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ABSTRACT. Zero-mode waveguides (ZMWs) are nanostructures that drastically reduce the
effective optical observation volume beyond the diffraction limit, thereby permitting
the use of higher concentrations of fluorescently tagged molecules for single-
molecule studies. This work presents the fabrication technology of quartz plasma
etching to create tapered sidewalls for the application in ZMWs, utilizing an induc-
tively coupled plasma (ICP) reactive ion etching tool. This method involves a meticu-
lously designed two-step etching process to achieve quartz cavities with a minimum
sidewall angle of approximately 60 deg. Initially, the process involves altering the
photoresist pattern from a vertical to a tapered form, facilitated by the use of
CF4∕O2∕Ar plasma at elevated radio frequency power settings. Subsequently, the
quartz material is etched utilizing CF4 based plasma, with the tapered photoresist
serving as a mask. This innovative approach allows for the successful transference
of the tapered photoresist structure onto the quartz material, culminating in the
formation of uniform and symmetrical tapered quartz cavities. Most importantly, the
surface roughness (Rq) of the tapered quartz, measured to be around 3 nm, is
extremely low and meets the stringent requirements for optical devices.
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1 Introduction
The use of glass microstructures is prevalent across a wide array of devices, including micro-
electro-mechanical system (MEMS),1,2 optical devices,3,4 and biochips.5,6 The array of glass
substrates employed in these applications includes materials such as silica,7 borosilicate glass,8

Corning Pyrex 7740 glass,9 and quartz glass,10 known for their remarkable properties, such as
superior light transmission, lower surface damping coefficients, and high biocompatibility.11,12

In addition, quartz glass is considered for its potential in optical component development, attrib-
uted to its unique properties, such as piezoelectricity, high insulation, hardness, and thermal
stability.13,14

In recent years, zero-mode waveguides (ZMWs) devices have witnessed extensive applica-
tions across various disciplines. Accompanied by the expansion of non-classical optics and nano-
photonics, ZMWs have catalyzed the exploration of real-time deoxyribonucleic acid (DNA)
sequencing,15–17 the mapping of protein–protein interactions,18,19 the decoding of message ribo-
nucleic acid translation dynamics,20,21 the study of protein oligomerization,22 and the analysis
of lipid membranes.23–25 These nanoscopic apertures have further been applied directly in the
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analysis of single molecule dynamics in the living cell membranes.26 As a groundbreaking
method in bioanalytical chemistry, ZMWs arrays offer accurate observation and instantaneous
tracking of individual molecular chemical reactions,27 facilitating the study of molecular dynam-
ics at high concentrations. In addition, ZMWs arrays can be coupled with optical probes, such as
fluorescence quantification analysis,28 fluorescence resonance energy transfer,29 and fluores-
cence spectroscopy30 to concurrently assess a multitude of reactions or binding occurrences.
In addition, ZMWs arrays have been innovated as multifunctional tools, for instance, by
integrating optical and electrochemical functionalities into one discrete unit to create electro-
chemical ZMWs.31

The fabrication of ZMWs devices is a sophisticated process that primarily involves the
formation of nanoaperture structures on metal films. These metal films are first layered onto
transparent glass substrates, setting the stage for the nanoaperture structures to be complexly
designed in the metal layers. In a study conducted in 2003, Levene et al. pioneered the use
of ZMWs for detecting single molecules at higher concentrations.15 Following this work, a sig-
nificant body of research has been dedicated to optimizing the design and higher processes of
ZMWs devices.32–35 Aiming to minimize the effect of background fluorescence and boost the
sensitivity of detection, a team of researchers in Suzhou, China, specializing in biomedical engi-
neering,36 introduced an innovative approach. They suggested the integration of a micro lens
array (MLA) under ZMWs devices. This approach was designed to lessen fluorescence crosstalk
by merging the micro lens array with the nanoaperture array, leveraging the optical traits of the
micro lens to amplify signal intensity and narrow the spread of fluorescence signals. While there
are multiple methods for fabricating optimal micro lens arrays,37 they identified a challenge: the
ideal micro lens edges, characterized by their curvature, presented obstacles in managing the
etching angle and were found to be incompatible with the ZMWs nanoaperture array production
process. To facilitate the fabrication and improve the consistency of the lens surface, the research-
ers proposed a change to the perspective edges, transforming them from curved to straight lines.
This adjusted MLAs structure, diverging from the traditional curved design, essentially resem-
bles an array of conical cavities etched into quartz glass. Such a design necessitates the fabri-
cation of smooth, conical cavities in quartz (depths of <3 μm) with a specific incline. According
to their simulation results, the sidewall inclination angle (SWA) for the quartz conical cavities
should be less than 65 deg.

