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Fabrication of column shape two dimensional
photonic crystals: double developments in
holographic lithography process
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Abstract ; A simple and cost effective method to fabricate column shape two dimensional photonic crystals by holographic li-
thography technique using double development has been reported. In the process two dimensional big-dot-type periodic
structures have been generated directly on positive photoresist, and then transferred to the substrate through the Si;N, hard
mask. By using double development, the photoresist exposed to high and medium intensity can be developed away effective-
ly, while those exposed to low intensity can still be preserved. The period of the two dimensional structures can be easily
controlled by adjusting the angle of two incident beams. The structures in a large period range over a relative large area have
been generated with good uniformity and reproducibility. The processing parameters are discussed in detail.
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Introduction

Two dimensional photonic crystals(2D-PCs) have
attracted great attentions due to their specific photonic
bandgap. It is possible to design 2D-PCs to implement

functions such as coupling surface of 2D-gratings,
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waveguides, resonators and so on''*!. 2D-PCs have
been fabricated by compound semiconductors to im-
prove the performance of active components operating

(5:6] " Both electron beam

in near-or mid-infrared region
lithography and holographic lithography are the com-

mon techniques to fabricate periodic structures as 1D
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"7-8] " Electron beam lithography has

gratings or 2D-PCs
the merit of high precision in controlling the feature
size of periodic or nonperiodic structures, but with dis-
advantages of lower throughput and higher cost. As an
alternative , holographic lithography can generate peri-
odic structures on a relative large area in a short time
with simple equipment. In this way, holographic li-
thography has become an attractive method. It has
been used successfully to fabricate 1D surface grating
for mid-infrared quantum cascade laser™® ' | but still
unpopular for 2D structures. Generally, there are two
different ways to generate two dimensional interference
patterns by using holographic lithography: multiple ex-
posure of interference patterns generated by two

"or single exposure of an interference pattern

[12, 13]

beams
generated by multiple beams The contrast of
holographic patterns could not be very high regardless
of single exposure or multiple exposure. But in relation
to single exposure, multiple exposure has the advanta-
ges of simpler equipment and higher contrast in genera-
ting the interference patterns'"'). The principle of mul-
tiple exposure is based on the interference of two coher-
ent lights to form a horizontal standing wave for grating
patterns, which can be recorded on the photoresist. By
using multiple exposure, different kinds of laser inten-
sity are formed in the exposure area. With single de-
velopment, photoresist exposed to high intensity can be
fully developed away, while those exposed to low inten-
sity may not be removed effectively. Therefore it is
need to carefully control the exposure dose and develo-
ping time to generate dot-type 2D periodic structures by
using positive photoresist and single development di-

[14]

rectly- '. Also by using single development, the dots

are often smaller than half of the period and the sizes of
the dots are hard to control'™'.

In order to solve these problems, we exploit a new
developing method by changing the developing steps
from one step to two steps. By using this unique devel-
oping method, photoresist exposed to low intensity can
also be fully developed away, and big-dot-type periodic
structures can be generated directly with easily con-
trolled exposure dose and developing time. Based on
this method, the column shape 2D-PC have been fabri-

cated by using reactive ion etching( RIE) of Si;N, hard

mask and inductively coupled plasma(ICP) etching of

the substrate.

1 Experimental details

The experiment setup of holographic lithography
system is shown in Fig. 1. It consisted of a laser
source, two reflective mirrors, a beam expander, a
collimating lens and a sample stage. A He-Cd laser e-
mitting at 441.6 nm was used as the exposure source,
in which the laser light was expended and collimated
into a TE-polarized beam of size 1. 04 mm with output
power of 147 mW, the coherence length of the laser
was 10 em. Two reflective mirrors were used to adjust
optical path and arrange optical equipment convenient-
ly on the available optical table. In order to transmit
only the fundamental Gaussian output of the laser, a
spatial filter consisting of objective lens and pinhole
was used to filter and enlarge the beam. This spatial
filter was built in adjustments in X, Y direction on the
pinhole mount and in Z direction on the focusing objec-
tive. Through this Gaussian beam expanded, the laser
beam had been changed in three ways. The diameter of
the beam and radius of the phase front were both in-
creased, whereas the intensity of the beam decreased.
Because of the Gaussian intensity profile, a more uni-
form intensity distribution over the exposed area was
created. In the sample stage, the reflective mirror and
sample holder plate were assembled together with a
fixed angle of 90°, so the angle of incidence of the re-

flected beam was always equal to the angle of the di-

Wavelength: 441.6 nm
Power: 147 mW
Beam diameter: 1.04 mm
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Fig. 1
system.
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Schematic diagram of the holography lithography
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rectly incident beam. By simply adjusting the stage ori-
entation with respect to the direction of the laser beam,
the period A of the patterns could be easily controlled
based on the equation A = A/2sind, where \ is the la-
ser wavelength and @ is the half angle of the two inci-
dent beams. As an example, by increasing 6 from
6.33° to 12.75°, the period A can be decreased from
2 pm to 1 pm according to the equation.

In the experiments, InP(100) substrate was used
and cut into 2 x 2 cm’ samples. After cleaning,
100 nm Si; N, layer used as hard mask for transferring
dot-type periodic structures to the substrate was deposi-
ted on the samples by plasma enhanced chemical vapor
deposition (PECVD ). Subsequently a diluted positive
photoresist( SHIPLEY SPR6809) with thickness of 180
nm was spin coated on the Si;N,layer. Thin photoresist
layer was necessary due to the low beam intensity of
this holographic lithography process. After spin coating
the samples were soft baked, and then transferred to
the holography lithography stage for exposing. The first
exposure was carried out to create a 1D grating pattern
afterwards the samples were rotated 90° for the second
exposure to create a square lattice pattern. The expo-
sure time of the two exposure were both 40 s. After
double exposure, a post exposure bake was performed
to reduce the standing wave effects. The samples were
developed in FHD 320 developer, which was 2 1 di-
luted with deionized water. Single development and
double developments were carried out. For the process
of double developments, the samples were developed
for a short time at first, and then rinsed by deionized
water and blown dry with nitrogen gas. Subsequently,
the samples were developed once again without stir to
reach the final pattern. The developer temperature was
kept at room temperature around 20 °C. After double
developments, RIE of Si;N,mask was performed using
CF,with radio frequency (RF) power of 100 W. The
etch time was 60 s at etching rate of 110 nm/min.
Subsequently the photoresist on Si;N,layer was washed
away. Then the periodic structures were transferred in-
to InP substrate by ICP etching using CH,/H,/Cl,.
The etch time was 50 s at etching rate of 900 nm/min.
Finally, the Si;N, hard mask was etched away using

buffered HF and periodic structures were formed on the

substrate.
2 Results and discussions

Because of the double exposure with a rotation of
90°, perfect periodic square structures can be obtained
by simulating the theoretical calculation of intensity

141 On the expo-

distribution of two-beam interference
sure areas three different kinds of laser intensity were
formed as shown in Fig. 2(a). “0” was the region
with the minimum laser intensity, “1” was the region
with the medium laser intensity and “2” was the region
with the maximum laser intensity. In order to generate
dot-type periodic structures, the photoresist on the “1”
and “2” region must be fully developed away simulta-
neously. