wo 2014/092856 A 1[I N0FV 0O 00 0 0

(43) International Publication Date

Organization
International Bureau

—~
é

=

\

19 June 2014 (19.06.2014)

WIPOIPCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property

(10) International Publication Number

WO 2014/092856 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification:
C23C 14/46 (2006.01) C23C 14/02 (2006.01)

International Application Number:
PCT/US2013/064807

International Filing Date:
14 October 2013 (14.10.2013)

Filing Language: English
Publication Language: English
Priority Data:

61/737,282 14 December 2012 (14.12.2012) US

Applicant: THE PENN STATE RESEARCH FOUND-
ATION [US/US]; 304 Old Main, University Park,
Pennsylvania 16802 (US).

Inventors: TADIGADAPA, Srinivas; 1417 Ridgemaster
Drive, State College, Pennsylvania 16803 (US). HATIPO-
GLU, Gokhan; 200 Highland Ave., Apt. # 311, State Col-
lege, Pennsylvania 16801 (US).

Agent: QUINONES, Eduardo; Novak Druce Connolly
Bove + Quigg LLP, 525 Okeechobee Blvd., 15th FL, West
Palm Beach, Florida 33401 (US).

(81) Designated States (uniess otherwise indicated, for every

(84)

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
Bz, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: ULTRA-HIGH SPEED ANISOTROPIC REACTIVE ION ETCHING

ham— o |

Argon
o 140 &t !
S G2
T D
} o
2
RE Matchi 1CP Seures ,O_‘
Notwork Q
E‘
Ring Diffuser | =
1 2 \i* £
Diffusion Chamber Ring Flow
1 S SR
h por) NF3
RE Power

supplies

(57) Abstract: A system and method for reactive ion etching (RIE) system of a material is provided. The system includes a plasma
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ULTRA-HIGH SPEED ANISOTROPIC REACTIVE ION ETCHING

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the priority to and the benefit of U.S. Provisional Patent
Application No. 61/737,282, entitled “ULTRA-HIGH SPEED ANISOTROPIC REACTIVE
ION ETCHING” and filed December 14, 2012, the contents of which are herein incorporated by

reference in their entirety.

FIELD OF THE INVENTION
The present invention relates to reactive ion etching (RIEF), and more specifically to

apparatus and methods for ultra-high speed anisotropic RIE.

BACKGROUND

Silicon dioxide in its crystalline form (quartz) as well as its amorphous form (glass) is
finding increasing applications in microsystems, as active resonator structure as well as passive
support and packaging components. Recently borosilicate glass and quartz substrates have been
etched with high aspect ratios and high surface smoothness using SF6 and Ar/Xe gases [1-3].
The main focus of these etch process development has been the achievement of high etch rates
and high aspect ratio etching of silica. In this context the processes developed thus far rely upon
ion bombardment to accelerate the etching process while fluorine based gases are used to
provide the reactive component for etching. The use of heavier Xe helps reduce the re-
deposition and more effectively removes any non-volatile residues resulting in smoother
surfaces with an average surface roughness of ~2 nm.

In spite of more than an order of magnitude increase in the etch rate of silicon dioxide
compared to comparable processes used in CMOS industry, the currently obtained etch rates are
not attractive enough for MEMS through wafer and high aspect ratio etching of glass substrates.
Considering that typical glass substrates are 100 — 500 pm, these etches can take between 200
(~3 hours) and 1000 minutes (~16 hours) at a rate of ~0.5 um/min making such processes
impractical for glass based device development and their commercialization. Etch processes that
can potentially break through this etch rate limitation for glass can dramatically affect several
MEMS devices — including inertial and microfluidic devices. Thus, the question to ask is what is
limiting the etch rate of silica at just under the 1 pm/min..

To date, efforts in silicon dioxide (glass) etching, have been primarily directed towards
realizing features for microelectronics applications such as interconnect vias [5], waveguides

[6], phase shift masks [7], etc. Hence, process optimization has traditionally aimed at increasing
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the selectivity of silicon dioxide over silicon substrate [8], reducing gate oxide damage [9],
decreasing sidewall roughness [10], and increasing sidewall angle of the etched features [11].
With the advent of microelectromechanical systems (MEMS) and microsystems in the last
decade, focus has shifted to high aspect ratio etching of silicon dioxide for applications in
microfluidics [12], microsensors [13], and lab-on-a-chip applications. Many of these
applications require greater than 100 pm of silicon dioxide (glass) etching while maintaining the
surface finish, with RMS surface roughness of less than 5 nm [14, 15]. Hence, these applications
impose additional new requirements on borosilicate glass etching processes such as high etch
rate, high selectivity to masking material, high anisotropy, low surface roughness for mirror
polish, uniformity of etch across the wafer and within a pattern [16], etc.

Traditional RIE processes are limited by the fact that the substrate power and RI" plasma
power are coupled to each other often resulting in etch non-uniformity across the wafer, low
density of plasmas, and limited control over the processing conditions. However, in an
inductively coupled plasma (ICP) RIE system, the substrate power and the coil (source) power
are independent of each other thus providing excellent control over plasma density (controlled

by ICP power) and energy of etchant ions (controlled by substrate power) [17]. As a result,

4 3
plasma can be generated even at relatively low pressures in the range of 10 Torr to 10 Torr.

However, at such low pressures, the plasma in traditional RIE systems is not stable.

