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Influence of chlorine on etched sidewalls
in chemically assisted ion beam etching
with SU-8 as mask
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Abstract. A thin layer of SU-8 submicron pattern produced by holo-
graphic lithography is used as the dry etch mask in a chemically assisted
ion beam etching (CAIBE) system. The effect of the chlorine gas flow
rate on etched sidewalls is investigated; by matching the lateral etch rate
and the deposition rate, etching selectivity of up to 7:1 is achieved, ren-
dering smooth vertical sidewalls and damage-free upper portions for the
etched structure. © 2005 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction

For optoelectronic device fabrication, it is important to con-
trol the pattern profile in the dry etching process accurately
In many cases, particularly in the subwavelength region
the etched sidewalls need to be vertical and smooth, whil
minimizing the damage during the etch process. Generally
this quality of profile can be achieved by carefully adjust-
ing the parameters in reactive ion beam etching~RIBE!,1

where different arrangements have been made to produc
the same profiles, namely, large ion beam divergence ang
~about 24 deg! by Zubrzycki et al.,1 and small ion beam
divergence angle~about 1.5 deg! by Lincoln et al.2 In the
RIBE of GaAs with chlorine (Cl2), ion beam sputtering
removes the surface residues of GaClx and AsClx created
during the process.3 To achieve quality anisotropic etching
with vertical and smooth sidewalls, the lateral etch rate
needs to match the lateral deposition rate of the create
residue. Meanwhile, since the upper portion of etched
structure is easily damaged by the ion beam sputtering,
hard etch mask1,4 or thick resist layers5 were required to
decrease the erosion of the mask layer and thereby prote
the upper edge of the etched structure.

In this paper, we report the use of a thin layer of SU-8
photoresist patterned with nanostructures as a dry etchin
mask and the application of chemically assisted ion beam
etching~CAIBE! to etch a GaAs substrate, emphasizing the
fact that the key to achieving vertical and smooth etch pro
files is to match the lateral etch and deposition rate by
controlling the gas flow rate of chlorine.

2 Holographic Lithography

In our experiment, a holographic lithography system was
used to pattern a nanoscale grating structure.6 In our setup,
an expanded and collimated Ar1 laser beam~operating at
l5364 nm! is split into two beams by a nonpolarizing UV
beamsplitter. The two beams are then deflected onto th
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image plane at an angleu, creating an interference patter
with a period of l/@2 sin~u/2!#, which is adjustable by
changingu.

Before the exposure, SU-8 resist~MicroChem Corp.! is
spin-coated on cleaned GaAs substrates, followed by a
bake at a temperature of 95°C for 10 min to remove all
solvent in the SU-8 layer. After the exposure in the ima
plane of the holographic lithography setup, a postexpos
bake ~PEB! is applied to the sample to perform cros
linkage. The SU-8 is then developed in propylene glyc
methyl ether acetate, rinsed in isopropyl alcohol, and dr
in air.

3 Etching Experiment

The developed SU-8 structure is mounted on a wafer ch
in the vacuum chamber by a load lock system in o
CAIBE setup, which is equipped with a 12-cm inductive
coupled plasma~ICP! rf source with two self-aligned col-
limated graphite grids for screening and acceleration. T
wafer chuck is located 45 cm away from the grids. T
maximum beam and accelerator voltages are 2000 and
V, respectively; and typical values of the beam volta
range from 300 to 750 V, and of the accelerator volta
from 25 to 500 V, depending on the desired etch profil
The base pressure of the vacuum chamber is pumped d
to 1028 Torr, and the typical chamber pressure during
etching process ranges from about 0.10 to 0.80 mTorr.
sample stage is temperature-controlled by a water ch
during the etching.

In our CAIBE, we use chlorine as the chemical etchi
gas and argon as the plasma ion (Ar1) source. The etching
rate and profile are influenced by many parameters in
system, such as the beam voltage, accelerator volt
beam current, substrate temperature, chamber pressure2
flow rate, and substrate material.4,7 With a beam voltage of
400 V, accelerator voltage of 425 V, Cl2 flow of 10 sccm
~standard cubic centimeters per minute!, Ar flow of 10
sccm, beam current of 40 mA, and substrate temperatur
5°C, a vertical sidewall profile was achieved for a 1-mm-
-1 June 2005/Vol. 44(6)
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period grating structure,6 and the etching rate selectivity i
approximately 3:1. With the same etch parameters, we h
successfully transferred photonic crystals with hexago
periodic patterns and defect lines to GaAs substrates.8

As the feature size of the devices scales down to sub
cron, surface tension becomes prominent when rinsing
sample during the development, reducing the achieva
aspect ratio of the photoresist pattern, which is incapabl
producing the etch depth for designed depth with the
etch parameters described previously. Although one can
a rinsing solution with less surface tension and apply
supercritical drying procedure9 to alleviate this problem, or
transfer a patterned thin layer to a dry-etch-resistant m
layer1,4 to improve the mask durability, both methods w
increase the complexity and the cost of the process, and
patterns may degrade during the multiple processing s
involved in the latter.

