power constant at 300 W. The FESEM
images in Fig. 6 show the pillars etched at different ICP
power levels. It is clear from Figs. 6 and 7 that ICP power
level has significant influence on the etch characteristics and
dc self-bias values. Table II indicates the improvement of
FOM for higher ICP power level. It is worth mentioning that
the proposed FOM gives equal weight to every profile pa-
rameter. In applications where a single parameter (e.g.,
height or diameter) has higher significance, the FOM can be
modified with an appropriate multiplier, which would enable
comparison between two etch processes.

From Fig. 6 the increase in the etch rate with increasing
ICP power is evident. Smith e al.'® observed a similar
increase in the etch rate of GaN, which was attributed to the
increase in Cl radical and ion density. In their work the
increase was slowed down after 800 W. However, Sheu
et al."* reported an initial increase of etch rate of GaN in
CL/Ar plasma up to 600 W of ICP power followed by a
decrease in the etch rate. The dc self-bias was observed to
decrease with increasing ICP power. The increase of etch
rate was attributed to the fact that etch was reaction limited.
Hahn er al.'* also observed a similar increase followed by a
decrease in the etch rate with increasing ICP power. The ini-
tial increase was again attributed to the reaction-limited
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FiG. 4. (Color online) FESEM images of pillars etched using different flow rates for Cl,/N,/Ar chemistry with a constant (25:5:2) constituent ratio. The starting
etch pattern was 850 nm diameter circle. The etch parameters were ICP power 800 W, rf power 300 W, chamber pressure 0.66 Pa, etch time 4 min, and sub-

strate temperature 40 °C. The imaging is done after removal of the etch mask.

regime, whereas the decrease was attributed to lower ion
energies due to the reduction in dc self-bias and ion-assisted
desorption of reactive species at the substrate prior to the
etch reactions.

Despiau-Pujo ef al.'® and Tinck et al.** showed through
simulation that ion fluxes increase with increase in ICP
power. Ion flux (Fo,) in a collisionless sheath is given by the
following relationship'®:

Fion = Njon que’ (3)
400 r r . n 600
—n— Etch Rate

= —e—DCBias

E 350k 41580 (U)

£ . o——eo— " 550 P

@ 300 =

é .\l———.\l 1540 %

8 250¢ 15203
0 =220 50"

Total Gas Flow Rate (sccm)

Fic. 5. (Color online) Etch rates and dc self-bias values as a function of total
gas flow rate in SCCM for the Cl,/N,/Ar chemistry.
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where n;,, is the ion density at the edge of the sheath, T, the
electron temperature, ¢ is the electron charge, and m;y, is the
ion mass. From Eq. (3), it is clear that the ion-flux increase
at higher ICP power levels is due to the increased electron
temperature. Both Tinck et al.** and Despiau-Pujo er al.'®
noted in their simulation a substantial increase in all ion
fluxes with source power, while Cl radical flux, which is
always orders of magnitude higher than the ion fluxes,
remained fairly constant. Based on such simulation results, it
is reasonable to argue that the increase in the etch rate due to
the increase in the ICP power (as seen in Fig. 7) is due to the
increase in ion fluxes rather than radical fluxes. The increase
in ion fluxes is also evident from the graph of etch rate and
dc self-bias versus ICP power presented in Fig. 7, where a
decrease in dc bias is observed with increasing ICP power.
According to Eq. (2) an increase in ion flux for a constant rf
power leads to a decrease in the dc self-bias. Due to
enhanced physical sputtering resulting from increased ion
bombardment, there is significant mask erosion at higher
ICP power levels. It is known that at higher ICP power levels
the etch is physical sputtering dominated; hence not chemi-
cally selective.? Also, due to the decrease in dc self-bias
with increasing ICP power, the IADF becomes wider, result-
ing in more isotropic etch. This would explain the increased
tapering and decrease in the sidewall angle for 1500 W ICP
power. For 1500 W ICP power, we have completely etched
the GaN, and the Si substrate is visible. The bottom plane

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jvb.aip.org/jvb/copyright.jsp



052202-7 Paramanik et al.: Formation of large-area GaN nanostructures with controlled geometry

05 1400 nm

052202-7

1030 nm

ICP=800W

ICP= 1000 W

ICP= 1500 W

FiG. 6. (Color online) FESEM images of pillars etched using different ICP powers for Cl,/N,/Ar (25/5/2 SCCM) chemistry. The starting etch pattern was
850 nm diameter circle. The etch parameters were rf power 300 W, etch time 4 min, chamber pressure 0.66 Pa, and substrate temperature 40 °C. The imaging

is done after removal of the etch mask.

morphology did not show any dependence on the ICP power
levels. It is interesting to note that the sidewalls are smoother
for higher ICP levels compared to lower ICP levels (see Fig.
6). This is possibly be due to efficient sputter desorption of
the etch products and redeposits.

