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Substrate temperature, RF power, and ICP power were investigated for their effects on
GaN micropillar sidewall roughness and etch characteristics. Elevated substrate
temperature was shown to improve the sidewall etch morphology at low RF powers
(reduced physical bombardment) and low ICP powers (lower plasma densities). Increased
lateral etching is observed with both increased ICP power and substrate temperature, which
both act to increase the chemical component of the etch. Etch conditions with a high
chemical driving force resulted in faceting along the a-plane on the sidewalls. This faceting
produced extremely smooth surfaces with root-mean-square roughness (Rq) as low as 0.20
nm which is comparable to typical epitaxy-ready surfaces and smaller than the a-plane
lattice spacing of 0.3186 nm. The smooth surfaces produced in this study enable
possibilities for laser facets or for new device structures that require high quality surfaces

for GaN regrowth.

|. INTRODUCTION

Numerous advanced GaN semiconductor devices aim to leverage vertical
architectures to achieve state-of-the-art performance and for efficient use of on-chip real

estate.[1] Many of these devices rely on high density plasma etching to access buried



epitaxial layers whether to form contacts, create gate electrodes, or to regrow doped
layers. Unlike Si, GaN is difficult to wet etch;[2] therefore Cl-based plasma etching has
been the preferred method of patterning GaN.[3] Because plasmas inherently contain
energetic ions which bombard the etched surface, reducing plasma etch damage and
minimizing surface roughness of the etched surfaces is critical to prevent device
degradation[3] and create high quality surfaces for regrowth.[4—6] Smooth faceted
vertical surfaces are also necessary for fabrication of laser diodes. Our prior work has
shown that elevated substrate temperatures may play a vital role in improving etch
quality for ultra-smooth deep etching of GaN in a Clz-Ar plasma. Pillars with faceted
sidewalls as smooth as 1.24 nm root-mean-square roughness (Rq) have been etched in a
PlasmaQuest Electron Cyclotron Resonance (ECR) high-density plasma etch system that
lacked active temperature control but where samples experience temperatures up to 200
°C due to self-heating from plasma exposure.[7] The elevated temperatures were believed
to be, in part, responsible for producing high quality etch characteristics such as
nanometer-scale sidewall roughness, crystallographically faceted surfaces, and >20:1 etch
selectivities. Temperature is not treated as a typical etch optimization parameter in the
majority of GaN etch studies, although reports exist.[8-15] Etching is often performed
near room temperature (~15-30 °C)[16-29] even though temperature is known to
influence the surface reaction kinetics and the volatility and desorption of etch
byproducts.[30,31] In this study, we treat temperature as an important variable in GaN
etching to understand how it affects the etch rate, selectivity, and surface morphology.
We report ultra-smooth GaN structures with subnanometer Rq obtained under various

temperatures, ICP powers, and RF powers using an Oxford PlasmaPro 100.



. EXPERIMENTAL

n-GaN epitaxial layers grown on c-plane sapphire substrates by metal-organic
chemical vapor deposition (Semiconductor Wafer, Inc.) were used for these experiments.
As received wafers were diced into coupons and cleaned in ultrasonic solvent baths and
self-heated 3:1 H2SO4:H20,. A Plasma-Therm plasma-enhanced chemical vapor
deposition system was used to deposit 1.0 um-thick SiO2 masking layers on the cleaned
(0001) epilayer surfaces. Depositions were performed at 320 °C using 400 sccm 2%
SiH4/N2, 900 sccm N20, 40 W RF, and 0.12 kPa (900 mTorr). Arrays of 1-10 um
diameter circles were defined using standard photolithography. Pattern transfer into the
SiO> layer was carried out by dry etching in a C4Fs/Ar plasma. After mask patterning,
photoresist and etch residues were removed in ultrasonic solvent baths followed by self-
heated 3:1 H2S04:H20,. The samples were then descummed in an Oz plasma for 15-20
min. The crystallographic orientation of the substrates was maintained throughout the

processing by scribing the backside of each chip after die singulation.

Prior to each GaN etch, the etch chamber was cleaned using an O plasma at
2.7x10% kPa (20 mTorr), 2000 W ICP power, 150 W RF power, and 100 sccm O2. The
chamber was then conditioned with a Clz>-Ar plasma generated using the process
parameters under investigation for the subsequent etch. After conditioning, samples were
placed on a sapphire carrier wafer that was mechanically clamped to the lower electrode
upon loading. Thermal grease was neglected as no product could be found that could
withstand the full temperature range in this study. Sapphire was chosen as the carrier as it
does not appreciably etch in the Cl>-Ar plasma.[32] The Cl2 and Ar gas flow rates were

fixed at 28 sccm and 3.5 sccm, respectively. A process pressure of 2.7x10* kPa (2



mTorr) was used throughout this work. Cross-sectional scanning electron microscopy
(SEM) was carried out using a ThermoFisher Apreo SEM to evaluate the micropillar etch
rates, profile, and etched surface morphology. On select samples, tapping-mode atomic
force microscopy (AFM) was performed using a Bruker Dimension Icon system at EAG
Laboratories for high resolution imaging of the micropillar sidewall to quantify
roughness. Mask etch rates were determined by spectroscopic reflectivity measurements
using a Toho Technology TohoSpec 3100 on SiO2-coated Si samples that were
simultaneously exposed to the same plasma conditions as their companion GaN etch

parts. Etch selectivity values were obtained from the ratio of the GaN-to-SiO etch rates.

I1l. Results and Discussion

As plasma conditions are interconnected, the interplay between RF power which
controls the ion energy bombarding the samples and temperature were investigated.
Temperature is expected to play a larger role when the etch is more chemically
dominated, i.e. when the ion energy is low. The RF power was varied from 5 W to 100
W at both 50 °C and 200 °C while holding the ICP power at 300 W. Figure 1(a) shows
SEM images of micropillars etched in this series. At high RF power (i.e. 100 W),
physical etching dominates, and the etch morphology appears most similar between the
two temperatures. As RF power is decreased, the etch was found to become more
chemical with sidewall faceting emerging at both substrate temperatures. This suggests
that faceting is more sensitive to RF power than temperature. Etching revealed a-plane
facets on convex sidewall surfaces and m-plane facets on concave surfaces, consistent
with wet etching techniques[33] and dry etching of other hexagonal systems such as 4H-

and 6H-SiC.[34] a-plane facets on convex surfaces indicate that the a-plane etches faster



than the m-plane.[33] Trenching was also reduced with decreased RF power, suggesting
that fewer reflected ions are accumulating at lower RF powers, causing a reduction in
localized etch rate near the micropillar base.[35] At RF powers of 75 W and lower, the
effect of temperature on the sidewall surface morphology is evident. At 50 °C, vertical

striations are formed on the pillars, and higher etch temperatures produced smoother

sidewall surfaces with small amounts of lateral etching.
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Figure 1. (a) Scanning electron images of GaN micropillars etched at 5-100 W RF power
at both 50 °C and 200 °C. The ICP power was held at 300 W. Facets emerge at lower RF
powers, and higher temperatures results in lower sidewall roughness. (b) GaN etch rate
and SiO etch rate as a function of RF power at 50 °C and 200 °C. (c) GaN:SiO;
selectivity and DC bias as a function of the RF power at 50 °C and 200 °C.

AFM was used to quantify the roughness of the sidewalls of the pillars etched at
25 W RF power at both 50 °C and 200 °C. Figure 2 shows the AFM topographic images

taken along the length of the micropillar sidewall surfaces. Rq for the 200 °C (1.99 nm)
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sample was found to be 2.7 times smoother than at 50 °C etch (5.34 nm). Rq of the 200 °C
sample is comparable to our prior report.[7] The vertical striations in the 50 °C sample
are transferred from the edge of the SiO, mask. The features in the 200 °C sample do not

have a directionality and are formed by a different mechanism.

200 nm

Figure 2. Atomic force micrographs of pillar sidewalls etched at 300 W ICP power, 25 W
RF power, and at (a) 50 °C and (b) 200 °C. Increasing the substrate temperature reduces
Rq from 5.34 nm to 1.99 nm.

Increased table temperature also led to increased etch rates and selectivity for this
etch series, particularly at lower RF powers. As shown in Figure 1(b), the etch rate
monotonically increases with RF power, and a maximum GaN etch rate of 0.4 um/min
was obtained at 200 °C. The etch rates at 50 °C and 200 °C and 100 W RF power nearly
converge. This may indicate that the etch is in a more physically dominated regime where
temperature plays a less important role or that higher ion bombardment energies are
locally increasing the surface temperature and thus converging the etch conditions. The
SiO> etch rates (Figure 1(b)) increased with increasing RF power but was not appreciably
affected by increasing the temperature from 50 to 200 °C. The etch rate of SiO2 in a Cl-
Ar plasma is known to be limited by physical sputtering of O atoms from the surface and
not strongly influenced by temperature.[36] As the RF power is lowered, the GaN:SiO>
selectivity (Figure 1(c)) increases as the SiO2 etch rate decreases more rapidly than the

GaN. Etching at 200 °C increases the selectivity. A maximum selectivity of 17:1 GaN:



SiO2 was obtained at 200 °C using 5 W RF power. The measured DC bias as a function
of RF power is found in Figure 1(c).

