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ABSTRACT

Fabrication of nanostructures on sapphire surfaces can enable unique applications in nanophotonics, optoelectronics, and functional trans-
parent ceramics. However, the high chemical stability and mechanical hardness of sapphire make the fabrication of high density, high
aspect ratio structures in sapphire challenging. In this study, we propose the use of optical emission spectroscopy (OES) to investigate the
sapphire etching mechanism and for endpoint detection. The proposed process employs nanopillars composed of polymer and polysilicon
as an etch mask, which allows the fabrication of large-area sapphire nanostructures. The results show that one can identify the emission
wavelengths of key elements Al, O, Br, Cl, and H using squared loadings of the primary principal component obtained from principal com-
ponent analysis of OES readings without the need of domain knowledge or user experience. By further examining the OES signal of Al and
O at 395.6 nm, an empirical first-order model can be used to find a predicted endpoint at around 170 s, indicating the moment when the
mask is completely removed, and the sapphire substrate is fully exposed. The fabrication results show that the highest aspect ratio of sap-
phire nanostructures that can be achieved is 2.07, with a width of 242 nm and a height of 500 nm. The demonstrated fabrication approach
can create high sapphire nanostructures without using a metal mask to enhance the sapphire etch selectivity.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003023

I. INTRODUCTION

Sapphire has many applications in photonics,'™ optoelectron-
ics,> and functional transparent ceramics”™’ due to its attractive
characteristics, such as high mechanical hardness, thermal toler-
ance, chemical stability, and high optical transmittance in the infra-
red spectrum.”’ However, these prominent properties make
processing sapphire for features with high density and high aspect
ratio (HAR) challenging. This limitation has led to less exploration
of the functional sapphire surface enabled by bioinspired nano-
structures, such as antiglarel =15 and self-cleaning,l’l’””w which
can be found in conventional silicon oxide-based materials.

For sapphire processing via dry etching, previous studies dem-
onstrated Al,O; films’*™*” and sapphire™ ™ etching, but they
either focused on amorphous Al,O3 films or operated at the micro-
meter scale with a low aspect ratio or random order. Considering
scalability, other works utilizing nanoimprint lithography following
an inductively coupled plasma reactive-ion etching (ICP-RIE) were

used to fabricate patterned sapphire substrates, which can improve
light-extraction efficiency of GaN light-emitting diodes.””** At the
100 nm length scale, a recent work using a multilayer etching mask
was demonstrated to enhance the total etch selectivity, resulting in
the production of antireflection sapphire nanostructures with an
HAR of 2.03.”° However, the above techniques require either a
hard mask, multilayer mask, or metal mask to enhance the sap-
phire etch selectivity, potentially leading to mask removal issues
and higher surface roughness. Such processes are also relatively
complicated and can limit potential applications.

In this work, we present a simplified technique to fabricate
large-area HAR sapphire nanostructures using polysilicon nanopil-
lars as an etch mask. The etch process is monitored using optical
emission spectroscopy (OES) sensor readings, which are processed
by principal component analysis (PCA) to investigate the sapphire
etching mechanism and for endpoint detection. PCA is a multivari-
ate statistical analysis tool commonly used for dimensionality
reduction, in which correlated data are projected onto a smaller set
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of uncorrelated data to obtain a smaller data size, while preserving sidewall waviness. A 200 nm PR (PFI-88A2, Sumitomo) is then

as much variation in the reduced-dimensionality data set as spin-coated on the ARC layer. The PR is exposed using Lloyd’s
possible.””"" PCA is suitable for processing OES data for the fol- mirror interference lithography’” with a 325 nm HeCd laser in the
lowing reasons. First, each source of optical emissions is distributed transverse electric (TE) mode. In Lloyd’s mirror interference lithog-
across multiple wavelengths in the spectrum. Second, optical emis- raphy, the spatial period A of interference fringes is controlled by
sions from each source have a strong correlation to one another. the angle of incidence of two laser beams, which is set by rotating