In relevant works of literature, numerous approaches have been analyzed for patterning silica
based materials with angled structures utilizing standard MEMS fabrication methods.38–47 First,
methods such as photolithography resist thermal melting or grayscale exposure were applied to
establish the necessary angled photolithography resist patterns, which were then transferred
onto the material through dry etching processes. The procedure for creating angled sidewalls
in photoresist through thermal melting is closely associated with factors, such as the photoresist’s
thickness, its melting temperature, and the duration of melting, which results in inconsistent
repeatability for fabricating small-scale patterns. Therefore, this method has not been widely
adopted for projects where the critical dimension (CD) is smaller than 5 μm. Additionally, even
though the grayscale exposure process is theoretically possible, its broad application is hindered
by the significantly increased costs and complexities involved in generating the requisite masks
when compared to standard ones, thereby limiting its practical use.38 The digital grayscale mask-
less lithography technique is a recently developed and promising technique for fabrication
of three dimensional micro-structures.39,40 A primary benefit of this exposure method is the
elimination of expensive masks, allowing for the direct writing of patterns upon completion
of the layout design. However, a significant drawback is the significant fabrication time it
requires, as patterns must be written gradually. This limitation largely confines its application
to scientific research. In seeking solutions to these hurdles, researchers have introduced advanced
etching methods that utilize photolithography resist patterns with vertical sidewalls. This
approach involves the use of a specialized chamber for isotropic etching.41 Such a strategy ena-
bles accurate control over the shape of silica by skillfully merging isotropic and anisotropic etch-
ing methods. Nonetheless, this method requires employing two different etching chambers,
which significantly raises the costs compared to other etching methods.42 In the very large-scale
integration circuits (VLSI), the method for tapered contacts and vias in silica for electrode
interconnections is not particularly novel. However, there appears to be a gap in the literature
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regarding the fabrication of tapered structure in quartz for use in optical components.
Specifically, with respect to the accuracy machining of optical devices, considering their light
transmission efficiency, there are rigorous standards not solely for the fabrication morphology.
Most importantly, the roughness of the fabrication surface of the quartz tapered structure must be
limited to no more than 10 nm to avoid significant optical loss. Those requirements have indi-
cated that while traditional MEMS processing methods are capable of producing quartz tapered
structure, attaining a sidewall angle of less than 65 deg and meeting the specified roughness
criteria through a single-step direct etching process, remains a challenge.

The study by Oehrlein et al. demonstrates that in the process of anisotropic etching, there
exists a specific relationship between the mask angle prior to etching, denoted as θmask, and the
final inclination angle of the etched material, denoted as θfilm, as illustrated in Fig. 1(a)43

EQ-TARGET;temp:intralink-;e001;117;604SR ¼ tan θfilm∕ tan θmask; (1)

where the etch selectivity ratio (SR) is defined as the ratio of the film etching rate (ER) to the
mask etching rate. The angle of inclination refers to the angle between the sidewall and the
substrate surface. A smaller angle indicates a greater degree of sidewall incline. Based on
Eq. (1), it is evident that the etching angle of the film is closely related to both the etch SR and
the mask angle. Figure 1(b) illustrates the relationship between the etching material’s inclination
angle and both the mask inclination angle and the etch SR. It can be observed from the figure that
with an increase in the etch SR, a smaller mask angle (before etching) is required to achieve a film
sidewall with a high degree of incline.

This paper proposes a novel approach of two-step etching process by utilizing the ICP-RIE
tool. The procedure involves fine-tuning the predominantly vertical photoresist mask, developed
post-exposure, to procure an angled sidewall configuration by ICP-RIE, which is then translated
onto quartz through ICP-RIE approach specific to quartz. This methodology stands out for its
simplicity and repeatability. Further exploration in the paper evaluates how various factors in
photolithography and dry etching parameters affect the etching performance, surface contour,
surface roughness, as well as the SWA of the quartz tapered cavities. The study successfully
yields smooth, conical sidewalls with SWAs near 60 deg on quartz. The insights derived from

Fig. 1 (a) Schematic of etching angles. (b) Relationship between the mask angle before etching
and the etched film angle under different etch selectivity ratios.
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this research extend beyond quartz tapered cavity arrays for ZMWS devices, offering invaluable
procedural references for fabricating a comprehensive range of quartz-based optical devices.

2 Experiment

2.1 Photolithography Experiment
In this study, we chose JGS1 quartz substrates, each with a 100 mm diameter and a 500 μm
thickness, as our base material. To prepare these substrates, we utilized Merck’s AZ P4330
positive photoresist, achieving a uniform layer of 3.5 μm at 3000 rpm. The preparation involved
cleansing the quartz substrates with deionized water and then drying them on a hot plate for
10 min to eliminate any surface moisture. A further cleaning step involved a 5-min treatment
with an oxygen plasma cleaner. Following this, the AZ P4330 photoresist was evenly spread
across the substrates utilizing a spin coater and then the substrates were baked for 2 min at
110°C. The process continued with photolithography utilizing a contact exposure system
(SUSS, MA6) after which the designed conical cavity arrays were brought out utilizing a
tetramethyl ammonium hydroxide (TMAH) developer solution. The final step in the preparation
phase involved rinsing the samples with deionized water and drying them with a nitrogen gun.

2.2 Etching Experiment
The core of our experiment focused on quartz etching, carried out with an ICP-RIE tool (SI 500,
Sentech). Existing literature44–47 offers extensive insights into silica etching through inductively
coupled reactive ion beam methods, highlighting that the etching quality is influenced by a multi-
tude of factors. Key parameters among these are the radio frequency (RF) power, ICP power, and
the accurate mix and ratio of various reactive gases utilized in the process. Additional factors,
such as the electrode temperature, chamber pressure, and the silica material’s specific compo-
sition, were also found to significantly affect etching results. To comprehensively assess the
effect of these parameters on quartz morphology post-etching, we structured multiple sets of
quartz etching experiments. Utilizing the insights gained, we optimized the photoresist etching
process, employing a photoresist tapering as a masking agent to etch the quartz material utilizing
the same etching equipment. Importantly, all etching steps were performed in a singular chamber
environment to avoid exposure to external air, ensuring consistent and high-quality results.

