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ABSTRACT

In this paper we report a modified inductively coupled plasma
reactive ion etch (ICP-RIE) tool and using NF; and H,O gases
generated plasma species as the primary chemistry for glass etching.
Using this technique we have been able to achieve etch rates as high
as 0.81 m/min and a surface smoothness (R,) of ~ 6 A for quartz
and 0.68 um/min and a surface smoothness of ~ 4 A for borosilicate
glass. The modified etch chamber described here allows for a
systematic study of the glass etching process with capability to tune
the physical and chemical (species dissociation) components during
the etching process.

INTRODUCTION

Dating back to 1980’s, silicon dioxide plasma etching
processes were originally developed for realizing features for
microelectronics  applications such as interconnect vias,
waveguides, phase shift masks, etc [1, 2, 3]. The primary focus of
this earlier work was improving the selectivity of SiO, with respect
to silicon [4], reducing gate oxide damage [5], etc. The advent of
microelectromechanical systems (MEMS) and microsystems in the
last decade, has markedly shifted the research in this field towards
the development of silicon dioxide etching processes with high
etch rate, smooth etched profiles, high etch selectivity to mask
materials, high anisotropy, uniformity within a pattern and across
the wafer, etc for applications in microfluidics [6], microsensors
[7] and lab-on-a-chip applications.

ICP-RIE process is widely used in microfabrication because it
allows to independently control plasma density (controlled by
source power) and energy of etchant ions (controlled by substrate
power). As a result, it provides stable high density plasma even in
a relative low pressure environment (10 Torr— 10 Torr). There
have been several spurts of research developments in the field
leading to reported etch rates of glass in the range of 0.6 — 0.9
um/min under ICP-RIE [8 - 10].

Conventional ICP-RIE is a physical/chemical mixed etching
process. Usually, inert gases such as xenon and argon are used in
process to physically bombard silicon dioxide [8], while halogen
molecules are used in the process to affect chemical reaction with
silicon dioxide. Due to the high inert gas content and long mean
free path and high-energy typically used in a conventional
ICP-RIE, glass etching is dominated by physical etching processes
[8-10]. In this paper, we present a novel modification to the plasma
etch chamber with a gas diffuser ring which is able to further tune
the physical and chemical components during the etching process.

EXPERIMENT SETUP
Sample Preparation

500 pm thick, double-side polished 4 inch borosilicate and
quartz wafers were cleaned in Nanostrip® for 30 mins and then
deposited with 15 nm chromium and 150 nm gold seed metal
layers using an evaporator. Wafers were patterned by photoresist
AZ 1127 and 25% Microposit™ 351 developer to form 3.5pm
thick photoresist pattern. 2-3 pm thick nickel was electroplated to
form the hard mask with feature widths ranging from 100 pm -
1000 pm.
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Modified Etching Chamber

Alcatel AMS 100 ICP-RIE etch tool was modified in this
work. Instead of conventionally feeding gases through the ICP
source, a stainless steel gas diffuser ring was attached to the metal
plate of the mechanical clamping plate of the etcher and is used to
locally introduce NFz and H,O vapor gases in the vicinity of the
wafer as shown in Figure 2. The substrate bias power drives the
high energy ions from the plasma towards the NF; and H,O gas
cloud near the glass wafer and breaks down the highly unstable
NF; gas into NF, radicals — this is a radical departure from when
the NF; gas is fed through the ICP chamber where the gas is
completely fragmented into N and F radicals and ions and is not as
effective in etching glass substrates. An in-situ residual gas
analyzer (RGA) is connected to the reactor chamber in order to
analyze the reaction and product species, stylus profilometer (P-16,
Tencor®) and AFM was used to characterize the smoothness of the
obtained etch topography and an ex-situ X-ray photoelectron
spectroscopy (XPS) was used to analyze the atomic and molecular
species on the surface of the etched glass regions. Ring diffused
NF; and H,O vapor gases are controlled by separate mass flow
controllers. Available ranges of power and gas flow rates of
individual gases for the modified etch system are listed in Table 1.
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Figurel: Samples process flow

RESULTS AND DISSCUSSIONS
Chamber Modification Analysis using RGA Data

Gas species were detected and characterized using a
quadrupole residual gas analyzer (RGA) ExTorr® XT100
connected directly to the modified etch chamber. RGA data was
acquired for three different conditions: (i) background gases, (ii)
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NF; and Ar introduced as the primary plasma source gases from
top of the chamber and (iii) SFe/NF3/H,O gases with SFg as the
primary plasma source gas introduced from top and NFz/H,O
diffused from ring. Figure 3a) shows that water vapor, nitrogen and
oxygen gases are detectable in the initial chamber which is pumped
down to 10°® Torr. Clearly no NF, gas species are generated if NF;
is used as the plasma source gas as can be seen in Figure 3b).
Finally, Figure 3c) shows that NF, are generated with many other
active ions and radicals in diffuser ring system.
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Figure 2: Schematic illustration of the modified ICP-RIE systems
with ring-diffuser system. Inset shows the photos the actual
stainless steel showerhead nozzles.

Relevant Process

Parameters R

SF, 0— 200 sccm
ICP Source Gases Ar 0— 100 sccm
0, 0— 100 sccm
Ring Diffuser Gases = 0 250sccm
H,0 0—300sccm

ICP Power 0-3000W

Substrate Power 0—-600W
Pressure 0—0.1 mbar

Table 1. Summary on capability of modified etching system

SFe/NF3/H,O based etching is compared with SFg-only
plasma etching. The results are shown in Table.2. Wafers were
processed using 2000 W source power and 400 W substrate power.
The substrate temperature was set to 20 < and the
source-substrate distance was set to 120 mm. Wafers were etched
for 15 minutes. Four different etch-gas compositions are
demonstrated for borosilicate glass and quartz etching respectively.
Processes #1 and #3 were developed with diffuser ring system
while processes #2 and #4 are listed for comparison with
conventional SFg plasma etching process. To make comparisons
between the two entirely different etch approaches we adjusted the
flow range of the various gases in experiments #1 and #2, and #3
and #4 to result in identical chamber pressure. Same plasma power
and pressure in the two different etches helps easier comparison
since the plasma density and ion bombardment rates in the two
cases should be comparable and any differences can be discussed
in terms of achievable chemical etching between diffuser ring
system and conventional etching. Table.2 shows that the etch rate
of borosilicate glass and quartz glass in diffuser ring system is
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higher by 33% and 31% as compared to conventional etching
method. Furthermore, we measured the average etched surface
roughness (Ra) using precision scans of the region using the
profilometer stylus which has a resolution in the Angstrom range
and followed the most promising results with Atomic Force
Microscope (AFM) scans. For both glass and quartz substrates the
achieved surface smoothness of the etched areas from the ring
diffuser set-up was an order of magnitude better than conventional
etch process.
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Figure.3: Residue gases analysis on a)background, b)top 10sccm
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In fact the achieved smoothness of the order of few
Angstroms has not been reported before. The voltage shown in the
table represents the electrical potential between plasma and
substrate, which is read out on Alcatel AMS 100 tool
automatically. The potential in the SFg—only plasma is ~5% larger
than for the NF3+H,O ring diffuser plasma conditions indicating
that the energy of the bombarding ions should be higher in the
conventional SFg based etching. In spite of this situation, both the
etch rate and the surface smoothness conditions are improved in
the ring diffuser etch. RGA data, from Figure.3(c), suggests the
plasma conditions in ring diffused gases are able to produce active
radicals and ions such as NF,, NO and HF etc. The formation of
active chemicals at vicinity of the wafer increases the effects of
chemical etching and optimizes the etching performances. AFM
shows surface roughness (Ra) of #1 and #3 recipe samples are 4 A
and 6 A Statistical analysis of AFM scanning on #3 recipe sample
is shown in Figure 4(a). The SEM picture at right side of Figure 4
presents the cross section and trench bottom under ring diffused
SF¢/NF3/H,0 based etching.