Nonetheless, low processing pressure is advantageous for rapid removal of etching
products from the surface and also for the removal of stray particles generated from the masking
material, substrate holder and walls of the reaction chamber. The presence of stray particles
results in micro-masking wherein the micro-particles or reaction products on the substrate shield
the surface from the etchant species resulting in surface roughness, micro-trenching and
formation of plateau-like structures. Additionally, the increased mean free path at low pressures
improves the anisotropy of the etch by minimizing the randomizing collisions between the
radicals, ions and other plasma species. Borosilicate glass substrates are known to have a typical
composition of Si0;, (79.6%), B20s (12.5%), NayO (3.72%), Al,03 (2.4%), and K,0 (0.02%).

In the case of deep reactive ion etching of silicon dioxide (quartz or borosilicate glass) a
high Ar to ST ratio is required to maintain low RMS surface roughness. Figure 1 shows the
dependence of the etch rate and RMS surface roughness as a function of substrate RI' power,
chamber pressure, Ar, and SFg flow rate. In all cases the pressure in the chamber was
maintained at 0.26 Pa throughout the flow ranges. The ICP source power was 2000 W and a
substrate bias power of 475 W (Bias Voltage of 80 V) was used in generating these results.
From the graphs it can be seen that the best surface roughness of ~2 nm is obtained at high Ar

flow rates, low chamber pressure, and high substrate power — corresponding to conditions
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dominated by physical sputtering of the material. The etch rate can be increased by increasing
the ST flow rate from 5 sccm to 50 sccm from 0.54 pm/min to 0.74 pm/min however the
surface roughness was found to degrade under these conditions to > 100 nm. Pulse electroplated
nickel is typically used as the etch mask layer and a selectivity of ~25:1 can be obtained for SiO;
etching under these conditions. Figure 1(e) shows an SEM of a high aspect ratio feature etched
in quartz using these conditions. Similar results were obtained by Li et al. while etching SiO;
using Xe instead of Ar. The higher sputter yield of Xe gave a lower RMS surface roughness
value as compared to Ar for the same mole fraction of the inert gas in SFs. Although silicon
grease or a small drop of a fluoropolymer based oil, such as FOMBLIN manufactured by Solvay
S.A. of Belgium, Brussels, can be used for mounting the quartz/glass substrates onto a 4” silicon
carrier wafer, these materials cannot withstand the long process times and can leave the backside
of the sample with hard to remove, stubborn residues. Furthermore, these mounting materials do
not provide a reliable and uniform thermal contact, between the carrier wafer and the sample,
throughout the entire etch process. In order to avoid these problems, indium solder can be used
for mounting the sample directly onto a silicon wafer. However, the mounting side of the SiO;
sample needs to be coated with 20/80 nm of Cr/Au to provide a surface to which the solder can
adhere. Of course if the sample is large enough it can be directly mechanically clamped or an
electrostatic chuck can be used for the mounting of the sample. In all cases the backside of the

chuck/substrate is cooled using helium gas maintained at the desired temperature.

SUMMARY

Embodiments of the invention concern systems and methods for RIE, and more
specifically to apparatus and methods for ultra-high speed and ultra-high smooth anisotropic
RIE of quartz and other glasses. In some embodiments, the apparatus and methods can be
selected to provide etched glass surface with excellent smoothness.

In a first embodiment of the invention, a system for reactive ion etching (RIEF) system of
a material is provided. The system includes a plasma chamber comprising a plasma source and
a gas inlet. The system also includes a diffusion chamber comprising a substrate holder for
supporting a substrate with a surface comprising the material and a gas diffuser. The system
further includes a source of at least one processing gas coupled to the gas diffuser. In the
system, at least one radical of the at least one processing gas is reactive with the material to
perform etching of the material. Further, the substrate holder is configured to support the
substrate within a processing region of the diffusion chamber. Additionally, the gas diffuser is
configured to introduce the at least one processing gas into the processing region and the

substrate holder comprises an electrode that can be selectively biased to draw ions generated by
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the plasma source into the processing region to interact with the at least one processing gas to
generate the at least one radical at the surface.

In a second embodiment of the invention, a method for reactive ion etching is provided.
The method can include forming plasma at a first location and introducing at least one
processing gas at a second location corresponding to a surface to be etched, wherein at least one
radical of the at least one processing gas is reactive or enables reactivity with the surface to
perform etching of the surface. The method can further include directing ions from the plasma
to a substrate at second location to interact with the at least one processing gas to generate the at
least one radical at the surface.

In the various embodiments, the forming of the plasma can include generating the
plasma using an inductively coupled plasma source. Further, the introducing of the at least one
processing gas can include configuring the gas diffuser to direct the at least one processing gas
into the second location. In some configurations, the gas diffuser can be a diffuser ring.
Alternatively, the gas diffuser can be a plurality of nozzles.

In the various embodiments, the forming of the upstream plasma can include generating
the plasma using a magnetically enhanced plasma source or a helicon source, a capacitively
coupled plasma source, or any other source of high density plasma. Alternatively, the forming
of the upstream plasma can include generating the plasma using a non-high density source, such
as a parallel plate capacitor plasma source, an inductively coupled plasma source, a microwave
plasma source, an ionization chamber, or any other source of low to normal density plasma.
Further, the introducing of the at least one processing gas can include configuring the gas
diffuser to direct the at least one processing gas into the second location. In some
configurations, the gas diffuser can be at least one diffuser ring. Alternatively, the gas diffuser

can be a plurality of nozzles.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of a system in accordance with the various embodiments;

FIG. 2 is a schematic of the system of FIG. 1 utilizing a diffuser ring;

FIG. 3 shows a modified etching system in accordance with the various embodiments;

FIG. 4 shows a ring diffuser with 1 mm holes in accordance with the various
embodiments;

FIG. 5A is a plot of NIF3 flow rate through the ring diffuser versus etch rate for a system
in accordance with the various embodiments;

FIG. 5A is a plot of NI'3 flow rate through the ring diffuser versus smoothness for a

system in accordance with the various embodiments;
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FIG. 6A is an AI'M image of the smoothest substrate obtained with an ring active etch in
accordance with the various embodiments;

FIG. 6B is an SEM image of the etch region cross section for the substrate of FIG. 6A;

FIG. 7A shows residual gas analyzer data for two methods, including a method in
accordance with the various embodiments; and

FIG. 7B shows a detailed view of a portion of the data of FIG. 7A.