2.3 Characterization Testing
During the experimental process, we applied a variety of characterization methods to explore the
geometric configurations of the fabricated tapered cavities in quartz material. STM7 Olympus
microscope yielded two-dimensional visuals that offered preliminary insights into the shapes of
these constructs. To measure the surface unevenness, we engaged an ICON Bruker Atomic Force
Microscope (AFM), enabling accurate assessments of the topographic subtleties on the quartz
surfaces. For an in-depth view of the cross-sectional profiles and to accurately determine the
etching angles of the quartz tapered cavities, we utilized a dual-beam focused ion beam system
(FIB, Auriga, Zeiss) to section the quartz etched tapered cavities across their diameter. The etch-
ing depth was determined with a surface profilometer (Profiler, P7, KLA-Tencor), affording a
thorough analysis of the etching’s depth. Moreover, the integrity of the etched tapered cavities
was assessed through a field emission scanning electron microscope (FESEM, Ultra Plus, Zeiss).
To increase the conductivity for SEM imaging, all quartz samples were coated with a gold (Au)
layer, approximately 30 nm in thickness.

3 Results and Discussion

3.1 Impact of Exposure and Development Time on Lithography Results
At photolithography exposure intervals of 10, 15, and 20 s, under optimal development
conditions (without any residue and over-development), we were able to observe the photoli-
thography’s effect at varying exposure durations. Table 1 encapsulates the average actual diam-
eters relative to each designed aperture size under three photolithography scenarios. It was noted
that the dimensions post-exposure and development exceeded the designed sizes. As the expo-
sure time increases, the diameter of the developed cone array expanded. Specifically, at a 20 s
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exposure duration, the scattering effect of ultraviolet light sensitized the photoresist on the edges,
resulting in a further enlargement in dimensions after development.

To accurately evaluate the SWA of the photoresist, we sectioned the sample after lithography
along its diameter utilizing the FIB. Figure 2 demonstrates cross-sectional SEM images that
indicate the photoresist conical cavities on the quartz substrates developed under lithography
conditions B and C. These cavities with a designed diameter of 4 μm illustrate the accuracy
achievable. Table 1 summarizes the range of the final photoresist sidewall angles, reflecting
different designed aperture sizes across three lithography scenarios, post-lithography, and devel-
opment. It is evident that the parameters of the lithography process play a critical role in
determining the sidewall angle of the photoresist. Specifically, extending the exposure period
and shortening the development phase tend to decrease the sidewall angle of photoresist.
However, adjustments in lithography parameters only marginally decrease the photoresist’s side-
wall angle but lead to a significant and unpredictable expansion in the CD bias. Therefore, with
both the sidewall angle and CD bias in consideration, we identified lithography condition B as
the optimal initial procedure for our following quartz etching experiments. No obvious bottom
aperture bias was observed for the sample developed by lithography condition B.

3.2 Effect of Etching Parameters on the Etching of Quartz

3.2.1 Types of etching gases

The main component of quartz is SiO2. The etching of SiO2 typically uses gases containing
fluorine (F) or carbon-fluorine (CF) in a process similar to reactive ion etching (RIE). This
etching method is driven by a result of both chemical reactions and physical bombardment,
enhancing the etching efficiency. During the plasma phase, fluorine-based gases engage with
quartz amidst the ion glow discharge event. Fluorine gases break down, releasing fluorine ions
Fþ, which then react with SiO2 to form gaseous SiF4. This byproduct is removed through a

Table 1 Measured aperture diameters (average values) and angles of the photoresist tapered
cavity arrays under different lithographic conditions.

Lithographic
conditions

Exposure
time (s)

Development
time (s)

Measured aperture diameter (μm)

Photoresist
SWA

range (deg)

Design
4 (μm)

Design
4.5 (μm)

Design
5.2 (μm)

A 10 95 4.69 5.52 6.50 80 to 78

B 15 65 4.87 5.63 6.94 78 to 74

C 20 55 6.21 6.50 7.00 71 to 69

Fig. 2 SEM cross-sectional image of photoresist mask (PR) conical cavities with designed CD
4 μm on quartz substrate under different lithography conditions: (a) process parameter: exposure
time = 15 s, developing time = 65 s and (b) process parameter: exposure time = 20 s, developing
time = 55 s.
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pump, effectively etching the quartz material. With gases that have a carbon-fluoride basis, the
RIE process predominantly relies on CFx chemical groups. This involves the reflection of neutral
particles and the breakdown of CFx to produce CFx

þ (x ¼ 1;2; 3). A high concentration of
F atoms catalyzes the breakdown of CFx particles on the chamber’s interior surfaces, employing
Fþ and CFx ions to supply both the chemical agents and the bombardment energy needed for
etching. Conversely, when F atom levels are low, CF2 concentration surges, leading to the
creation of larger CxFy molecules that ionize into bigger CxF

þ
y ions, acting as polymer precur-

sors. Therefore, in a carbon-fluoride plasma environment, despite CF2 and CF3 being reactive
species, F atoms are the principal agents of etching. Polymers are crucial for creating a protective
barrier on sidewall surfaces during etching, as they obstruct the interaction between the sidewall
and etching gases, protecting against sidewall degradation and facilitating anisotropic etching.

Based on lithography condition B, we experimented with various fluorine-based gases
(SF6, CF4, and CHF3), each combined with Ar gas, for their effectiveness in RIE processes.

First, the study explored the use of a fluorine-based gas mixture, specifically SF6 combined
with Ar, for the purpose of reactive ion beam etching. This exploration involved a variety of flow
rate combinations of these gases, in conjunction with varying levels of ICP and RF power. These
experiments consistently produced etched quartz surfaces characterized by SEM with notably
rough surfaces and sidewalls, in addition to significant etching defects, as illustrated in Fig. 3(a).
To address the issue of surface roughness, an attempt was made to clean the samples utilizing
sulfuric peroxide mixture (SPM) (a mix of concentrated sulfuric acid and hydrogen peroxide at a
ratio of 4:1). However, it was determined that a 30 min SPM cleaning process did not improve the
surface roughness. The rate of etching was quantified utilizing a profilometer, indicating an etch
SR (photoresist to quartz) of approximately 2.2: 1, with the angle of the sidewalls measured at
roughly 52.2 deg. Considering the negative effect of surface roughness on the performance of
devices, this combination of etching gases was considered unsuitable for the fabrication of quartz
ZWMs devices.

In light of the critical role of sidewall protection, our experimentation shifted toward the use
of carbon-fluoride-based etching gases to facilitate the formation of organic compounds through
carbon-fluoride plasma. First, a mixture of CHF3 and Ar was employed for reactive ion beam
etching, experimenting with various settings of ICP power, RF power, and gas flow ratios,
maintaining a controlled pressure at 0.7 Pa. Nevertheless, these trials consistently demonstrated
that quartz etching was not achieved. Upon removal of the photoresist, it was evident that no
actual etching had taken place. Instead, the etching process led to the deposition of carbon-
fluoride polymers, resulting in the formation of by-product polymer deposits, as depicted in
Fig. 3(b). It was further observed that these polymer cylindrical deposits established an excep-
tionally strong adherence to the quartz substrate, proving challenging to remove by standard
organic ultrasonic cleaning or plasma cleaning methods.

The experiments indicated that utilizing a combination of CF4 and Ar yielded the most effec-
tive results for quartz etching. Figure 3(c) displays the successful creation of quartz conical cavity
arrays under a total gas flow of 80 sccm, with a balanced flow ratio of 1:1, coupled with an ICP

Fig. 3 SEM images of quartz etching with different types of etching gases: (a) cross-sectional
SEM image of quartz etching, process parameter: SF6 and Ar gas combination, SF6 : Ar = 1:1,
ICP = 600 W, and RF = 100 W, with the inset indicating an SEM top view. (b) Tilt view SEM image
of quartz, where no etching occurred, and a polymer ultimately formed on the quartz, process
parameter: CHF3 and Ar gas combination, CHF3: Ar = 1:1, ICP = 600 W, and RF = 100 W.
(c) Cross-sectional SEM image of quartz, process parameter: CF4 and Ar combination,
CF4 : Ar = 1:1, ICP = 600 W, and RF = 100 W.
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power setting of 600 Wand RF power of 100 W. Adjusting the parameters of the etching process
led to significant differences in the effects and angles of quartz etching. This paper will evaluate a
detailed analysis of these findings.

3.2.2 ICP power

Based the same lithography conditions (lithography condition B), we explored the effect of ICP
power on the etching of quartz. The experiments indicate that adjustments in ICP power
significantly affect the etching behavior of quartz. By ensuring the photoresist SWA remained
constant, with a CF4 concentration set at 62.5% in a CF4∕Ar blend (totaling an 80 sccm flow rate)
and keeping other etching parameters steady (RF power held at 100 W), a notable observation
was made. Figure 4 presents the measurement results on the effect of ICP power levels on the
etching rate, surface roughness, and etch angle of quartz. Specifically, an increase in ICP power
from 600 to 800 W led to a significant decrease in the quartz etching rate. This can be attributed
to polymer deposition taking precedence, a scenario likely due to the surplus energy generated by
the ICP glow discharge not translating into a proportional increase in active particle quantity.
This imbalance prompted more frequent collisions among reactive ions, causing these ions,
which were supposed to aggressively target the quartz surface, to lose significant energy.
This energy loss reduced the intensity of physical particle bombardment on the quartz, thereby
reducing the presence of F particles that were expected to engage in and accelerate the quartz
etching process. Concurrently, there appears to have been an uptick in the polymerization reac-
tions among large CF polymer particles, significantly slowing down the reaction rate.

When the power input to the ICP was lowered from 600 to 300 W, a significant increase in
the texture roughness of the etched surface became evident. AFM indicated that this roughness
was approximately twentyfold higher than that of unprocessed quartz, surface roughness
Rq ¼ 42 nm. Meanwhile, the etched sidewalls exhibited significant roughness. A decrease in
ICP power led to a modest reduction in the quartz etching rate, with the etching sidewall angle
of the quartz leaning more toward the perpendicular. This result agrees with findings from a study
by Lin et al.,42 which suggested that increased ICP power would tune the etching sidewall angle
of fused silica glass from a perpendicular to a more slanted orientation. Table 2 presents a sum-
mary of the effect of ICP power on the etching rate, surface texture, and angle of quartz.

Fig. 4 The effect of ICP power on the etching rate, roughness, and sidewall angle of conical
cavities in quartz.
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3.2.3 RF power

Further experimentation highlighted the significant role of RF power on the etching results, as
illustrated in Fig. 5. By maintaining the CF4 concentration at 62.5% (in a CF4∕Ar blend, with an
overall flow rate of 80 sccm), holding ICP power steady at 600 W, and keeping other etching
parameters constant, a reduction of RF power to 50 W markedly slowed the quartz etching rate,
proving it impractical for the fabrication of quartz-based devices. An increase in RF power
enhances the etching rate for both quartz and photoresist materials, with the initial roughness
of the etched quartz surface increasing before reducing. Elevating the RF power to 200 W leads
to the carbonization of the photoresist, which results in significantly rough sidewalls as depicted
in Fig. 6, negatively impacting the functionality of the devices. However, a relatively smoother
etched quartz surface was obtained, with an Rq of 4.6 nm. This might because the quartz surface
in the cavity is directly exposed to the etching gas without the photoresist, so the carbonization
phenomenon of the photoresist mentioned above does not affect the cavity surface. Table 3 out-
lines the effects of RF power on the quartz etching rate, surface texture, and SWA.

3.2.4 Gas flow ratio

Under the same lithography conditions (lithography condition B), we conducted a series of
experiments on the effect of the CF4 to Ar gas flow ratio on the etching of quartz. By ensuring
the photoresist SWA remained constant and standardizing other etching parameters (with ICP

Table 2 The impact of ICP power on the etching rate, roughness, and angle of quartz etching.

ICP (W)
Quartz etching
rate (μm∕min)

Photoresist etching
rate (μm∕min) Rq (nm)

Etching
SWA (deg)

Bottom CD
bias (μm)

300 0.136 0.122 42.5 92 <0.1

400 0.135 0.131 7.5 90 <0.1

600 0.158 0.12 2.8 77 <0.1

800 0.01 0.013 12.4 NA NA

Fig. 5 The impact of different RF powers on the etching rate, roughness, and sidewall angle of
conical cavities in quartz.
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and RF powers set at 600 and 100 W, respectively), we adjusted the CF4 to Ar gas flow ratio to
assess its effects on the quartz sidewall angle. The findings, illustrated in Fig. 7(a), demonstrate
that at a consistent total gas flow of 80 sccm and a chamber pressure of 0.7 Pa, effects in the CF4
to Ar gas flow ratio significantly affect the sidewall angle in quartz. Specifically, we observed
that: (1) increasing the CF4 gas content first led to a reduction in the quartz etching angle, which
then slightly increases; (2) a rise in the CF4 gas content proportionately increased the etching rate
of the photoresist, which then reached a plateau, whereas the quartz etching rate first fell before
experiencing a minor rise. According to results from AFM testing, changes in the etching gas
flow ratio marginally affected the etching roughness, indicating that the etched quartz maintained
a relatively low roughness level, generally around Rq ¼ 3 nm.

Figure 7(b) presents a cross-sectional SEM depiction of conical cavities in quartz at a total
flow of 80 sccm and a CF4 content of 50%, where the angle of the quartz sidewalls appears more
vertical. Increasing the CF4 content to 62.5% leads to the quartz etching angle being the most
inclined (77 deg), as depicted in Fig. 7(c). However, further increases in CF4 gas flow do not
decrease the etching angle. This is likely due to the etching gas reaching a saturation point with
higher CF4 flows, resulting in an excess of ions from glow discharge, which in turn heightens the

Table 3 The effects of RF power on the etching rate, roughness, and angle of quartz etching.

RF (W)
Quartz etching
rate (μm∕min)

Photoresist etching
rate (μm∕min) Rq (nm)

Etching
SWA (deg)

Bottom CD
bias (μm)

50 0.01 0.01 \ NA <0.1

100 0.158 0.12 2.8 77 <0.1

150 0.189 0.16 11 85 <0.1

200 0.245 0.246 4.6 80 <0.1

Fig. 6 Etching of conical cavities in quartz at RF = 200 W.

Fig. 7 (a) The impact of the CF4 to Ar gas flow ratio on quartz etching. (b) SEM cross-sectional
image of conical cavities in quartz with 50% CF4 in the CF4∕Ar mixture. (c) SEM cross-sectional
image of conical cavities in quartz with 62.5% CF4 in the CF4∕Ar mixture.
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collision frequency of reactive ions. As a result, these ions, intended for bombarding the quartz
surface, dissipate a significant amount of energy, reducing the physical effect of the bombard-
ment on the quartz. Concurrently, with constant pressure, an increased CF4 flow enhances the
velocity at which active substances are evacuated, leading to the premature removal of some
reactive particles with the exhaust gases before they can interact with the quartz, thereby com-
plicating further increases in the etching angle. Table 4 summarizes the effects of varying CF4 to
Ar gas flow ratios on the etching of quartz.

3.2.5 Etching temperature

Except for the factors of power and gas previously discussed, etching temperature also signifi-
cantly affects the etching results. Specifically, at lower temperatures, there appears to be a
significant increase in surface roughness due to the hindered evaporation of etching by-products,
which compromises the surface quality. On the flip side, higher temperatures might lead to the
carbonization of photoresist, especially on materials characterized by poor thermal conductivity.
Interestingly, while the etching pace for quartz demonstrates a temperature-dependent acceler-
ation, the rate for photoresist stays more or less consistent. This phenomenon suggests that
lowering the etching temperature could potentially enhance the etching process’s selectivity.
Therefore, our experiments suggest that an ideal etching temperature for quartz conical cavities
stands at 20°C.