D. Effect of reactive ion etching power on the etch
characteristics

Another significant etch parameter is the rf power applied
to the cathode. The rf power directly affects the sheath
thickness and the dc self-bias; hence the mean ion energy.”*
In other words, the rf power modifies the ion energy distribu-
tion function (IEDF). As IEDF directly controls ion

600 r T T T T 650
—n— Etch Rate
—eo— DC Bi
= 500} e 500
g . 8
E 40op g
: 15
E 300} ﬁ'
3] 4500
o 200t s
100

500 800 1000 1200 1400 1600
ICP Power (W)

Fic. 7. (Color online) Etch rates and dc self-bias values as a function of ICP
power for the Cl,/N,/Ar chemistry.
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bombardment, physical sputtering increases with increasing
rf power. It is worth pointing out that the ion and neutral rad-
ical densities are unaffected by the rf power change in an
ICP reactor. It is clear from Fig. 8 that the etch rate is signifi-
cantly affected by the increase in rf power, as compared to
the changes in the ICP power. Significant mask erosion is
also prominent for higher rf power levels. The dc self-bias
increases with the increase in rf power, as can be seen in
Fig. 9. This is a common observation in ICP etching and is
consistent with Eq. (2). The dc self-bias increases in
response to an increase in the rf power, as the ion flux
remains constant for constant ICP power levels.

Sheu et al.' noted the existence of a threshold energy in
terms of rf power level (i.e., significant etch rate enhance-
ment beyond 200 W of rf power), for ICP etching of GaN
using Cly/Ar chemistry. It was suggested that the Ga—N bond
breaking by ion bombardment may be the rate-limiting step.
However, for Cl,/N, chemistry, no such threshold energy

TagLE II. FOMs for different ICP powers computed from Fig. 6 using Eq.
(D).

ICP power (W) FOM
500 0.76
600 0.90
800 1.20
1000 1.36
1500 1.51
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FiG. 8. (Color online) FESEM images of pillars etched using different rf power applied to the cathode for Cl,/N,/Ar (25/5/2 SCCM) chemistry. The starting
etch pattern was 850 nm diameter circle. The etch parameters were ICP power 800 W, chamber pressure 0.66 Pa, etch time 4 min, and substrate temperature

40 °C. The imaging is done after removal of the etch mask.

was observed. In our case, for the Cl,/N,/Ar recipe we also
did not observe an activation barrier to the etching of GaN
as function of rf power at ICP power of 800 W. The observed
etch rate increase (Fig. 9) with increase in 1f power is due to
the increased sputtering yield for higher ion energies and
enhanced desorption of the etch products. Another obvious
observation is the increase in sidewall angle for higher rf
power levels (as reflected in FOMs in Table III). This sug-
gests smaller FWHM of the IADF at higher rf power levels.
However, comparing etching characteristics for rf power of
300 and 500 W, it is clear that there is trade-off between
tighter IADF and increase in physical sputtering at higher rf
power. The sidewalls start to deteriorate due to sputtering of
the etch mask. At S00W of rf power, there is complete

800 ———————————————— 750
—_ —n—Etchrate
= —e—DC bias
£ 600} 1600 o
£ (@)
e 4508
5 4001 ®
£ ]
W 200t //' 1?®s

150

700 200 300 400 500
RF Power (W)

Fic. 9. (Color online) Etch rates and dc self-bias values as a function of rf
power for the Cl,/N,/Ar chemistry.
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removal of the etch mask. The bottom plane morphology
becomes rough for rf power of 400 W and higher.