DETAILED DESCRIPTION

The present invention is described with reference to the attached figures, wherein like
reference numerals are used throughout the figures to designate similar or equivalent elements.
The figures are not drawn to scale and they are provided merely to illustrate the instant
invention. Several aspects of the invention are described below with reference to example
applications for illustration. It should be understood that numerous specific details,
relationships, and methods are set forth to provide a full understanding of the invention. One
having ordinary skill in the relevant art, however, will readily recognize that the invention can
be practiced without one or more of the specific details or with other methods. In other
instances, well-known structures or operations are not shown in detail to avoid obscuring the
invention. The present invention is not limited by the illustrated ordering of acts or events, as
some acts may occur in different orders and/or concurrently with other acts or events.
Furthermore, not all illustrated acts or events are required to implement a methodology in
accordance with the present invention.

The various embodiments are directed to etch apparatus and methods that achieve glass
high etch rates, at least in the 1 — 100um/min range, for glass substrates resulting in another
order of magnitude improvement in the etch rate of glass.

In 2004, Yamakawa ef al. [19] demonstrated a very high speed etching of silicon dioxide
(BPSG) film using microwave excited non-equilibrium atmospheric pressure plasma. The
authors were able to demonstrate an ultra-high etch rate of SiO, (14 pm/min) and an
unprecedented selectivity of 200 with respect to silicon using NI's/He along with addition of
H,0 as the etching gas. In this configuration, the inventors note that the fast etch rate can be
attributed to the presence of NFx radicals arising from the breakup of NF; into NF* + F* —
radicals. NIy — radicals (with x > 0). These radicals are extremely aggressive towards SiO, and
other dielectrics (and polymers) and can etch them at extremely high speed. The addition of
water vapor (H,O) consumes the fluorine radicals by HF formation (2F*+H,0 = 2HF + <O>)
whereas NIy radicals are much less scavenged. Accordingly, water vapor therefore acts as a

selective fluorine radical scavenger and consequently reduces any undesirable attack of silicon.
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However, if NI%; is completely broken down, e.g., as in high-density, high power plasma, then
the plasma primarily consists only of fluorine and nitrogen radicals. Under these conditions, a
complete quenching of the fast etch rate of SiO, and other dielectrics has been observed. The
complete breakup of NI; molecules under appropriate plasma conditions can also confirmed by
the plasma color which changes from a deep red to a bluish color, indicating a change in
preponderance from NI to fluorine radicals in the plasma.

Thus, the inventors note that a main requirement for speeding up glass etch rate requires
the creation of NI radicals. However, to date no reports of such high etch rates in high density
plasma sources such as ICP-RIE systems exist. 'This is mainly due to the fact that these

conditions cannot be readily reproduced in an ICP-RIE system. In an ICP-RIE process, the

3
pressure is typically too low (~1 x 10 mbar) and the coupling of high RF power results in a

complete breakdown of the NI into nitrogen and fluorine radicals. The high density of plasma
achieved in ICP chambers results in a very efficient transfer of energy between the R source
and the gas in the chamber and essentially breaks up the molecules into individual atomic
radicals and ions. To overcome this limitation and to achieve the incomplete breakup of the NI’
molecules, high chamber pressure is required. However, even if the pressure is increased a 100
times, conventional ICP-RIE processes still cannot achieve the results reported in microwave
plasma. Furthermore, at these pressures a high mismatch between the source and chamber load
occurs and the typical tuning circuits available on the etching equipment are unable to tune. As
a result, any resulting plasma is typically extinguished.

Although the various embodiments will be described primarily with respect to an ICP
system, this is solely for illustrative purposes. That is, the various embodiments are not limited
to any particular high density plasma source. For example, the high density plasma can be
generated using a magnetically enhanced plasma source, a helicon plasma source, or a
capacitively coupled plasma source, to name a few. However, other methods for generating
high density or any other source of plasma can be considered as suitable for this application.
Thus, an ICP source described below with respect to the various figures can be substituted with
any other type of high density or ordinary plasma source.

Based on the foregoing, the inventors have determined that in order to exploit the most
of the ICP-RIE etchers for glass etching the following conditions are required:

a. Operation of the ICP-RIE etcher under its normal operating pressure and
power range to obtain efficient plasma conditions.
b. Providing for conditions within the chamber to create incomplete breakup of

the NF; molecules to achieve the high etch rate.
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c. Achieving control over the etch rate, etch smoothness, and anisotropy of the
structure independently of the plasma source conditions.

d. Introduction of water molecules into the chamber either through the nozzle or
any other means in the proximity of the substrate.

In view of the foregoing, the various embodiments of the invention are directed to new
systems and methods for etching of glass using NI'; gas using ICP-RIE etching. In particular,
new systems and method that meet the goals listed above during etching of glass. In the various
embodiments, these goals are achieved by incorporating a gas diffuser in the vicinity of the
wafer or other material to be etched to provide a localized source of NI'; gas in the ICP-RIE
reactor. For example, in one embodiment, a stainless steel gas diffuser ring can be provided on
the metal plate on the mechanical clamping plate of the etcher. In particular, the gas diffuser is
positioned in the ICP-RIE reactor so that the gas diffuser dispenses NI's and/or H,O and/or any
other gas of interest right above the wafer.

In operation, the etch process is imitated in a conventional manner. That is, conventional
etch process gases are introduced into the ICP-RIE reactor (e.g., Ar, SIs) and a plasma is
generated, remote from the wafer, using normal operating conditions. Concurrently, NF; gas is
introduced in the vicinity of the wafer using the gas diffuser. A substrate bias power is applied
during this process, which drives the high energy ions generated in the plasma towards the NI';
gas in the vicinity of the wafer. These ions then interact with the NI'; gas to break it down into
NF radicals. Effectively, this creates a high pressure plasma in the vicinity of the wafer inside a
low pressure ICP-RIE chamber. This effective high density NF; plasma with the incomplete
breakdown of the gas molecules is then used to achieve a high etch rate of glasses. In particular,
etch rates of 1 um/min range or higher for glass substrates. In other words, etch rates that are at
least an order of magnitude than conventional methods.

In another variation, H,O is introduced in the proximity of the substrates/wafer to
enhance the reactivity of the NI'; radicals with the glass substrate. Water molecules can react
with the NF and I radicals and scavenge them to create the right etching mixture. Furthermore,
water can also help in wetting the glass surface and initiate and mediate reactions on the surface
through the interactions with various radicals and ions thus formed in the chamber.

Any sequence of gas introduction through the diffuser ring can be considered. For
example, alternate introduction of NI¥; gas followed by H,O gas, or simultaneous introduction of
the two gases, or concurrent introduction using two independent nozzles or diffuser rings.
Neither gas is limited to NI'; or H>O only and any gases that contain active species relevant for

glass etching can be considered in this arrangement.
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In the various embodiments, the energy of the bombarding ions from the plasma can be
effectively controlled by the substrate bias which provides an independent control to change the
etching conditions for tuning the composition of the NIy radicals as well as to control the
anisotropy. Further, by controlling the plasma gas composition from the gas diffuser, in-situ
reactions and gas chemistries in the vicinity of the wafer can be increased or decreased as
needed.

Figure 1 shows a schematic illustration of an ICP-RIE system 100 in accordance with the
various embodiments. The system 100 includes many components of a conventional ICP-RIE
system. Lor example, the system 100 can include a plasma chamber 102, serving as a source of
inductively coupled plasma or ICP source. The plasma chamber 102 is coupled to a diffusion
chamber 104 lined with magnetic portions 106, in which the wafer to be etched is disposed and
into which ions from the ICP source are directed towards the wafer to perform the etching.

The plasma chamber 102 can include a gas inlet 108 for introducing gases into the
plasma chamber 102. This gas inlet can be coupled to a gas delivery system (not shown) for
delivering one or more gases. For example, the gas delivery system can be configured to
delivery of SFs, C4Fs, Ar, Oy, CHy, CHF;, CF4, Cly, Xe, Ne, N,, or NF3, or any combinations
thereof. The plasma chamber 102 can also be associated with an antenna or coil 110, an RF
matching or tuning network 112 and an RF power supply 113 to provide the energy for
generating the plasma in the plasma chamber 102.

The diffusion chamber 104 can include a substrate holder and clamp 114 for supporting
and securing a wafer. As shown in FIG. 2, the substrate holder 114 can be configured such that
the position (i.e., the height) of the wafer in the diffusion chamber can be changed as required to
reduce or increase the distance between the plasma chamber 102 and the wafer. During etching,
the temperature of the wafer can be controlled using back side Helium cooling lines 116
coupling the substrate holder 108 to a chiller (not shown). The He cooling lines can be
configured to allow temperatures between -20 — 50 °C. The substrate holder and clamp 114 can
be further configured to serve as an electrode coupled to a second RIF generator or power supply
116 via a second RF matching/tuning network 115 to provide substrate bias. This second RF
generator 116 and second RF matching/tuning network 115 can be configured to be decoupled
from and operate independently of the RIF generator 113 and RI matching tuning network 112
associated with the plasma chamber 102.

Although FIG. 1 and other descriptions refer to discrete plasma and diffusion chambers,
the various embodiments are not limited in this regard. That is, in some configurations, a single
chamber can be provided with different regions to serve as the plasma chamber 102 and the

diffusion chamber 104.
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In addition to the foregoing, the system 100 can include a gas diffuser 118 coupled to a
gas delivery system (not shown) via feedthroughs 120 for introducing NI’ gas and other gases,
separately or in combination, into the diffusion chamber 104 in the vicinity of substrate holder
114 when in the elevated position. Such other gases can include, but are not limited to H,O. In
the various embodiments, the gas delivery system for the gas diffuser 118 can be the same or
different than the gas delivery system for inlet 108. However, providing a separate gas delivery
systems for inlet 108 and gas diffuser 118 can be advantageous. That is, separate systems
provide greater flexibility and control. TFor example, the mixture of gases introduced via inlet
108 and gas diffuser 118 can be different.

In the various embodiments, the gas diffuser 118 can be implemented in a variety of
ways. In some embodiments, as illustrated in FIG. 2, the gas diffuser 118 can be implemented
as diffuser ring 218, flexible feedthroughs 220 coupling the diffuser ring 218 to a gas panel 222,
and an N3 gas source 224 coupled to gas panel 222. In one particular embodiment, the diffuser
ring 214 can be constructed using a 1/8 inch electro-polished stainless steel tube drilled with 0.5
mm holes at a distance of 10 mm bent into a 4” circular tube. Thereafter this tube can be welded
onto the substrate holder and clamp 108. The tube can be coupled via flexible gas tubing,
serving as flexible feedthroughs 220, to the gas panel 222 to permit gas delivery and to account
for the different positions of the substrate holder and clamp 108. For example, stainless steel
flexible gas tubing using VCR fittings can be used to bring the process gas to the diffuser ring
218. Additionally one or more the flexible feedthroughs 220 can include non-flexible portions
or segments 221, as shown in FIG. 3. Further, additional tubing 226 can be provided to connect
the various components described above.

Although the discussion above describes that the gas diffuser 114 is implemented as a
diffuser ring, the various embodiments are not limited in this regard. Rather, any other structure
can be used in the various embodiments. For example, the gas diffuser 118 can be implemented
using individual nozzles disposed in the vicinity of the substrate. In another example, gas
diffuser 118 can be implemented using multiple sections of tubing with holes or openings.
Further, although the diffuser ring 214 is described as containing holes or openings disposed
substantially along a same plane parallel to that of the wafer, having a particular size, and having
a particular spacing, the various embodiments are not limited in this regard. Rather, a gas
diffuser in accordance with the various embodiments can provide any placement, spacing, size,
or other arrangement of holes or openings for introducing gases into diffusion chamber 104.
Similarly, other configurations of gas diffuser 118 can be configured with a wide array of

geometries.
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The gas panel 222 can also be configured in a variety of ways. In one particular
embodiment, a precision needle valve can be used to control the gas flow rate of NF; (or other
gases) into the diffusion chamber 104. In one particular embodiment, a NF; flow rate of 300
sccm or less can be used. However, any other methods for controlling gas flow rate can be used
in the various embodiments.

In one particular embodiment, a precision needle valve can be used to control the gas
flow rate of H,O (or other gases) into the diffusion chamber 104. In one particular embodiment,
a H,O flow rate of 300 sccm or less can be used. However, the flow rates and methods for
controlling gas flow rate can vary in the various embodiments.

In addition to the foregoing, the system 100 can include additional modifications
compared to conventional ICP-RIE systems. For example, plasma shielding plates may need to
be modified to accommodate the additional components for the system 100. In some
embodiments, the system 100 can also be coupled to a mass-spectrometer system (e.g., a
residual gas analyzer) to measure the gas species created within the chamber to monitor and
adjust the etching process. Additionally, optical windows can be provided to monitor the
visible/UV spectra of the plasma and evaluate the plasma glow composition during etching.

The modifications described above allow an ICP-RIE reactor in accordance with the
various embodiments to be used in a variety of modes. A first mode of operation is simply to
utilize the ICP-RIE reactor to perform etching under normal operating conditions. That is, to
perform conventional (i.e., low etch rate) etch processes. For such normal operations, the
plasma etching occurs by generating a plasma using an etching gas chemistry (e.g., NIF; and Ar)
without introducing gases through the gas diffuser. That is, referring back to FIG. 1, gases are
introduced view inlet 108 and a plasma 130 is generated in plasma chamber 102. Concurrently,
a substrate bias is provided at substrate holder and clamp 114, which causes ions generated in
the plasma 130 to be directed towards substrate holder and clamp 114 and any wafer disposed
thereon. 'The ions are then used to perform conventional etching. Such a mode can be utilized
when low etch rates are desirable to accurately.

A second mode is to utilize the gas diffuser to generate enhanced etching conditions. In
such a mode, the system can be initially setup in the first mode, as described above. Thereafter,
the etch gas (NI's) can be introduced into the ICP-RIE reactor via the gas diffuser and the
enhanced etching (high etch rate) will be performed. That is, as described above, the plasma
130 is generated and the substrate bias is used to direct ions from the plasma 130 towards the
wafer. However, via gas diffuser 118, a region 132 with an increased density of NF; gas,
localized around the wafer, is provided. The interaction of the ions from the plasma 130 with

the NF; 132 in region 132 causes the generation of NFy radicals. That is, the ions are utilized to
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break up the NI; in region 132 to provide the incomplete breakup of NIs;.  This results in
effectively forming a high density plasma of NIy radicals in the vicinity of the wafer.
Consequently, the presence of a high concentration of these NIy radicals enhances the etch rate.
Although the various embodiments are described with respect to the enhanced etching of
glasses using a NI';-based chemistry in an ICP-RIE reactor modified to include a gas diffuser,
the various embodiments are not limited in this regard. Rather, the systems and methods
described herein can be applied to the etching of any other types of materials and using other

types of chemistries.

EXAMPLES

The following examples and results are presented solely for illustrating the various
embodiments and are not intended to limit the various embodiments in any way.

Smooth dry etching of some types of borosilicate glass wafers has been a challenge due
to nonvolatile or less volatile metal-halogen compounds forming on the surface of the etched
area. Thus, the methods of the various embodiments have been evaluated. In particular, to
evaluate the methods of the various embodiments, two alternative etching method were
investigated in regards of smooth and fast etching; i) Conventional Ar /NI'; downstream plasma
etching ii) Ar/O2/ NI'; plasma etching where an inductively coupled plasma reactor is modified
such that a ring shape diffuser system is adapted to the substrate holder in order to supply high
local etchant flux, NF;, over the substrate surface. The latter approach, in accordance with the
various embodiments, reduces the full dissociation of NF; in NF3 / AR and O2 based plasma and
resulted in forming more reactive species in the plasma RGA (Residual gas analysis) show that
the diffuser system allows to form larger amounts of NI radicals in the plasma. Further, ex-situ
X-ray Photoelectron Studies (XPS) showed non-volatile metal alkali compounds are formed on
the surface on rough surfaces, with Nal® being the prominent compound for the Schott Borofloat
glass. For smooth surfaces, less alkali compounds are observed. The results demonstrated that
ultra-smooth etch surfaces can be obtained within a window of parameters, where the arithmetic
mean smoothness (Ra) varies from 3.4 A to 8 A at considerable etch rates of 0.343 um/min to
0.55 pum/min.

L Introduction

One of the most important and challenging parameters in micromachining of Borofloat
glass is obtaining smooth surfaces at considerable etch rates [13]. Despite the fact that,
controlled surface roughness is shown to be useful for some specific applications [14], surface
roughness in general is highly unwanted in most of the applications such as optical applications

and micro-electro-mechanical systems (MEMS) [15]. If the surface is rough and wavy, the light
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is scattered in optical applications. Therefore, high precision optical applications require close to
atomically flat surface roughness (Ra ~ 0.5-1 nm) . For micro machined resonators and sensors,
roughness negatively affects the quality factor and thus decreases the fabricated device
performance. The causes of increased roughness are due to the impurities exist in glass
substrates and due to the less percent metal containing compounds other than SiO,, where these
metal based compounds form non-volatile or less volatile metal halogens in fluorine containing
plasmas (i.e., Argon/SF¢) during dry etching. For instance, Borosilicate glass, is mainly
composed of 81 % of SiO,, 13% of B,0s3, 4 % of Na,O / K,0 and 2 % of Al,O;. The non-
volatile metal/ alkali metal halogens (i.e., NaF and AlF;) forming on the surface cause micro-
masking in the etch regions resulting in the formation of needle-like structures and therefore
destructing the smoothness. As a solution, highly energetic argon ions are proposed as the
physical etch mechanism to remove these compounds from the surface to achieve better
roughness, but as the argon percent ratio in the gas mixture is increased, the etch rate decreases
significantly [16]. Furthermore, the arithmetic mean roughness (Ra) is still reported on the range
of 2 nm to 100 nm in these cases [16]-[19].

II. Etching mechanism

In this study, an etching system in accordance with the various embodiments was utilized
in order to achieve smoothness at considerable etch rates. A radio frequency (RF) inductively
coupled plasma etching system (Alcatel AMS 100, manufactured by Alcatel-Lucent of Paris,
France) is modified, where a ring diffuser mechanism is attached to the substrate holder. The
whole system and the ring are shown in FIGs. 3 and 4. FIG. 3 shows a modified etching system
in accordance with the various embodiments and FIG. 4 shows a ring diffuser with 1 mm holes
in accordance with the various embodiments. The ring has a diameter of 9.6 cm and has diffuser
holes that are placed within 1 mm spacing.

In most of the ICP applications and in the case of unmodified etching system chemical
and physical etchants are introduced via the gas inlets located at the top of the ICP chamber
[20]. The plasma is formed within this chamber and directed towards the substrate in a
downstream fashion via the applied electric field between the source and the substrate. The
main purpose of the ring diffuser proposed here is to enhance the reactive ion etching via
establishing high local flux of reactive species on etch face of the wafer, combining the
downstream flux with the local ring flux. Before characterizing the effect of ring design on
smoothness, etch rate and hard mask selectivity over substrate, classical downstream etches
using Ar and NFs, where the ring is inactive, are performed in sake of determining the etch
performance. A set of experiments utilizing design of experiments involving orthogonal arrays

are carried out to obtain optimum conventional ring-inactive downstream etching parameters
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using Ar / NI; plasma (Please refer to the supplemental information for the detailed
experimentation). Double-side polished, 4 inches Borosilicate wafers are used as the substrates
during all experiments performed. The wafers are patterned with 100 um, 250 um, 500 um and 1
mm rectangular openings. 2-3 um thick nickel is plated on the wafers, acting as hard mask
during the etch. Each sample is etched for 1 hour at 20 °C substrate temperature. The results for
fastest and smoothest Ar / NF; etches are demonstrated in Table 1.

Table 1. Baseline results for AR/NF5 conventional ICP plasma.

ICP Substrate|Stage Ar flow |NIF3 flow Smoothness
power |[Power |position [Pressure [rate rate Etch rate  (Ra)
6.5x10° 0.41 pm /
Fastest 2000 W 400 W [120 mm [°bar 10 scem 30 sccm  min 79.6 nm
12 x10° 0.31 pm /
Smoothest2000 W 400 W [120 mm [’bar 30 sccm [12.5 sccm |min 28.1 nm

Summarized results from Table 1 are taken into consideration to start experimental design of the
ring active experiments. For the ring-active experiments, 20 sccm of Ar and 10 sccm of O, are
introduced from top into the ICP chamber. The ICP power, substrate power and the stage
position are all held constant with the ones stated in Table 1. The pressure is not regulated.
Various flow rates of NI'; are feed through the ring diffuser. FIGs. 5A and 5B shows the etch
rate and recorded operating pressure along with the smoothness in the chamber when the ring is
active. The etch depths are measured via a Tencor P16+ profilometer, manufactured by KLA
Tencor of Milpitas, California and the roughness is measured via a PSIA XE-100 Scanning
Probe Microscope, manufactured by Park Systems Corporation of Santa Clara, California.

As the ring is utilized and the NI flow is kept between 20-50 sccm, high etch rates and
ultrasmooth surfaces are obtained. The maximum etch rate, 0.55 um / min, is achieved at 20
sccm Ar/ 10 sccm O2 / 48 sccm NF5 flows. The best smoothness, Ra= 3.4 A, is achieved at 20
sccm flow, where the wall slope was 82.4°. An Atomic Force microscope (AFM) image and an
scanning electron microscope (SEM) image of the substrate are shown in figures 6A and 6B,
respectively.. The obtained smooth substrates can be readily used for optical applications
involving high precision (Ra < 5A) and super precision (Ra < 3A).

Even at the highest etch rate, Ra is measured as 8.4 A. However, the smoothness is
heavily degraded once the ring flow rate is above 50 sccm. In this case, Ra is at least 2 orders of
magnitude larger in high flow regions where the chamber pressure is > 6.3 uBar.

When compared to conventional downstream etching with Atr/NF; , where the results are
tabulated in Table 1, the etch rate with the ring is improved 34 %. The nickel selectivity at
downstream Ar / NI; plasma is measured as 7.35:1 over Borosilicate glass. In ring active

experiments of FIG. 4A and 4B, the selectivity is measured as 9.32:1 for the fastest etch rate,
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indicating a 27% improvement.

The superior performance of one etching method among two etching methods is mainly
due to the diffuser mechanism. The aim to have diffuser mechanism in place is to decrease the
dissociation rate of NI's and obtain more NF radicals in tha plasma. It is previously stated that
the low percent dissociation of NI; improves the etching speed of borosilicate glass [21]. In
order to determine the gas species forming in the plasma, a Residual Gas Analyzer (Extorr XT
100, manufactured by Extorr, Inc. of New Kensington, Pennsylvania) is used. Figures 7A and
7B show two RGA data: for the ring active etch at 48 sccm NI; flow rate and for Ar/NF; plasma
with fastest etch rate shown in Table 1. From FIGs. 7A and 7B, it is clearly observed that the
plasma creates considerable partial pressure of NFx (NF" and NF," at the peaks 33 and 52
respectively) radicals in the plasma. In addition, NF; at peak 71 has considerable partial
pressure. However, in conventional Ar/NF; plasma, there is no peak at NF;, proving a full
dissociation in the gas. There are less NF, and NF radicals, indicating NF; dissociated mostly to
N and I'. The highly energetic Argon ions, which is accelerating towards the wafer surface first
interacts with a local flux of NI'; gas that is just over the substrate. The collisions between
Argon and NF; create high concentrations of NIy. NI radicals may act more aggressive to glass
and thus improve the etch rate. In addition, heavier gasses are formed when the ring is active.
The peak 84 may highly correspond to NI,O, gas. The authors articulate there may be NIOy
based gas formation when NI is diffused through the ring, which may be playing a critical role
in smoothness and fast etching. This is further discussed in below.

As it is pointed out above, smoother surfaces are obtained via the diffuser system. In
order to understand the smoothness achievement further and to determine the surface chemistry
by estimating the atomic composition of the surfaces, X-ray Photoelectron Spectroscopy (XPS)
is used. Three etching results are compared in XPS study: i) the fastest etch obtained in Ar/NF;
etching system shown in table 1 ii) Ring active etch with 20 sccm NI; flow iii) Ring active etch
with 80 sccm flow. All these have 79.6 nm, 0.34 nm and 350 nm of Ra respectively. These 3
runs are selected to compare two different etching methods and determine the effect of ring
diffuser system on roughness. As previous studies in literature indicate, the non-volatile species
negatively affect the smoothness. Not only the smoothness is lost by these species, but the etch
rate also decreases (the degree of decrease depending on the composition of the glass type) as
the non-volatile species concentration/accumulation on the substrate surface increases during the
etching [22]. Therefore, high resolution XPS scans have been performed for Sodium (Na),
Boron (B), Aluminum (Al) and Potassium (K). Table 2 shows the atomic percent calculations of

3 etching results emphasized.
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Table 2: Approximate atomic percent calculations from XPS surveys for 3 different etch cases

comparing two etching approach. All values are in percent.

Si2s O 1s F1s Nals | Bls | Al2s | K2s [Ni2p

Ar/NF; fastest etch 401 | 8979 | 57.76 | 18.56 | ND* | 7.646 | 1.279 | 1.768
Ring aCtivel\?g;h' 20scem | 507 | 51696 | 15751 | 7.526 |2.105| 222 | ND* | ND*
Ring aCtivel\?g;h' BUscem | 4 483 | 6.487 | 56.448 | 20.946 | 4.144 | 5.102 | 1.887 | ND*
Unprocessed wafer 2791 | 66.92 ND* 0.46 | 4.69 | ND* | ND* | ND*

* ND: Not Detectable amount.

From approximate atomic percent calculations, it is observed that the rough samples
have high Al, K and Na percentage. However, it is interesting to note that Na is the most
prominent amongst them. For the conventional Ar/NI; etching and high flow ring active etching
have very high Na concentrations (>15 %) at the surface, whereas smooth ring active etch has
7.5 % Na concentration. When Ra roughness is considered, this much of difference in Na
percentages causes 2 orders of magnitude worse roughness. These results infer that the
smoothness is enhanced via ion enhanced chemical reaction introduced by the ring diffuser
system.

In conclusion, a system configured in accordance with the various embodiments can be
used to obtain smooth surfaces on borosilicate glass and is integrated with a commercial ICP
etching system, where NIY; is supplied to the diffuser. The effects of the mechanism are
compared with conventional Ar/NI’; plasma etching. Ultra-smooth etching is achieved with Ra <
5A at considerable etch rates. The smoothness is degraded at high flows of NI¥; (>50 sccm). The
main reason of this degradation is due to the high percentages of Na (in Nal' form) on the
surface. At smooth etches, the Na concentration is found out to be less in atomic percent. The
authors articulate that higher amount of NFy radicals and possible existence NFOy gasses
effectively remove Na from the surface in the light of RGA readouts.