3.2.6 ICP-RIE process parameters for quartz etching

The use of a gas mixture containing CF4 and Ar is identified as the most effective for etching
conical cavities in quartz, achieving optimal results when the CF4 to Ar gas flow ratio is adjusted
to 5:3 (or a CF4 content of 62.5%). This accurate ratio leads to quartz cavity with highly inclined
sidewalls, peaking at an angle of 77 deg. An increase of the ICP power to 800 W notably reduces
the rate at which quartz is etched with polymer deposition emerging as the predominant phe-
nomenon. Conversely, a reduction in ICP power is observed to significantly increase the surface
roughness of the etched areas. The effect of RF power on the etching process is also significant
with an increase in RF power not only boosting the etching rate but also initially increasing and
then reducing the roughness of the etched quartz surfaces. At an RF power threshold of 200 W,
carbonization of the photoresist is observed.

Therefore, the optimal parameters for etching quartz to fabricate ZMWs optical devices have
been identified as a CF4 and Ar gas mixture with flow rates of 50 and 30 sccm, respectively,
alongside RF and ICP powers set at 100 and 600 W, chamber pressure maintained at 0.7 Pa, and
an etching temperature maintained at 20°C. Under these specified conditions, the quartz etching
rate is recorded at 0.154 μm∕min, the photoresist etching rate at 0.12 μm∕min, the sidewall
angle at 77 deg, and surface roughness at Rq ¼ 3.1 nm. Moreover, there is no obvious bottom
CD bias (<0.1 μm) compared with an initial photolithographic CD. Our optimal quartz etching
stage effectively balanced the by-product polymer redeposition and the etching gases, achieving
the quartz sidewall protection against excessive CD bias. However, for some specific applica-
tions, such as ZMWs, small SWA (<77 deg) is required, it is difficult to achieve by relying solely

Table 4 The effect of different CF4 to Ar gas flow ratios on quartz etching rate and sidewall angle.

CF4 percentage
(CF4∕Ar) (%)

Quartz ER
(μm∕min)

Photoresist ER
(μm∕min)

Quartz SWA
angle (deg)

SR
(quartz/PR)

Bottom CD
bias (μm) Rq (nm)

75 0.172 0.123 82 1.398 <0.1 3.1

68.75 0.16 0.12 80 1.333 <0.1 3.2

62.5 0.154 0.12 77 1.283 <0.1 3.1

50 0.178 0.098 86 1.816 <0.1 3.4

37.5 0.18 0.08 90 2.25 <0.1 3.2
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on our optimal quartz etching process, so it is necessary to perform the photoresist tapering
process.

3.3 Photoresist Tapering Process
Equation (1) highlights the necessity for the mask angle (prior to etching) to be as minimal as
possible to facilitate the creation of film sidewalls with a high degree of inclination. Building on
this insight, our study extends into the photoresist tapering etching process (a two-step etching
process).

3.3.1 CF 4 flow

In the process of fine-tuning the etching of the photoresist mask post-development, our experi-
ments began by fixing the ICP power and RF power, with the chamber pressure maintained at
1.0 Pa and the temperature held steady at 20°C. The experiments utilized a balanced O2∕Ar ratio
of 1:1 (with an overall flow rate of 130 sccm) and explored how varying the CF4 gas flow
influenced the etching results, as illustrated in Fig. 8. As the flow of CF4 gas was increased,
a significant rise in the quartz etching rate was observed, climbing from an initial rate of
0.3 nm∕s to a peak of 2.4 nm∕s. This rise can be due to the increased presence of F ion groups
in the chamber, which are known to play a critical role in the etching of quartz. Conversely, the
etching rate of the photoresist exhibited an initial surge followed by a decline as the CF4
concentration was adjusted. The primary factors influencing the photoresist’s etching behavior
are the high-activity oxygen atoms and the Ar ion groups. The introduction of CF4 brings active F
ions into the mix, prompting a greater breakdown of oxygen molecules into high-activity oxygen
atoms, therefore enhancing the photoresist’s etching speed until it reaches a peak. Beyond a
certain CF4 concentration, however, the dilution effect comes into play, reducing the concen-
tration of Ar ions and active oxygen atoms in the chamber. This reduction mitigates the physical
and chemical effects on the photoresist, leading to a decrease in its etching rate as the CF4 flow is
further increased. Considering the mild fluctuation in the photoresist etching rate compared to the
more significant changes in quartz etching, the SR of photoresist etching over quartz displays a
gradual decline. In the process of photoresist tapering, it is crucial to avoid over-etching quartz as
it could compromise the integrity of the following quartz conical sidewall formations. Therefore,
maximizing the etching SR of photoresist to quartz is desirable to ensure accuracy and effective-
ness in the etching process.

Figure 9(a) demonstrates the texture of Merck’s AZ P4330 positive photoresist after etching
without CF4, displaying fluffy micro-masks on the photoresist’s edges, which could carry over
into the quartz material etching stage, inducing unevenness on the quartz sidewalls as depicted in
Fig. 9(b). This issue seems to vanish when CF4 is introduced, likely due to fluorine-based gases
facilitating the breakdown and removal of etching remnants. As the CF4 concentration increases

Fig. 8 The impact of different CF4 concentrations on etching rate and etching selectivity.
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from 8% to 24%, there appears to be a significant shift in the etching angle of the photoresist from
60 deg to 80 deg, as illustrated in Figs. 9(c) and 9(d). This shift occurs as an excessive amount of
CF4, which saturates the process gas atmosphere, leading to an abundance of ions generated by
glow discharge, which in turn amplifies collisions among reactive molecules. As a result,
these molecules, aimed at bombarding the etching surface, shed a significant amount of energy,
reducing their bombardment effect. Concurrently, an increased flow of reactive gases speeds up
the pumping of active compounds, causing some reactive molecules to be expelled with the
exhaust before they can interact with the photoresist, complicating the formation of the etching
angle.