Subsequent experiments were performed to shift the etch to a more highly
chemically dominant regime by varying the ICP power from 300 W to 2000 W at both 50
°C and 200 °C. The increase in plasma density results in more radicals available in the
plasma for chemical etching. The RF power was held at 25 W. SEM images of the etch
series are found in Figure 3(a). As the ICP power is increased, faceting becomes more
prominent, and the amount of undercutting increases. The amount of trenching around the
pillars is also strongly affected by the ICP power. The trench is narrowest at 300 W and
then becomes increasingly wider as the power is increased. At 1500 W, small “trenches”
exist only where the vertices of the pillar facets meet the floor, and at 2000 W, the
trenches disappear. We propose that the widening and eventual elimination of the trench
is a result of increased lateral etching relative to vertical etching on the floor. As the in-
plane etching of the crystal increases relative to the out-of-plane etching, any
nonhorizontal surfaces will etch away. The overall effect is that depressions in the floor
will become wider while protrusions will become narrower and eventually eliminated.
This hypothesis is further supported by the decreasing DC bias with increasing ICP
power (Figure 3(c)) which results in a more chemical etch. The above hypothesis neglects
the etch rates of any defects present in the underlying GaN, which may be expected to
etch even faster than in-plane etching. This can be observed by the increasingly higher
density of pits on the GaN floor at higher ICP powers which are presumably threading

dislocations which selectively etch more quickly.[37,38]
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Figure 3. (a) Scanning electron images of GaN micropillars etched at 300-2000 W ICP at
both 50 °C and 200 °C. The RF power was held at 25 W. Lateral etching increases and
trenching decreases with the ICP power due to enhanced chemical etching. (b) GaN etch
rate and SiO: etch rate as a function of the ICP power at 50 °C and 200 °C. (¢) GaN:SiO>
selectivity and DC bias as a function of the ICP power at 50 °C and 200 °C.

Competing effects influence the GaN etch rate as the ICP power is increased
(Figure 3(b)). The etch rate rapidly increases from ~0.2 um/min at 300 W to ~0.35
um/min at 1000 W despite the DC bias decreasing from ~-140 V to ~-85V over the same
ICP power range. The increased etch rate is due to higher ion and/or radical flux to the
sample surface. As the ICP is further increased to 1500 W and then 2000 W, the etch rate
decreases to ~0.30 um/min presumably due to the decreasing ion energy at lower DC

biases. Thus, there may be a rate limiting etch barrier that requires a threshold ion energy
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in the range of ~-85 eV, consistent with Ohba, et al.[39] who found that a self-limiting
etch regime exists at 50-100 V of DC bias during atomic layer etching of GaN in a Clo-Ar
plasma. Table temperature does not strongly affect the GaN etch rate in this series. This
suggests that surface reaction kinetics are not rate limiting along the c-face or that
increased ICP power causes the local surface temperature to increase above 50 °C. The
SiO> etch rate (Figure 3(b)) increases over the whole range of ICP powers and is not
strongly influenced by temperature. This suggests that the SiO> etch rate is limited by ion
flux to the mask surface under these conditions; however, the etch rate flattens out at
lower DC biases possibly indicating that an ion energy threshold is located near ~-45V,
consistent with prior reports.[36] The decreasing GaN:SiO; selectivity (Figure 3(c)) with
ICP power indicates that plasma density plays a larger role in SiO2 etching than in GaN
etching under these conditions.

To further explore the effect of temperature on the GaN etching, an expanded
temperature series from 50 to 400 °C at 25 W and 75 W RF was performed. An ICP
power of 1000 W was down-selected based on the high GaN etch rate, smooth sidewalls,
and moderate lateral etching. SEM images of the etched pillars can be found in Figure
4(a). Increasingly more lateral etching is observed at higher temperatures for both the
pillar sidewall and the floor. The higher lateral etching of the pillars indicates that the
etch is chemically driven and that temperature has a strong influence on the etch
morphology. Under 25 W RF power, the pillars are hexagonally faceted with facets
parallel to the a-plane under each temperature; however, at 75 W RF power, the pillars
shift from hexagonal faceting at 50 °C to 12-sided faceting as the temperatures is

increased. The 12-facets are composed of 6 facets parallel to each of the a- and m-planes.



At higher temperatures, the etch rates of the a- and m-planes may begin to converge such
that facets of each plane emerge. The trenching at the floor of the pillars is also strongly
influence by the etch temperature. The trenches are prominent at lower temperatures and
widen out and fade away as the temperature increases. At 400 °C, trenching is eliminated.
A similar explanation can be made here as was made for the ICP power series. As the
etch becomes more chemically driven (in this case by temperature), the lateral etch rates
increase relative to the c-plane etch rate. The high in-plane etch rate smooths the floor
surface by expanding depressions and shrinking protrusions. At 25 W RF power, pitting
on the floor emerges due to a more defect selective etch. When the RF power is increased
to 75 W, the pitting is drastically reduced because of the enhanced etch rate in the c-
direction. At 75 W RF power, the SiO2 mask clearly erodes, particularly around the
edges. This results in sidewall roughness around the top of the pillar. The lateral etching

of the mask at 400 °C is so great that GaN at the top of the pillar is etched away.
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Figure 4. (a) Scanning electron images of GaN micropillars etched at 50-400 °C at 25 W

and 75 W RF power. The ICP power was held at 1000 W. Lateral etching increases and

trenching decreases with the temperature due to enhancement of chemical etching. (b)

GaN etch rate and SiO> etch rate as a function of the substrate temperature at 25 W and

75 W RF power. (c) GaN:SiO> selectivity and DC bias as a function of the substrate
temperature at 25 W and 75 W RF power.

The etches at all conditions appear smooth, and AFM topographs (Figure 5) of
pillar sidewalls were taken for the samples etched at 50 °C, 200 °C, and 400 °C and 25 W
RF power. Each etch was found to be extremely smooth, with Rq <0.50 nm, which is a
significant reduction in roughness compared to our prior ECR work (Rq = 1.34 nm).[7]
The 50 °C etch was found to be the smoothest, with an Rq of 0.20 nm, comparable to epi-
ready surfaces and as-grown GaN. A slight increase in roughness was observed with

increased temperature, which is distinct from the first RF power series performed under a

11



more intermediate chemical/physical etch regime where temperature leads to a decrease
in Rq. The increased roughness and bumpy surface morphology for the temperature may
be a direct consequence of increased isotropy at higher temperatures or micromasking of
the sidewalls couple with a higher tendency to etch laterally. The origin of these features
warrants further investigation so that they can be controlled. These results suggest that
the effect of temperature on the sidewall roughness and etch characteristics is highly
dependent on the etch regime and due to the interdependent nature of etch parameters in

plasma etching.
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Figure 5. Atomic force micrographs of pillar sidewalls etched at (a) 50, (b) 200, and (c)
400 °C with an RF power of 25 W and ICP power of 1000 W. A plot of the roughness is

shown in (d). As the temperature is increased, the sidewall roughness, Rq, increases.

The vertical GaN etch rate (see Figure 4(b)) remains relatively flat for a given RF
power across the temperature range with the etch rate lower at 50 °C and higher at 400
°C. This modest effect of temperature on the vertical GaN etch rate suggests that the rate

limiting step is governed by a physical process. The SiO> etch rate (Figure 4(b)) also

12



remains relatively flat across the temperature range, consistent with it being rate limited
by sputtering of O. The GaN:SiO> selectivity (Figure 4(c)) does not vary much with
temperature but is increased as the RF power is decreased. The DC bias in the etcher is

not strongly influenced by the table temperature (Figure 4(c)).

IV.SUMMARY AND CONCLUSIONS

The role of substrate temperature in influencing the etch characteristics was found
to be highly etch regime dependent. Temperature was shown to improve the sidewall etch
morphology in an intermediate physical/chemical etch regime, at low-moderate RF
powers (reduced physical bombardment) and low ICP powers (lower plasma densities).
The sidewall roughness was not affected by temperature under strongly physically
dominant etch conditions, at low ICP powers and high RF powers. Under highly
chemically dominant etch conditions (low RF power, high ICP power), extremely smooth
sidewalls with <0.5 nm roughness were achieved with temperature leading to slight
increases in roughness. The results presented here show how smooth etched GaN surface
can be produced which can potentially create better surfaces for GaN epitaxial regrowth
or laser diode fabrication. In future work, more optimizations can still be done to further

improve the etch characteristics to decrease undercutting, trenching, etc.
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