While various embodiments of the present invention have been described above, it
should be understood that they have been presented by way of example only, and not limitation.
Numerous changes to the disclosed embodiments can be made in accordance with the disclosure
herein without departing from the spirit or scope of the invention. Thus, the breadth and scope
of the present invention should not be limited by any of the above described embodiments.
Rather, the scope of the invention should be defined in accordance with the following claims

and their equivalents.
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Although the invention has been illustrated and described with respect to one or more
implementations, equivalent alterations and modifications will occur to others skilled in the art
upon the reading and understanding of this specification and the annexed drawings. In addition,
while a particular feature of the invention may have been disclosed with respect to only one of
several implementations, such feature may be combined with one or more other features of the
other implementations as may be desired and advantageous for any given or particular
application.

The terminology used herein is for the purpose of describing particular embodiments
only and is not intended to be limiting of the invention. As used herein, the singular forms "a",
"an" and "the" are intended to include the plural forms as well, unless the context clearly
indicates otherwise. Furthermore, to the extent that the terms "including", "includes", "having",
"has", "with", or variants thereof are used in either the detailed description and/or the claims,
such terms are intended to be inclusive in a manner similar to the term "comprising."”

Unless otherwise defined, all terms (including technical and scientific terms) used herein
have the same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. It will be further understood that terms, such as those defined in commonly
used dictionaries, should be interpreted as having a meaning that is consistent with their

meaning in the context of the relevant art and will not be interpreted in an idealized or overly

formal sense unless expressly so defined herein.
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CLAIMS
What is claimed is:

11. A system for reactive ion etching (RIE) system of a material, comprising:

a plasma chamber comprising a plasma source and a gas inlet; and

a diffusion chamber comprising a substrate holder for supporting a substrate with a
surface comprising the material and a gas diffuser; and

a source of at least one processing gas coupled to the gas diffuser,

wherein at least one radical of the at least one processing gas is reactive with the
material to perform etching of the material, wherein the substrate holder is configured to
support the substrate within a processing region of the diffusion chamber, wherein the gas
diffuser is configured to introduce the at least one processing gas into the processing region, and
wherein the substrate holder comprises an electrode that can be selectively biased to draw ions
generated by the plasma source into the processing region to interact with the at least one

processing gas to generate the at least one radical at the surface.

2. The RIE system of claim 1, wherein the plasma source comprises a high density
plasma source, the high density plasma source comprising one of an inductively coupled plasma
source, a capacitively coupled plasma source, magnetically enhanced plasma source, or a

helicon plasma source.

3. The RIE system of claim 1, wherein the plasma source comprises a non-high density

plasma source, the non-high density plasma source comprising one of a parallel plate capacitor

RF plasma source, a microwave source, or an ionization chamber plasma source.

4. The RIE system of claim 1, wherein the gas diffuser comprises at least one diffuser

ring.
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5. The RIE system of claim 1, wherein the at least one diffuser ring is attached to the

substrate holder.

6. The RIE system of claim 1, wherein the gas diffuser comprises a plurality of nozzles.

7. The RIE system of claim 1, wherein the gas inlet is coupled to a first gas delivery

system and the gas diffuser is coupled to a second gas delivery system.

8. The RIE system of claim 7, wherein the first gas delivery system is configured for
delivering at least one gas comprising at least one of fluorine or chlorine, oxygen, nitrogen,
Ar,or any combinations thereof and the second gas delivery system is configured for delivering

at least one gas that is reactive with a glass surface.

0. The RIE system of claim 8, wherein the at least one gas reactive with the glass

surface comprises at least one of NF3 and H,O

10. The RIE system of claim 8, wherein the at least one gas comprises at least one of

fluorine or chlorine comprises at least one of SF¢, C4Fs, CHy, CHF3, CF,, CIF;, or NF;.

11. The RIE system of claim 8, wherein the first gas delivery system is configured for
delivering Ar and NFs.
12. A method for reactive ion etching, the method comprising:

forming a plasma at a first location;
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introducing at least one processing gas at a second location corresponding to a
surface to be etched, wherein at least one radical of the at least one processing gas is reactive
with the surface to perform etching of the surface; and

directing ions from the plasma to a substrate at second location to interact with the

at least one processing gas to generate the at least one radical at the surface.

13. The method of claim 12, wherein the plasma is formed using a high density plasma
source, the high density plasma source comprising one of an inductively coupled plasma source,
a capacitively coupled plasma source, magnetically enhanced plasma source, or a helicon

plasma source.

14. The method of claim 12, wherein the plasma is formed using a non-high density
plasma source, the non-high density plasma source comprising one of a parallel plate capacitor

RF plasma source, a microwave source, or an ionization chamber plasma source.

15. The method of claim 12, wherein introducing the at least one processing gas
comprises providing a gas diffuser configured to direct the at least one processing gas into the

second location.

16. The method of claim 15, wherein the gas diffuser comprises at least one diffuser ring.
17. The method of claim 15, wherein the gas diffuser comprises a plurality of nozzles.
18. The method of claim 12, wherein the forming of the plasma comprises:

directing at least one other processing gas into a plasma chamber;
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generating the plasma by exciting the at least one processing gas in the plasma

chamber.

19. The method of claim 18, further comprising selecting the at least one other
processing gas to comprise at least one gas comprising at least one of fluorine or chlorine, Ar,
O,, or any combinations thereof and selecting the at least one processing gas introduced at the

second location to comprise NI'3.

20. The method of claim 19, wherein the at least one gas comprising at least one of

fluorine or chlorine comprises at least one of SF¢, C4Fg, CHg, or NF;.

21. The method of claim 18, selecting the at least one other processing gas to comprise

Ar and NF;.
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