The etching results suggest that incorporating a measured amount of CF4 enhances the
etched surface’s quality. Nonetheless, an overly high concentration of CF4 might cause over-
etching of the quartz material and an increase in the etching sidewall angle.

3.3.2 RF power

With fixed parameters, such as chamber pressure, gas flow, and ICP power (500 W), the focus
was on analyzing the effects of varying RF power levels on the etching process, particularly after
the development phase of photoresist masks, as illustrated in Fig. 10. Observations from
Fig. 10(a) indicate that a boost in RF power from 100 to 400 W notably increased the photoresist
etching rate from 8.7 to 22 nm∕s. Similarly, the etching rate for quartz demonstrated a steady
climb from 0.9 to 2 nm∕s, whereas the etching SR largely stayed uniform at approximately 10:1,
with no significant differences. RF power plays a crucial role in creating a self-bias voltage on the
lower electrode, which in turn affects the plasma to direct a force toward the substrate.
Differences in the self-bias voltage change the plasma energy impacting the substrate, thereby
influencing the etching performance. At reduced RF power settings, the plasma energy reduces,
leading to a weakened physical etching process. Moreover, the reduced energy levels impair the
ability to disrupt the chemical bonds of the targeted material through physical bombardment,
resulting in less effective chemical etching. Therefore, both quartz and photoresist exhibit lower
etching rates under these conditions.

Fig. 9 SEM cross-sectional images of photoresist and quartz conical cavities etched at different
CF4 concentrations: (a) photoresist etched without CF4 addition and (b) quartz etched with it as a
mask under optimized etching parameters, (c) photoresist etched with 8% CF4, and (d) photoresist
etched with 24% CF4.
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Figure 10(b) demonstrates that with an increase in RF power, the roughness of the etched
photoresist surface first drops significantly, followed by a gradual uptick. This pattern is attrib-
uted to the minimal physical bombardment effect at low RF power levels, which hinders the
evaporation of etching by-products. Therefore, these by-products accumulate on the etched
surface, creating micro-masks and contributing to a rougher surface texture. Nevertheless, an
excessively high RF power results in intense physical bombardment, slightly elevating the sur-
face roughness. Additionally, it is observed that an increase in RF power leads to a linear decrease
in the etching angle of the photoresist. During the photoresist tapering etching process, excessive
surface roughness is undesirable as the micro-masks formed can negatively affect further etching
processes.

In this research, we observed that when the RF power is increased to 400 W, there is a
significant increase in the etching rates of both quartz and photoresist. Additionally, there is
a decrease in the angle of the photoresist etching sidewalls. This combination results in a visible
quartz etching ring on the surface, as depicted in Fig. 11. This phenomenon suggests that the
etching rate of quartz and SR in the conical openings created by the photoresist varies under these
specific conditions. Therefore, when selecting the RF bias power, consider not only the etching
angle but also the surface quality post-etching.

3.3.3 ICP power

In the experiments, RF power was set at 300 W, and the only variable changed was the ICP
power. This adjustment was produced to understand its effect on the etching tapering of the
photoresist mask post-development, as illustrated in Fig. 12. According to Fig. 12(a), the etching
rates of both quartz and photoresist appear relatively stable without significant difference in
response to changes in ICP power. This stability is attributed to two aspects. On one hand, the
increase in ICP power increases the number of active groups in the plasma and its density. This
enhancement boosts the chemical etching mechanism in dry etching processes. Concurrently, an

Fig. 10 (a) and (b) Effects of different RF power levels on photoresist tapering etching.

Fig. 11 SEM image of photoresist etching at an RF power of 400 W.
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increase in ICP power leads to a reduction in the substrate bias voltage, which reduces the kinetic
energy of the ions striking the substrate, as a result, it lessens the physical etching effect.
Therefore, under the specified conditions of gas flow and chamber pressure, the etching rate
and etching selectivity remain fairly unchanged with varying ICP power levels.

Figure 12(b) indicates that an increase in ICP power results in a reduction of the angle of the
photoresist sidewalls, whereas the surface roughness of the etched photoresist changes mini-
mally. Figure 13 demonstrates the morphology of photoresist etching at different ICP power
levels, indicating that as ICP power is increased, the angle of the photoresist sidewalls reduces.
In addition, quartz etching rings become wider and more significant on the quartz surface as ICP
power increases.

The reduction in the angle of etching for the photoresist might be attributed to the increasing
dominance of isotropic chemical etching as the power of the ICP is increased. The mechanisms
behind the formation of quartz etching rings, influenced by changes in ICP and RF power, remain
somewhat mysterious. Nonetheless, further etching experiments indicate that quartz etching
rings with width <300 nm does not substantially affect the formation of final conical cavities
in quartz.

3.4 Two-Step Etching Process
From the experimental results above, to achieve the targeted sidewall angle while maintaining the
quality of the etched quartz surface, the two-step etching process should be implemented. The
following optimal etching conditions for the photoresist tapering have been identified: an ICP
power setting of 500 W, RF power of 300 W, chamber pressure set to 1.0 Pa, an Ar to O2 ratio of
1:1, and a CF4 concentration of 8% in the gas mixture (with an overall flow rate of 154 sccm).
Thereafter, utilizing the photoresist, which has been changed through the etching process as a
mask, the quartz is etched by ICP-RIE with the optimal process parameter of Sec. 3.2. As dem-
onstrated in Fig. 14, the morphology of the conical cavities on a quartz wafer, designed for an
aperture of 4 μm (CD in the photolithography mask layout) on a 4-inch quartz wafer, is observed.
These quartz conical cavities display uniformity and symmetry, with a sidewall angle of approx-
imately 60 deg, an etching depth of 1.890 μm, and a surface roughness of merely approximately
3 nm, satisfying the specifications for ZMWs devices. However, it is important to acknowledge

Fig. 12 The impact of ICP power on (a) DC bias and etching rate and (b) roughness and photo-
resist sidewall angle.

Fig. 13 SEM cross-section images of photoresist at different ICP powers: (a) ICP = 350 W,
(b) ICP = 500 W, and (c) ICP = 650 W.
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that the etched quartz conical cavities exhibit a bottom CD bias around 0.538 μm, which could be
compensated for by making a corresponding reduction in the photolithography mask CD.

Table 5 presents the measurements of quartz cavities, which were fabricated through the
optimal process of photoresist tapering and quartz etching methods. We observe that the final
bottom CD bias is influenced not solely by the wafer’s size but also by the pattern’s placement
across the wafer. Specifically, the CD bias is more significant at the center of the wafer compared
to its edges. This difference may be due to the thermal conductivity characteristics of the sample
throughout the etching process. When the etching duration is extended under the same designed
CD, an increase in the bottom CD bias is noted. Nonetheless, across different designed CDs,
etching time does not exhibit a consistent relationship with bottom CD bias, potentially due to the
etching’s loading effect. This effect leads to varied etching rates in tapered cavities of different
CDs, thereby impacting the bottom CD bias. Moreover, the angle of quartz etching does not
exhibit an evident relationship with either the wafer’s size or the pattern’s placement.

In essence, the bottom CD bias and quartz etching angle emerge from a complex correlation
of various factors during the etching phase, complicating their underlying mechanisms. As such,
for quartz devices that demand accurate CD specifications, it is crucial to fine-tune the photo-
lithography CD and to take into account the sample’s size. The experiments conducted indicate
that this methodology can maintain CD bias uniformity in a 5% to 10% margin for 4-inch wafer.

Fig. 14 (a) SEM cross-sectional image of etched quartz conical cavities and (b) SEM top view of
etch quartz conical cavities array.

Table 5 Average measurements of quartz etched conical cavities based on optimal fabrication
parameters.

CD design
(μm)

Etch time
(min)

Upper CD
(μm)

Bottom CD
(μm)

Etching depth
(μm)

Quartz ER
(μm∕s)

Quartz SWA
(deg)

CDbottom bias
(μm)

3.5 (T) 10 6.544 3.947 1.77 0.177 62 0.447

3.5 (T) 12 6.648 4.03 2.119 0.177 61 0.53

4 (T) 12 6.862 4.586 1.959 0.163 60 0.586

2.5 (E) 10 5.574 2.741 1.740 0.174 58 0.241

2.5 (C) 10 6.562 2.989 1.706 0.170 58 0.489

3.1 (E) 10 5.476 3.448 1.782 0.178 60 0.348

3.1 (C) 10 6.256 3.673 1.740 0.174 60 0.573

4 (E) 12 6.248 4.314 1.945 0.162 61 0.314

4 (H) 12 6.852 4.534 1.900 0.158 60 0.534

4 (C) 12 6.874 4.538 1.890 0.158 60 0.538

*In the table, “T” refers to the experimental square samples (5 cm × 5 cm) cut from the 4-inch quartz test wafers
used in the etching experiments. The terms “C (center),” “H (half radius),” and “E (edge)” in the table is related
to the 4-inch quartz wafer. The measurement data for all areas of the experimental square samples are essen-
tially consistent.
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These results show that our fabrication has concise structure, simple manufacturing, and high
efficiency. It is very suitable to the production on a mass scale.

4 Conclusion
Utilizing advanced industrial-grade ICP RIE technology, we optimized the process for etching
conical cavities in quartz, achieving tapered sidewalls with minimal roughness. This method lays
the groundwork for fabricating ZMWs devices and streamlines the creation of various quartz-
based optical devices.

This approach integrates two plasma etching phases—photoresist tapering and quartz
etching with sidewall polymerization—performed in the same chamber. This integration simpli-
fies the procedure while ensuring consistent results. First, the photoresist is subject to etching in
the ICP-RIE setup, forming a sloped mask. This mask then guides the accurate sculpting of
quartz through a dry etching method. This quartz etching stage synergizes the photoresist’s
tapered design with by-product redeposition, achieving the quartz sidewall protection against
excessive CD bias.

In particular, employing a photoresist mask of approximately 3.5 μm in thickness, we fine-
tuned the etching process with CF4∕O2∕Ar plasma followed by CF4∕Ar plasma. This regimen
yields quartz cavities characterized by a 60-deg taper angle and an extremely low etching rough-
ness Rq of 3 nm. Although our results showed a bottom CD bias, which needs to be compensated
for by the layout design of the lithography mask, the principles discussed here empower engi-
neers to adapt and implement a quartz etching protocol for tapered sidewall angles utilizing any
model of ICP-RIE equipment.

Code and Data Availability
The data that support the findings of this study are available from the corresponding author upon
reasonable request.
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