Instead of dealing with the etch mask material, we op
mize the dry etch parameters to perform high etch selec
ity for a thin layer of submicron photoresist pattern. Bas
on the preceding conditions obtained for 1-mm pattern etch-
ing, we increased the stage temperature to 20°C, and
duced the Ar flow rate to 7 sccm to decrease the Ar1 ion
density. The Cl2 flow rate was then changed to investiga
its effect on the etched sidewall profile while the bea
voltage ~400 V!, acceleration voltage~425 V!, and beam
current~40 mA! were kept constant.

We began with a Cl2 flow rate of 20 sccm, correspond
ing to a chamber pressure of 0.68 mTorr. Figure 1~b! shows
a scanning electron microscopy~SEM! image of the etched
400-nm-period GaAs grating with SU-8 pattern@as shown
in Fig. 1~a!# as the dry etch mask. The thickness of t
resist mask is about 150 nm, with duty ratio~ratio of the
grating tooth width to the period! of about 60%, and the
etched depth into the GaAs is about 980 nm. The asp
ratio of the etched pattern is about 4:1, with an avera
etching rate of 20.5 nm/min. As we can see in Fig. 1~b!, the
etched sidewalls are almost vertical; however, there a

Fig. 1 SEM micrographs of 400-nm-period grating transferred to a
GaAs substrate using CAIBE: (a) SU-8 resist mask with 150-nm
thickness; (b) structure of 980-nm depth etched using 20-sccm Cl2
flow; (c) 1480-nm depth using 18 sccm Cl2 flow; (d) 1440-nm depth
using 14-sccm Cl2 flow.
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lot of residues in the grating grooves, which would strong
affect the optical characteristic of the device. The resid
are the redeposited reactants of GaClx and AsClx that can-
not be removed with Ar1 ion bombardment in an accep
able time. The residue formation is pronounced with exc
sive chlorine, which raises the local pressure and increa
the redeposition rate within the grooves.

In order to avoid the contamination, the Cl2 flow rate
was decreased to 18 sccm, corresponding to a cham
pressure of 0.60 mTorr, while the other parameters w
kept unchanged. As shown in Fig. 1~c!, the etching depth is
1480 nm. The etched profile, however, is inversely tape
instead of rectangular, with a duty ratio decreasing fro
64% in the upper portion to 19% in the bottom portion. T
smooth inversely tapered shape indicates that the lat
etch rate is greater than the redeposition rate of the re
tants. Unlike the case in Fig. 1~b!, there are no residue
between the grating grooves, showing that the etching
actants are removed and pumped out from the sample
face efficiently.

In order to approach rectangular etched profiles, the
eral etching rate can be reduced by decreasing the flow
of Cl2 . Figure 1~d! shows a sample that is etched using
reduced Cl2 flow rate of 14 sccm, with a correspondin
chamber pressure of 0.45 mTorr; the etch depth is ab
1440 nm. Although the profile is still inversely tapered
this particular case, the duty ratio of the bottom porti
increases to 30%, with the duty ratio of the upper porti
unchanged from the profiles in Fig. 1~c!. This shows that
we have a good balance between the lateral deposition
and the etching rate in the upper portion of the etched st
ture with the applied etch parameters, and changing the2
flow rate exhibits little effect on this portion.

On further reducing the lateral etch rate by decreas
the Cl2 flow rate, a rectangular etch profile can be obtain
Figure 2~a! shows an etched structure using a Cl2 flow rate
of 7 sccm with a 0.22-mTorr chamber pressure. In this p
ticular case the SU-8 mask layer is a little too thin for t
long process duration~more than 100 min!; therefore the
resist had been etched out and the top surface was slig
overetched. However, it is evident that the profile~although
still slightly inversely tapered! improves significantly, with
the duty ratio of the etched bottom portion increased
45%.