Lastly, PCA can capture different correlations in different principal the stage that holds the mirror and chuck, as determined by
components (PCs). Therefore, PCA has been used in previous

studies to identify key emission wavelengths without any domain 1

knowledge,”” and to detect the endpoint in the etching A= Seing’ 1)
process.” ° In this study, we will discuss using PCA to identify

key element emissions during the sapphire etching process. A yhere 4 is the wavelength of the laser and  is the half of the angle
empirical first-order etching model will be fitted to the OES signal between the two interfering beams, which also corresponds to the
to find a predicted endpoint in the sapphire etching process, which rotating angle of the stage holding the mirror and the chuck. 1D
indicates the moment when the mask is completely removed,  grating patterns are obtained with a single exposure, and 2D peri-
and the sapphire substrate is fully exposed. This work improves odic pillar arrays are achieved with two orthogonal exposures.
unde.rsta.nding of the sapphire etching.pro.cess by using in sz:tu Lloyd’s mirror interference lithography can fabricate nanostruc-
monitoring and demonstrates the fabrication of HAR sapphire tures over a large area, making potential applications more practical
nanostructures, which can find applications in nanophotonics, 14 feasible. After forming 2D pillar arrays with a 300 nm period
optoelectronics, and functional transparent ceramics. in the PR, the pattern is transferred to the underlying layers using
ICP-RIE (Oxford 100). Oxygen gas is used (145s etch time, RF
power 60 W, pressure 13 mTorr, and flow rate 25 SCCM) to trans-
IIl. METHOD fer the PR pattern into ARC, and HBr gas (80 min etch time, RF

The proposed processes for the fabrication of HAR sapphire power 20 W, ICP power 200 W, pressure 8 mTorr, and flow rate
nanostructures are illustrated in Fig. 1. Initially, a thick polysilicon 20 SCCM) is used to further etch into the polysilicon layer. A low
layer with a thickness of around 1 um is deposited on the sapphire RF power in the HBr etch is used to enhance etch selectivity,”
substrate using low-pressure chemical vapor deposition (LPCVD). allowing the formation of HAR polysilicon nanopillars as an etch

An antireflection coating (ARC i-con-7, Brewer Science) is spin- mask for the sapphire etching process. Finally, BCl;/HBr ICP-RIE 2
coated with a thickness of 100 nm to minimize the amount of light (18 min etch time, RF power 400 W, ICP power 1500 W, pressure g
reflected from the polysilicon layer and reduce standing wave and 8 mTorr, and flow rate 15 SCCM for each gas) is used to further §
N
3
g
Exposure & Development 2
Period of 300 nm ®
PR ~200 nm Exposure
CREE00um (Lloyd's mirror) Development 2RC
Poly-Si ~1000 nm Poly-Si
Sapphire wafer Sapphire wafer Sapphire wafer
Etching
O,ICP-RIE .
H?I' ICRP};RIE with BC13 /HBr
; ow ower
Poly-Si P ICP-RIE _
Sapphire Nanostructures
Sapphire wafer Sapphire wafer I I I I I I I I
FIG. 1. Fabrication processes for HAR sapphire nanostructures in this study. The structures are patterned using Lloyd's mirror interference lithography and transferred to
the sapphire substrate using ICP-RIE with various etch chemistry.
J. Vac. Sci. Technol. B 41(6) Nov/Dec 2023; doi: 10.1116/6.0003023 41, 062807-2
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etch the pattern into the substrate to create sapphire (a)
nanostructures.

To understand the ICP-RIE sapphire etching process, a broad-
band spectrometer (Ocean Insight HR4Pro) is attached to the view-
port of the ICP-RIE system to collect the OES signal during
etching. The analysis methodology used in this study involves uti-
lizing loadings obtained from PCA to identify key emission wave-
lengths during the sapphire etching process.”” PCA is defined as an
orthogonal linear transformation that converts raw data into a new
coordinate system, which can then be used to express the original
data using fewer dimensions. For an OES data in the form of a
m x n matrix X, with m being time samples and n wavelengths, the
PCA operation results in the OES data X being the product of the
score matrix T and the loading matrix W, along with an additional
residual matrix E, is given by

Br, Cl

Intensity (arb.)

X=Tw" +E, ) 0 \ . . \
300 400 500 600 700 800 900
where Wavelength (nm)
T=[tyty -t 3) (b)
W = [wy, wy, -, wil. (4)

Here, [ is the number of principal components, which is nor-
mally much less than #. The matrix term TW represents the PCA
modeled component of reduced dimensionality, while residual
matrix E is the unmodeled component. The loading matrix W con-
sists of a set of eigenvectors obtained by eigen-decomposition of
the covariance matrix of the OES data X, which is scaled to have
column-wise zero mean. Since both score matrix T and loading
matrix W are orthogonal,39 Eq. (2) can be rewritten as

85:10:70 £20Z JOqWaAON 9}

te = X - wg, wherek <[ (5)

The score vector t is the projection of the original OES data
X onto the kth principal component, which implies that the
loading vector wy shows the contribution of each wavelength to
form the score vector #;. Since loadings can be positive or negative,
squared loadings are used in this paper to identify key emission
wavelengths in the OES data, meaning that the higher the squared FIG. 2. (a) Experimentally collected OES data from HBr/BCl; sapphire etching

loading, the more significant the contribution of the corresponding :”itht;n tetf&ﬁtme (;f 18 min. 1hgea§ljtred ?E?_ datta frl?m 300 }0 9%? ",’2 "‘f’f"e&

wavelength is deemed to be. ength a imestamps at 10s intervals. Top ten key wavelengths identifie
via squared loadings of PC1 and corresponding materials at key emission wave-

lengths found in the NIST table, including Al and O (393.5-395.6 nm), Br and H

I1l. RESULTS AND DISCUSSION (655.4-655.7 nm), Br (826.3 nm), and Cl (836.8 nm). The inset shows key emis-
R R sions of Al and O from 393 to 396 nm. (b) The sapphire sample after etching
A. OES of the sapphire etching process for 18 min. The polysilicon mask exhibiting a deep-colored appearance is not

To investigate the sapphire etching mechanisms, OES data are EOEIEED e g e 62

collected for each timestamp during the BCl;/HBr ICP-RIE
process. The integration time of the spectrometer is set to 10s to
increase the signal-to-noise ratio. The raw OES data for sapphire nanopillars exhibiting a deep-colored appearance, have been
etching which lasted for 18 min, as well as a picture of the etching removed. However, due to the nonuniform thickness of the polysi-

sample, are shown in Figs. 2(a) and 2(b), respectively. In Fig. 2(a), licon layer from the LPCVD process and location-dependent varia-
multiple peaks or strong emissions across the spectra can be tions in ICP-RIE etch rates, some parts of the polysilicon
observed, but it is not possible to directly identify which emission nanopillars around the sample’s edges have not been completely
peak contains important process information. In Fig. 2(b), it can be removed. Since the goal of this study is to achieve the tallest possi-
observed that most parts of the mask, which consists of polysilicon ble sapphire nanostructures, the endpoint of this study is defined

J. Vac. Sci. Technol. B 41(6) Nov/Dec 2023; doi: 10.1116/6.0003023 41, 062807-3
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FIG. 3. PCA analysis of the OES data from HBr/BCl; sapphire etching with an
etch time of 18 min. (a) Calculated scores on PC1, PC2, and PC3. (b) Squared
loadings of PC1 and corresponding materials at key emission wavelengths,
including Al and O (393.5-395.6nm), Br and H (655.4-655.7 nm), Br
(826.3nm), and Cl (836.8 nm). The inset shows squared loadings of key wave-
lengths of Al and O from 393 to 396 nm. (c) Squared loadings of PC2 and cor-
responding materials at key emission wavelengths, including Br (826.1-826.6,

843.9, 863.2, and 888.6-889.1 nm) and Cl (836.5-837 nm).

700 800 900
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as the moment when the polysilicon mask is completely removed
during the sapphire etching process. In other words, the endpoint
of the sapphire etching process has not been reached within the
etch time of 18 min. Therefore, an additional sapphire etching for
5min is performed, and the result shows that the mask is
completely removed, with the sample being fully transparent.