E. Effect of chamber pressure

We varied the chamber pressure from 0.26 Pa (2 mTorr)
to 1.99Pa (15mTorr), while keeping the ICP power at
800 W, rf power at 300 W, and substrate temperature at
40°C for the CI,/N»/Ar (25/5/2 SCCM) recipe. Figure 10
presents the etch characteristics as a function of the chamber
pressure. From Fig. 11, it is clear that the etch rate and the
dc bias decrease with increasing chamber pressure. How-
ever, the sidewall morphology and angle show less depend-
ence on pressure.

It is often observed that at lower pressures GaN etch rate
increases with increase in process pressure, then saturating
and eventually decreasing with pressure.”'>'>* TInitial
increase in the etch rate was attributed to the increase in radi-
cal concentration with increasing pressure. However, at
higher pressure the decrease was attributed to the reduction

TasLE III. FOMs for different rf powers computed from Fig. 8 using Eq. (1).

Radio frequency power (W) FOM
50 043
100 0.66
200 0.98
300 1.20
400 1.35
500 N/A
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Fic. 10. (Color online) FESEM images of pillars etched using different chamber pressure for Cl,/N,/Ar (25/5/2 SCCM) chemistry. The starting etch pattern
was 850 nm diameter circle. The etch parameters were ICP power 800 W, rf power 300 W, etch time 4 min, and substrate temperature 40 °C. The imaging is

done after removal of the etch mask.

in the ion flux and redeposition of etch products. A decrease
in dc bias is noted with increasing pressure. Kim ez al."?
using a quadrupole mass spectrometer observed that the Cl;
and CI" ion densities decrease with increasing pressure for
pure Cl, plasma. Khan et al.*' noted that with increasing
pressure, the collision frequency of ions that produce neu-
trals increases, resulting in a decrease in the GaN etch rate.
However, our observed trend of etch rate variation with
pressure is different from the other reports. From Fig. 11, it
is evident that with increasing pressure, the ion flux
increases, resulting in a decrease in the dc bias. Zhirnov
et al.*® noted a similar exception in terms of etch rate and dc
bias with increasing pressure. The decrease in the dc bias
and etch rate with increase in pressure was attributed to the

560

g

—u—Etch Rate
—e—DC Bias

:
z

(A) seig yes 0a

N
S

Etch Rate (nm/min)
N N
s 3

04 08 12 16 20

g
3

Pressure (Pa)

Fic. 11. (Color online) Etch rates and dc self-bias values as a function of the
chamber pressure for the Cl,/N,/Ar chemistry.

JVST B - Microelectronics and Nanometer Structures

remote location of the ICP source in the Oxford Plasmalab
etcher they were using. As described before, the system used
for this study also had a remote plasma source.

In our case, the decrease in etch rate with pressure might
be attributed to loss of ion energy due to collision in the
sheath region. The increase in ion flux with increasing pres-
sure (as indicated by a decrease in dc bias with increasing
pressure) is due to impact ionization resulting from colli-
sions in the sheath region. For the dc bias value and other
plasma parameters used in our process, we speculate that the
collisional ionization dominates over recombination. How-
ever, due to the decrease in dc bias and increased collision in
the sheath, the mean energy of the ions is smaller at higher
pressures. In other words, although at higher pressures there
are more ions, the mean energy of the ions bombarding the
substrate is lower, together resulting in lower etch rate.
Moreover IADF is also broad, resulting in poor anisotropy as
evident from Fig. 10 and Table I'V.

F. Effect of cathode temperature on the etch
characteristics

We studied the effect of the cathode temperature on the
etch characteristics of GaN for the Cl,/N,/Ar chemistry. The
other etch parameters were kept constant. Although the sam-
ples were mounted on an Si carrier wafer, it is expected that
the sample will reach thermal equilibrium with the cathode
due to the long wait time between loading and actual etch.
The effect of the substrate temperature on the etch character-
istics reveals the underlying mechanism of GaN etch.”’
Temperature dependence of the etch rate in Fig. 12 is not
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TaBLE IV. FOMs for different pressure computed from Fig. 10 using Eq. (1).

Pressure (Pa) FOM
0.26 1.24
0.66 1.20
0.93 1.04
1.33 0.92
1.99 0.68

surprising considering the fact that GaN does not etch spon-
taneously (Table V). The measured etch rate can be fitted to
the activation energy model (Arrhenius plot is shown in Fig.
13),28 where etch rate, R(T), at a particular temperature is
given as'’

R(T) = R(sat) exp(—E, /kgT). C))

In Eq. (4), R(sat) is the saturation etch rate at high tempera-
ture, E, is the activation energy, and kp is the Boltzmann
constant. The activation energy from the fit as shown in
Fig. 13 is 1.4meV. The fact that the activation energy
is below the thermal energy at —120°C (kzT =13 meV at
—120°C) indicates that ion bombardment is an essential part
of GaN etching. Sloped sidewalls at lower temperatures indi-
cate a sputter-dominated regime with limited volatility of
etch products. At lower cathode temperatures, the etch prod-
uct (GaCl3) might be solid, as the melting point is 77.9 °C at
atmospheric pressure.

1140 nm

T=200°C

1120 nm

/ 980 nm

T=0°C

T =-40°C

052202-10

TaBLE V. FOMs for different substrate temperatures computed from Fig. 12
using Eq. (2).

Platen temperature (°C) FOM
200 1.28
120 1.28
40 1.20
0 1.07
—40 1.00
—120 091

The dc bias remains constant with the cathode tempera-
ture (Fig. 14), which indicates fairly constant ion and radical
conditions on the wafer surface. The extent of mask erosion
with temperature is surprising. At this point it is not clear
why mask erosion is prominent at lower temperatures. Also,
it is interesting to note the sidewall roughness increases with
increasing temperatures. This may be due to the fact that at
lower temperatures the by-product, not being able to evapo-
rate, forms an inhibitor layer. Also, the slight concave profile
at high temperatures (120 and 200 °C) may be due to high
chemical activity of neutral radicals, resembling the under-
cut in a wet chemical etch.

G. Shape control of GaN nanostructures using etch
conditions

In order for top-down fabrication techniques to be appli-
cable for producing the next-generation of GaN nanoscale

1130 nm

1070 nm /

1240 nm

T=-120°C

FiG. 12. (Color online) FESEM images of pillars etched at different substrate temperatures for Cl,/N,/Ar (25/5/2 SCCM) chemistry. The starting etch pattern
was 850 nm diameter circle. The etch parameters were ICP power 800 W, rf power 300 W, chamber pressure 0.66 Pa, and etch time 4 min. The imaging is

done after removal of the etch mask.
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Fic. 13. (Color online) Arrhenius plot of etch rate as a function of the sub-
strate temperature. The activation energy estimate from the linear fit is
1.4 meV.

devices, four basic requirements have to be met: (1) control
over dimensions, (2) smooth surfaces (both sidewalls and
bottom plane), (3) ability to tailor profiles for specific appli-
cations, and (4) large-area uniformity and scalability. Devel-
opment of GaN nanostructures with HARs (10 and higher)
where the diameters are in the range of 150-250 nm require
careful design of the etch process and selection of mask ma-
terial. Sidewall morphology is particularly important when
the etched sidewalls are used for regrowth, as in the case of
vertical core-shell structures. Also, an unoptimized etching
process can result in rough bottom surface morphologies
with pits and/or pillars.?” In the case of vertical transistors
and light-emitting diodes, a straight profile with 90° angle is
highly desirable, whereas for field emitters a sloped profile
with sharp tip is needed. The major emphasis of this paper is
to demonstrate the top-down fabrication method as a viable
alternative for bottom-up growth of GaN nanoscale struc-
tures. To demonstrate the point, we fabricated nanostructures
of various shapes and dimensions by carefully designing the
etch process.

Paramanik et al.: Formation of large-area GaN nanostructures with controlled geometry
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Fic. 14. (Color online) Sidewall angle and dc self-bias values as a function
of the substrate temperature for the Cl,/No/Ar chemistry.

Figure 15 presents the FESEM images of 250 nm diame-
ter starting circle pattern etched using pure Cl, and pure Ar
chemistry. For smaller diameter structures, mask erosion is
more dominant. As seen in Sec. IIT A, etch using pure Cl,
results in vertical sidewalls, with a small extent of mask
erosion. It is clear comparing Figs. 3 and 5(a) that the ratio
dgd; (where dy is the final tip diameter of the pillar and d; is
the initial etch mask diameter) is a function of the etch time
t, and can be expressed as

df_d[—oct

d A &)

where o is the rate of lateral mask erosion. For d; > at, i.e.,
for large diameter features, the ratio d//d; approaches 1. For
instance, for pure Cl,, for the 850 nm diameter etch mask the
ratio dy/d; is 0.9, whereas for 250 nm diameter mask it is 0.6.
If the parameter o« is known for all etch chemistries and as a
function of time, then we can produce features with any di-
ameter, even with diameters smaller than the lithographic
limit. Figure 15(b) shows that by changing the etch condition
from a combination of chemical and physical, i.e., pure Cl,,
to pure physical, i.e., pure Ar, significant tapering of the etch
profiles can be obtained. Thus for pure argon, with 250 nm