After optimizing the Cl2 flow rate ~at 6 sccm with the
chamber pressure of 0.18 mTorr!, we obtained a sample
with rectangular etch profiles as shown in Fig. 2~b!. The
etched sidewalls are vertical and smooth, with a depth
about 790 nm and a duty ratio of 46%~same as the uppe
portion!. As one can see in Fig. 2~b!, for this particular
sample, although the resist remaining on the top of
grating structure is no longer rectangular, the top portion
the etched pattern is kept rectangular, which is another
vantage of this optimal dry etching process.

To summarize the effect of the Cl2 flow rate on the etch
profiles, anundercut angleis defined as the angle betwee
the etched sidewall and the normal to the substrate surf
On reducing the flow of Cl2 from 18 to 6 sccm, or the
chamber pressure from 0.60 to 0.18 mTorr, the under
angles of the etched profile decreased from 7 to 0.2 deg
shown in the plot of Fig. 3~a!, and the profile of the etched
-2 June 2005/Vol. 44(6)
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structure changed from inversely tapered into almost r
angular. It is obvious that on further reducing the Cl2 flow
rate, the undercut angle of the etched profile would e
decrease to negative values, that is, the etched pr
would become tapered, and indeed, that is how most etc
structures of tapered shape resulted. However, when the2
flow rate was increased to 20 sccm~pressure of 0.68
mTorr!, instead of a worse tapered shape, the unde
angle of the etched profile suddenly dropped to 1.8 d
with almost vertical but rough sidewalls. The redepositi
of the reactants is now playing an important role in keep
the sidewalls vertical; reactants could not be removed
fectively by bombarding Ar1 ions and thus were redepo
ited on the sidewall, preventing the profile from becomi
worse tapered. If the residues in the grating grooves ca
removed afterwards, this procedure is also possible
proach to producing the desired profiles.10

As the Cl2 flow rates change, however, the average et
ing rate, defined as the ratio of etched depth to etch
duration, remains almost unchanged at about 20 nm/min
shown in Fig. 3~b!, indicating that the etching rate is main
attributable to ion beam sputtering in our low-intensity i
beam etching, but not in the cases of high-density plas7

and high ion energy,2 in which the etching rate strongl
depends on the Cl2 flow rate. For our optimal etching pro
cess, the erosion rate of the SU-8 resist and the etching
of GaAs are about 3 and 20 nm/min, respectively, so t
the etching-rate selectivity is approximately 7:1. With
150-nm-thick SU-8 mask layer, about 1-mm depth into
GaAs can be achieved, which would be enough for
polarization control devices in communicatio
applications.10 For deeper etching, a thicker SU-8 layer c
be achieved by use of supercritical resist-drying metho9

which we are currently investigating.

Fig. 2 SEM micrographs of GaAs grating structure with period of
400 nm etched in CAIBE using SU-8 resist layer as mask: (a)
overetched structure using 7-sccm Cl2 flow; (c) smooth vertical
etched structure with 790-nm depth using 6-sccm Cl2 flow.
063401Optical Engineering
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4 Discussion and Conclusions

Although the sidewalls of the etched grating structu
strongly depend on the Cl2 flow rate, the etching characte
istics of transferring 2-D gratings with hole structures a
somewhat different. In the transfer of a hole structure fro
SU-8 resist into GaAs, the shape of the etched sidewa
less sensitive to the Cl2 flow rate than in 1-D grating etch
ing, maybe because less area needs to be etched; the
ics behind this will be investigated in future work. Furthe
more, due to the stability of the web network of the me
structure, we can achieve a very thick mask layer with
being worried about the collapse as in the case of the
resist grating; other etching parameters, such as the b
voltage and beam current, also could be changed to
faster etching rates.8

The duty ratios of SU-8 mask layers, which we are us
to test the etching process, fluctuate between 46% and
due to the different exposures.6 If the duty ratios vary too
much among different samples, or for very small featu
size, the size effect may need to be considered.

In conclusion, we have used a thin layer of SU-8 ph
toresist pattern produced by holographic lithography a
dry etch mask to etch GaAs substrates in a CAIBE syst
By optimizing the flow rate of chlorine to match the later
etch rate and deposition rate, etching selectivity of up to
has been achieved with smooth vertical sidewalls a
damage-free upper portions of the etched structures. A
fast, easy, and low-cost method, this processing ho
promise for fabrication of large-area submicron structu

Fig. 3 Dependence of (a) the undercut angle of the etched profile
and (b) the etching rate of GaAs on the chamber pressures.
-3 June 2005/Vol. 44(6)
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into Ga~Al !As materials, which, combined with optica
lithography, are being used to fabricate large-a
polarization-sensitive lenses for communication wa
lengths.
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