Then, key wavelength analysis via PCA is performed to iden-
tify which emissions are critical to the etching process. The calcu-
lated scores on the three most significant principal components
of the OES data obtained from 18 min of etching are plotted in
Fig. 3(a). The scores on the most prominent principal component,
labeled as PC1 and denoted with a blue line, show an increasing
trend over time, which is reasonable due to more sapphire being
exposed during the etching process. However, even though scores
on the second most significant principal component, labeled with
PC2 and denoted by a red line, show a minimum point at around
10 min, it is not a true endpoint since the mask has not been
completely removed after 18 min. Scores on the third most signifi-
cant component, labeled as PC3 and denoted by a yellow line,
appear random and can be attributed to noise due to their stochas-
tic distribution. Therefore, the squared loadings of PCl should
be used for the identification of the key wavelengths. To validate
this statement, the squared loadings of PC1 and PC2, as shown in
Figs. 3(b) and 3(c), are further discussed. In Fig. 3(b), the wave-
lengths having the top ten squared loadings are selected and can be
categorized into four groups: 393.5-395.6, 655.4-655.7, 826.3, and
836.8 nm. These wavelengths are further examined via the atomic
spectra database provided by the National Institute of Standards
and Technology to identify corresponding critical materials in the
process.”’ The results are shown in Table I, as well as Figs. 2(a)
and 3(b). The range from 393.5 to 395.6 nm represents emissions
of Al and O, while the range from 655.4 to 655.7 nm represents

emissions of Br and H. The emission at 826.3 nm represents Br, |
and 836.8 nm represents emissions of Cl. On the other hand, the ;

results in Fig. 3(c) show that wavelengths with the top squared
loadings of PC2 are mainly emissions of Br and Cl, which include
826.1-826.6, 836.5-837, 843.9, 863.2, and 888.6-889.1 nm. From a
process perspective, selecting the emission of Br or Cl, which come
from the input gases, to monitor the etching process might not be
the best way since it cannot directly represent the etching condition
on the sample. On the other hand, since Al and O originate from
the sapphire sample during the etching process, their emissions can
accurately reflect the exposed portions of the sapphire sample. As a

TABLE I. Top ten key wavelengths identified via squared loadings of PC1 vs NIST
emission lines.

Corresponding element and emission
wavelength (nm) found in NIST table

AlT (394.4 and 396.2)
O 1(394.7 and 394.8)
Br I (654.4 and 656)

Key wavelength (nm)

393.5, 393.7, 394.5, 395
395.3, and 395.6
655.4 and 655.7

H I (656.3)
826.3 Br I (826.5)
836.8 Cl1(837.6)
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FIG. 4. (a) The emission of Al and O over time at 395.6 nm during the sapphire
etching process. (b) The emission of Br over time at 826.3 nm during the sap-
phire etching process.

result, although the scores on PC2 seem to have an interesting
trend, but it is not considered as a candidate for the analysis of the
key wavelength selection.

Further investigation of the OES signals at those wavelengths
reveals that emissions of Al and O, originating from the sapphire
substrate, become stronger over time. On the other hand, emissions
of Br, H, and Cl, which come from the input gases, become weaker
over time. For example, Fig. 4(a) shows an increasing emission of
Al and O at 395.6 nm over time, while Fig. 4(b) demonstrates a
decreasing emission of Br at 826.3 nm. The increasing trend in Al
and O emissions can be attributed to more areas of the sapphire

ARTICLE pubs.aip.org/avs/jvb

substrate becoming exposed during etching, while the decreasing
trend in Br, H, and CI emissions is a result of increased reaction
due to the expanding sapphire surface. Another interesting obser-
vation from the OES data shown in Fig. 2(a) is that emissions of
Br, H, and Cl are significantly stronger compared to emissions
of Al and O from 393.5 to 395.6 nm, which are shown in the inset
of Fig. 2(a). This can be attributed to the relatively smaller size of
the sapphire sample in comparison to the volume of input gases
distributed throughout the entire chamber. However, PCA enables
the identification of Al and O emission peaks, which are of lower
intensity but carry important process information and are critical
for process development.

Based on the previous discussion, the squared loading of PC1
has the highest value at 395.6 nm, representing an emission of key
elements Al and O. Furthermore, the parameters of each sapphire
etching process are the same and remain constant throughout.
That is, the OES data are collected and analyzed under the same
process conditions. Therefore, in this study, the OES data collected
during the first 18-min etching process is used to identify key
wavelengths, and the one collected during the additional etching
process is used to find the endpoint in the process. As a result, the
OES signal of an additional etching for 5min at 395.6nm is
further discussed. As shown by the red line in Fig 5(a), the OES
signal increases exponentially and finally reaches a steady state,
which is reasonable since the polysilicon mask has been etched
away and the sapphire substrate is fully exposed during this etching
process. Moreover, it can be observed that the OES signal behaves
like a typical first-order system."'