Borosi H,0 | Pressure | Voltage | Etchingrate | Roughness
licate (sccm) | (mTorr) (V) (m/min) (A)*
#1 20 20 25 3 73 0.7

0.68
#2 60 0 0 3 78 0.51 9.4
Pressure | Voltage | Etchingrate | Roughness
(mbar) (V) (pm/min) (A)*
#3 60 100 50 9 78 0.81 0.6
# 200 0 0 9 82 0.62 219
Table 2: Comparison between SF¢/NF3/H,O based etching and
single SFg plasma etching. Roughness is measured by profilometer
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Figure 4: (a) AFM image of the smoothest substrate obtained with
ring active etch. (b) The inset shows the SEM picture of the etch
region cross section

Etch Rate with Diffuser Ring

Using the ring diffuser system, we were able to achieve
0.81um/min and 0.68xm/min etch rates for quartz and borosilicate
glass respectively. Fig. 5 shows the various process gas flow rates
explored and clearly shows that although the two substrates
predominantly consist of SiO, in composition, the optimal etching
conditions for quartz and borosilicate glass are quite different. This
is to be expected since they have different structure and material
composition. Borosilicate contains 80.6% SiO,;, 12.6% B,0s,
4.2% Na,0, 2.2% Al,05, 0.04% Fe,0,, 0.1% CaO, 0.05% MgO,
and 0.1% ClI, while quartz is pure silicon oxide.
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Borosilicate contains more non-bridging oxygen bond than
quartz in (SiO,)* tetrahedral network structure. The most
important impurity of borosilicate is boron atom. Since this
impurity has on less electron to contribute to the covalent bonding
than does silicon. The missing electron induced by such impurity
in the center of tetrahedron results in the elimination of bridging
oxygen ions. In the case of the elimination of a bridging oxygen
bond, a non-bridging oxygen is created which tends to weaken the
network and thus should improve the etch rate [11]. On the other
hand, alumina and alkalis components in borosilicate are hard
non-volatile materials, which slows down the etch rate. Table 3
lists the XPS date on borosilicate glass surface composition for
different process conditions. The obtained data shows a
significantly larger percentage of surface aluminum and sodium
content for the wafers etched with 80 sccm NF; flow rate than in
the case of 20 sccm flow rate and explains the slower etch rate
obtained for the former condition.
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Figure 5: Etch rate as a function of SFg, NF3, and H,O flow rates
for (a) Fused Quartz and (b) Borofloat® wafers. SF4 flow rate is 20
sccm for all the points shown in (b).

Si2s Q1s Fls Nals Bls Al2s K2s | Ni2p
Ring active etch-
20.7 | 51.696 | 15.751 | 7.526 | 2.105 | 2.22 | ND* | ND*
20 sccm NF,
Ring active eich-
4.483 | 6487 56.448 | 20.946 | 4.144 | 5.102 | 1.887 | ND*
80 sccm NF,
Unprocessed
2791 | 6692 ND* 0.46 4.69 | ND* | ND* | ND*
Borofloat wafer

Table 3: Approximate atomic percent calculations from XPS
surveys for 2 different etch cases. All values are in percent.
* ND: Not Detectable amount.



Skin Layer Formation on the Etched Trench Walls

Another interesting observation was the formation of a few
100 nm thick layer on the side walls of the etched trenches. This
layer could be readily stripped in nickel TFB etchant (Transene™)
but was inert in nickel Type 1 etchant (Transene™). The study on
skin layer composition and formation is currently being studied but
is likely related to the reaction of the nickel masking layer with the
etch gases.

CONCLUSION

In this report, a specially modified ICP-RIE etch tool using
NF3; and H,O gas chemistry for glass etching is presented. Instead
of conventionally feeding gases through the ICP source, a stainless
steel gas diffuser ring on the metal plate of the mechanical
clamping plate of the etcher has been incorporated to supply NF;
and H,0O vapor gases. 2000W source power and 400W substrate
power for novel SF¢/NFs/H,O plasma based etching has been
explored. An etch rate of 0.81um/min and 0.68um/min was
obtained for quartz and borosilicate wafers respectively.
Comparison between SF¢/NFs/H,O etching and conventional
single SF¢ etching was undertaken on both borosilicate and quartz
glass. Initial results on the etch rate, surface roughness and
selectivity of SFg/NF3/H,0 based ring diffuser etching suggest that
the etching mechanism is clearly shifted from physical etching to
chemically dominated etching. AFM scans have shown
unprecedented ultra-smooth surface roughness (Ra) as ~6 A at 0.81
um/min etching rate for quartz.
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