Cl, (32 sccm)
DC Bias= 594 V

(a)

Ar (32 sccm)
DC Bias=473 V

(b)

FiG. 15. (Color online) (a) FESEM image of GaN nanocolumns etched using pure Cl, (32 SCCM). (b) FESEM image of nanocones formed by etching GaN
using pure Ar (32 SCCM). The starting etch pattern was 250 nm circle. Other etching parameters were ICP power 800 W, rf power 300 W, pressure 0.66 Pa,
and substrate temperature 40 °C. The dc self-bias values are indicated at the bottom of the images.
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1600 nm

(b)

052202-12

1600 nm

1000 nm

(d)

FiG. 16. (Color online) FESEM image of GaN etched at two different substrate temperatures using 250 nm diameter initial circular etch mask by Cl,/No/Ar
(25/5/2 SCCM) chemistry. For all the images the etch conditions were ICP power 1500 W, rf power 300 W, pressure 0.66 Pa, and flow rate 32 SCCM. (a)
Nanopillars etched at 40 °C, (b) high magnification image showing single nanocolumns, (c) FESEM image of nanocones formed by etching GaN at —120 °C,

and (d) high magnification image of nanocone with tip diameter of 30 nm.

starting diameter of the etch mask, we are able to produce
nanocones, with tip diameter around 20 nm.

From the temperature-dependent etching experiments
presented in Sec. III'F, it is indicative that the temperature is
also another “design” parameter that can be varied to pro-
duce structures with various shapes. For most applications of
nanoscale structures, high-aspect ratio is needed. For exam-
ple, nanowires grown using chemical vapor deposition often
have aspect ratios of 100 or higher. In order to develop high-
aspect ratio structures using a top-down technique, we need
high etch rate, anisotropic profile with smooth sidewalls. As
seen from Sec. III C, high etch rates with smooth morphol-
ogy can be obtained using high ICP power (1500 W). On the
other hand, from Sec. IIIF we learned that by reducing the
substrate temperature, we can produce angled sidewalls. In
Figs. 16(a) and 16(b), we show etched structure for 250 nm
starting diameter of the etch mask, etched using Cl,/N,/Ar
(25/5/2 SCCM) recipe at 40°C at high ICP power (800 W).
This resulted in high anisotropic etch rate, producing nano-
rods of GaN with aspect ratio of 13.

However, with the same recipe, reduction in the substrate
temperature to —120 °C resulted in the dramatically different
patterns seen in Figs. 16(c) and 16(d). Tall nanocones
(length 1.6 um) with tip diameter 30 nm are produced [see
Fig. 16(d)].

The nanostructures shown in Figs. 15 and 16 demonstrate
the strength of this technique, i.e., high degree of control
over shape and geometry, precise location and orientation,
and capability to produce nanostructures over large areas on

J. Vac. Sci. Technol. B, Vol. 30, No. 5, Sep/Oct 2012

a wafer. Quantifying the effect of ion induced damage in
such structures and their usefulness in device structures
remains to be done.

IV. SUMMARY AND CONCLUSIONS

We have studied in detail the effects of various process pa-
rameters on GaN structure fabrication using Cl,-based chem-
istries. Special attention was given toward understanding
dominant etch mechanisms in various regimes. The objective
of this paper was to establish ICP etching as a top-down tool
for fabrication of HAR GaN nanoscale structures. To that
effect we have identified a set of parameters that allowed us
to control the dimensions and shapes of the features.

In the future, we plan to utilize such large-area nanostruc-
tures for device applications. In order to realize high per-
formance device, etched surfaces with minimal roughness
and subsurface damage are essential. Although ICP etching
produces less damage than RIE, subsurface damage might
be present. We plan to utilize postetch chemical and thermal
treatments for removal of the ion-damaged layer, and subse-
quently utilize these structures for device fabrication.
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