To explain this observation, an empirical first-order system for
the plasma etching process and the corresponding OES signal is
discussed. During the etch, the emission intensities are propor-
tional to the densities of the electronically excited species, and the

amount of excited species promoted by electrons is determined by |
the electron energy distribution function of the plasma.*” Since ;

process parameters, such as RF and ICP power, gas flow, and
chamber pressure, do not change significantly during the etching
process, one can assume that the electron energy distribution of the
plasma does not vary over time. With this assumption, the optical
emission intensity I(t) can be expressed as

I(t) oc nexcited(t) = CQ(t): (6)

where #excited is the density of the species in a certain exited state,
Q(t) is the total amount of the species in the ground state, and ¢ is
a constant showing the relationship between the density of the
excited species and the total amount of the ground state species.
Furthermore, as shown in Fig. 5(b), the density of the excited
species during the etching process will be affected by the etch rate
dy/dt, where y is the thickness etched from the substrate, and the
amount of the ground state species being pumped out of the
chamber dQ/dt. Therefore, #excited(t) can be expressed as

dy dQ
Nexcited (f) = 00— — f—, 7
exc1ted( ) dt dt ( )
where a and f are experimental constants. Here, we assume that
the etch rate does not change dramatically during the 5 min long

85:10:70 £20Z JOqWaAON 9}

J. Vac. Sci. Technol. B 41(6) Nov/Dec 2023; doi: 10.1116/6.0003023
Published under an exclusive license by the AVS

41, 062807-5


https://pubs.aip.org/avs/jvb

JVSTB

Journal of Vacuum Science & Technology B

etch and is constant in this process. With this assumption and
combining Eqs. (6) and (7), we can find that the optical emission
intensity I(t) is proportional to the total amount of the ground
state species Q(t). Function Q(¢) is the solution of a first-order dif-
ferential equation with a step response input,

dQ B
Byt =y ®)

where y is a constant which equals to o times the constant etch
rate. Based on this model, the empirical first-order solution is

(a)

1750 T T T T T

1700

1650

~ 1600

arb

~— 1550

1500

Intensity

1450

1400

= ~=Fitted Curve

1350

—e— OES signal at 395.6 nm [

200 250

1300 L ! L
0 50 100 150
Time (s)

300

(b)

Pumping

Q)

Chamber

FIG. 5. (a) OES signal at 395.6 nm (red solid line) in the additional etching for
5min. A solution of the first-order system (blue dashed line) fitted to the OES
signal. (b) Schematic of the simplified etching process approximated by a first-
order system.

ARTICLE pubs.aip.org/avs/jvb

found by least squares fitting to the OES signal at 395.6 nm and is
found to be

—(t-10)

I(t) = —317.2¢ 22 + 1659. 9)

This fit is plotted in Fig. 5(a) as a blue dashed line.

Since the settling time in a first-order system is 47 and the
time constant 7 in Eq. (9) is 42.2's, a predicted endpoint in this
sapphire etching process should be at 168.8s. This implies that
after etching for around 170s in the additional etch, the HAR
nanopillars mask will be completely removed and the sapphire sub-
strate will be fully exposed. Over-etching beyond this point can
lead to rounding of the sapphire structures and a reduced aspect
ratio.

B. Fabrication of sapphire nanostructures

With a better understanding and monitoring of the sapphire
etch process, the proposed process can be used to demonstrate the
fabrication of HAR sapphire nanostructures. Figure 6(a) shows an
SEM image where the 2D pillars are successfully transferred into
the ARC layer by O, ICP-RIE for an etch time of 145s. It can be
observed that, compared to the thickness of the polysilicon layer,
the total thickness of the ARC and PR is much thinner at 225 nm,

PR+ARC

Polysilicon

Sapphire

FIG. 6. SEM images of (a) pattern transferring into the ARC layer by O,
ICP-RIE and (b) HAR nanopillars that are fabricated by HBr ICP-RIE with a
20 W RF power.
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yielding an aspect ratio of 0.95. However, using a low RF power
setting to enhance etch selectivity by favoring chemical etching,
HAR nanostructures can be fabricated even when a very thin
polymer mask is used.”® Figure 6(b) shows that after HBr ICP-RIE
with a low RF power of 20 W for an etch time of 80 min, polysili-
con nanopillars with an aspect ratio of around 10 can be obtained.
These HAR nanopillars will serve as an etching mask for the fol-
lowing sapphire etching process.

As mentioned in Sec. III A, after using BCl;/HBr ICP-RIE to
etch the sapphire substrate for 18 min, it can be observed that most
parts of the HAR polysilicon nanopillars are removed near the
center of the substrate. Sapphire nanostructures in that area, as
shown in the cross-sectional SEM image in Fig. 7(a), follow a
tapered profile with a width of 242nm and a height of 385 nm,
resulting in an aspect ratio of 1.59. However, the HAR polysilicon
pillars around the edge of the sample are not completely removed
after the 18 min etching due to the nonuniform thickness of the
polysilicon layer. After an additional 5 min etch time, which is a bit
longer than the predicted endpoint of 170s, obtained using
methods described in Sec. III A, the remaining HAR nanopillars

FIG. 7. SEM images of tapered sapphire nanostructures fabricated by HBr/BCl;
ICP-RIE with an etch time of (a) 18 and (b) 18 + 5 min.

ARTICLE pubs.aip.org/avs/jvb

are completely removed. The additional etching results in the
tapered sapphire nanostructures with a height of 500 nm, which
leads to a higher aspect ratio of 2.07, as shown in Fig. 7(b). This
result indicates that higher sapphire nanostructures can be obtained
if a thicker polysilicon mask is used and that the etching time of
the sapphire structure is near the endpoint where all the polysilicon
nanopillars are completely removed. Further etching beyond the
endpoint can result in rounding of the sapphire structures, resulting
in a lower aspect ratio.

The use of OES in determining the endpoint of the sapphire
etch is critical in this work. However, the current spectrometer
limits the temporal resolution due to its low sensitivity. Lower tem-
poral resolution may fail to capture rapid fluctuations or transient
phenomena occurring in the plasma, which can be important in
certain etching processes. Additionally, the emission intensity is
highly sensitive to chamber conditions. For example, the emission
intensities at 395.6 nm during the first and the additional etching
are not at the same level. The intensity of the OES signal shown in
Fig. 4(a) ends at around 1750 arbitrary unit during the first etch,
while the intensity of the OES signal shown in Fig. 5(a) starts at
around 1350 arbitrary unit and never reaches 1750 arbitrary unit
during the additional etch. This phenomenon might be due to
uncontrollable changes in the chamber condition between these
two noncontinuous etching processes.

During the nanofabrication process, although HAR sapphire
nanostructures can be obtained, the nonuniform thickness of poly-
silicon leads to uneven heights of sapphire nanostructures. This
issue needs to be addressed, especially when the sample is applied
to large-area applications. For future works, antireflection, antifog-
ging, and antidust experiments will be performed to demonstrate
and test the multifunctional ability of these sapphire nanostruc-
tures. Additionally, sapphire nanostructures will be fabricated on

the other side of the substrate to further enhance multifunctional i
performance. Furthermore, exploring the application of a thicker ;

polysilicon mask can be considered to increase the aspect ratio of
sapphire nanostructures. Also, sapphire nanostructures with a
smaller period can be fabricated to reduce the diffraction effect and
enhance the transmittance at shorter wavelengths. Last, this empiri-
cal first-order model can be applied to various etching processes
for endpoint detection and comparison with other approaches to
help identify the etching endpoint.

IV. CONCLUSION

The proposed approach demonstrates a simple fabrication
process to obtain HAR sapphire nanostructures using polysilicon
nanopillars as etch masks and in situ OES for process develop-
ment. The analysis of key wavelengths accomplished via PCA of
OES signals shows the ability to identify key emissions of Al, O,
Br, Cl, and H in the first sapphire etch process based on the
squared loadings of PCl. Additionally, emissions with lower
intensities, but having important process information, such as Al
and O emissions, can be identified via PCA without any domain
knowledge. An empirical first-order model with the assumptions
of a constant etch rate and time-independent electron energy dis-
tribution is pursued and fitted to the OES signal of Al and O at
395.6 nm. Based on the fitted first-order response, a predicted
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endpoint at 170s can be identified in the sapphire etching
process. The sapphire etching results show that the highest aspect
ratio of sapphire nanostructures achieved is 2.07, with a width of
242 nm and a height of 500 nm.
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