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Inductively coupled plasma (ICP) technology is a new advanced version of dry-etching technology compared
with the widely used method of reactive ion etching (RIE). Plasma processing of the ICP technology
is complicated due to the mixed reactions among discharge physics, chemistry and surface chemistry.
Extensive experiments have been done and microoptical elements have been fabricated successfully, which
proved that the ICP technology is very effective in dry etching of microoptical elements. In this paper, we
present the detailed fabrication of microoptical fused silica phase gratings with ICP technology. Optimized
condition has been found to control the etching process of ICP technology and to improve the etching
quality of microoptical elements greatly. With the optimized condition, we have fabricated lots of good
gratings with different periods, depths, and duty cycles. The fabricated gratings are very useful in fields
such as spectrometer, high-efficient filter in wavelength-division-multiplexing system, etc..

OCIS codes: 050.1380, 220.4000, 230.1950.

Micro-optics has received great interest in recent years,
and microoptical elements are becoming more and more
widely used in optical systems!! 3. The fabrication pro-
cedure of microoptical elements takes the advantages of
microelectronics technologies. At first, a mask is fabri-
cated by an e-beam facility or a pattern generator. The
second is the lithographic process that transfers the pat-
tern from the mask into a photoresist (PR) layer on a
substrate. The last is the etching process during which
the substrate is etched with the PR layer or other mate-
rial layer as the protective layer. Obviously, the last step
is very crucial for the successful fabrication of microop-
tical elements.

In the etching process, wet chemical etching (WCE)!!
or dry etching methods can be used. Generally speak-
ing, dry etching methods have more merits than WCE
does. WCE is cheap and fast. The etched depth of
the substrate cannot be accurately controlled during the
chemical solution etching. Moreover, the undercut ef-
fect of WCE greatly affects the vertical etching profile,
which determines the performance of microoptical phase
gratings. Dry etching is realized in a plasma environ-
ment through chemical reactions or physical reactions
between ionized erosive gas and substrate. Dry etch-
ing methods include reactive ion etching (RIE)!—3:5]
ion milling!®, electron cyclotron resonance (ECR), and
inductively coupled plasma (ICP)["~" etc. ICP is a
plasma system with high density of plasma at low pres-
sure, which could achieve high etch rate and anisotropic
etching. An independent radio frequency power is used
to control the self-bias voltage of the substrate. Thus,
ion bombardment energy on the substrate can be con-
trolled. Because of the above merits, ICP technology
in the etching of high-precision microoptical elements
should be studied.

The process flow for fabricating a fused silica phase
grating is shown in Fig. 1. 1: depositing a chromium
layer on the surface of a clean and dry fused silica wafer;
2: coating a positive PR film (Shipley, s1818, USA) on
the chromium layer; 3: the photolithographic process of
transferring the mask pattern to the PR layer; 4: the
developing process and pattern formation on chromium
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mask by chemical solution; 5: removal of the PR layer by
chemical solution and putting the fabricated sample with
chromium mask into the ICP equipment for etching; 6:
removal of the remaining chromium mask by chemical
solution.

The ICP equipment (ICP-98A, Microelectronics R&D
Center, Chinese Academy of Sciences) is used in the
etching process. Figure 2 is a schematic diagram of the
ICP etching system. The system has two independent
radio frequency induction sources (RF; and RF,) with
the same working frequency of 13.56 MHz. The two RF
sources are used to generate the high-density plasma and
introduce the self-bias electrical field, respectively. The
plasma in the chamber is mostly generated by inductive
coupling of RF; through a dielectric window. A gas feed
ring is located just below the window along the inner
edge of the cap. Another independent RF source RFs is
used to generate the self-bias voltage, and therefore the
ion energy of bombarding the substrate can be controlled
independently by adjusting the RFs power. The plasma
chamber is pumped by a turbomolecular pump of 500
liters/second. During the etching process, the sample
holder is water cooled to keep the sample near the room
temperature. The water-cooling is used to prevent any
thermally induced damage on the sample and to main-
tain a low temperature for a relatively high etch rate. A
mixture of CHF3, Ar, and O, is used in the experiments.
CHF; is the main working gas that produces most of the
ions and erosive neutrals. Og is mainly used to decom-
pose the polymer to reduce the polymer deposition rate.
Ar is used as a buffer gas to keep the plasma stable, and
also can increase the etching selectivity of fused silica to
photoresist! 12,

In the fabrication of microoptical elements with ICP
technology, polymer deposition is a frequently encoun-
tered problem. Etching and polymer deposition occur
at the same time during the whole etching process us-
ing fluorocarbon plasma. If the chamber environment is
more available for polymer deposition than for etching,
the polymer deposition will occur. In the beginning of
our study program, some experiments were performed
and the results indicate that polymer deposition will
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Fig. 1. The process flow for fabricating a fused silica grating
with ICP technology.
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Fig. 2. Schematic diagram of the ICP equipment.

1 um

Fig. 3. Cross-sectional image of a holographic surface-relief
grating with density of 600 lines/mm (captured by SEM).

affirmatively happen if the total gas flow rate is less than
100 sccm. Polymer deposition can be induced by many
factors, and the deposition rate has a close relationship
with factors such as the self-bias voltage, the RF powers,
the chamber temperature, and the gas flow rate. The
gas flow rate directly affects gas resident timer[®!, which
is a very important parameter in the experiment, as de-
scribed by T = %, where P, V and @ are the pressure,
the volume of the chamber, and the gas flow rate, respec-
tively. The equation indicates that if the gas flow rate
is low, the gas resident time will be long, thus polymer
deposition will be more likely to occur. According to
the discovered rule, high gas flow rate was employed in
the following experiments. Extensive experiments have
been carried out, where different gas mixing ratios, dif-
ferent gas flow rates, and different RF powers are used.
After the experiments, we obtained the following opti-
mized parameters: 200-sccm CHF3, 20-sccm Ar, 5-scem
02, 700-W RF; power, and 200-W RFy power. Under
the optimized condition, no polymer was found on fabri-
cated gratings.

In optics field, fused silica is an ideal optical material
with wide transmitting spectrum ranging from deep ul-
traviolet to far infrared. Furthermore, fused silica is of
high optical quality. Gratings made of fused silica are

very useful in high-precision optics field'3—16]. In the fol-
lowing section, we present several fabricated fused silica
gratings with different periods and etched depth using
ICP etching technology under the optimized condition.
Surfaces of all the fabricated gratings are very clean and
no polymer is observed.

A grating with a period of 40 ym and a duty cycle of
1:2 was fabricated and its etched profile was measured by
Taylor-Hobson equipment, (Form Talysurf Series 2) The
measured etched depth of the grating is 4 um. A grating
with period of 10 pm and duty cycle of 1:2 has also been
fabricated and the etched depth of the grating is about
4 pm, which can be obtained by scanning electron mi-
croscopy (SEM). We have also fabricated some gratings
with higher density, such as grating with period of 6 pm
and duty cycle of 1:2, and the etched depth of the grating
is about 3.5 pm. High-density holographic gratings with
surface-relief profile have also been fabricated under the
optimized etching condition. A grating with density of
600 lines/mm and the duty cycle is 1:2, as shown in Fig.
3. The measured etched depth of the holographic grating
is about 1.8 um. High-density gratings are widely used in
high-density optical storage field and optical communica-
tion field, etc. In order to achieve deeper etched depth
for high-density gratings, more extensive experiments are
needed in future.

In conclusion, we have present the detailed fabrication
of microoptical fused silica phase gratings with ICP tech-
nology. Optimized condition has been found to control
the etching process of ICP technology and to improve the
etching quality of microoptical elements greatly. Under
the optimized condition, we have fabricated lots of good
gratings with different periods, depths, and duty cycles.
The fabricated gratings are very useful in fields such as
spectrometer, high-efficient filter in wavelength-division-
multiplexing system.

This work was supported by the National Outstanding
Youth Foundation of China (No. 60125512), Shanghai
Science and Technology Committee (No. 036105013)
under Program of Shanghai Subject Chief Scientist (No.
03XD14005). S. Wang’s e-mail address is shunquanwang
@163.com.

References

1. J. Turunen and F. Wyrowski, (eds.) Diffractive Optics
for Industrial and Commercial Applications (Akademie
Verlag, Berlin, 1997).

2. A. G. Lopez and H. G. Craighead, Appl. Opt. 40, 2068
(2001).

3. T. Clausnitzer, J. Limpert, K. Zollner, H. Zellmer, H.
J. Fuchs, E. B. Kley, A. Tinnermann, M. Jup, and D.
Ristau, Appl. Opt. 42, 6934 (2003).

4. C. Zhou and L. Liu, Appl. Opt. 34, 5961 (1995).

5. E. M. Strzelecka, G. D. Robinson, and L. A. Coldren,
Microelectr. Eng. 35, 385 (1997).

6. Y. Fu and N. K. A. Bryan, Appl. Opt. 40, 5872 (2001).

7. C. Zhou, P. Xi, and S. Zhao, Proc. SPIE 4470, 138
(2001).

8. S. T. Jung, H. S. Song, and H. S. Kim, Thin Solid Films
341, 188 (1999).

9. R. J. Shul and G. B. McClellan, J. Vac. Sci. Technol. A
15, 1881 (1997).



10

11

12

13

August 28, 2005 / Vol. 3, Supplement / CHINESE OPTICS LETTERS S81

. E. Gogolides and P. Vauvert, J. Appl. Phys. 88, 5570
(2000).

. H. Doh and Y. Horiike, Jpn. J. Appl. Phys. 40, 3419
(2001).

. C. J. Choi and O. S. Kwon, J. Vac. Sci. Technol. B 18,
811 (2000).

. P. Xi, C. Zhou, E. Dai, and L. Liu, Opt. Lett. 27, 228
(2002).

14. E. Dai, C. Zhou, P. Xi, and L. Liu, Opt. Lett. 28, 1513
(2003).
15. C. Zhou, J. Jia, and L. Liu, Opt. Lett. 28, 2174 (2003).

16. J. Jia, C. Zhou, X. Sun, and L. Liu, Appl. Opt. 43, 2112
(2004).



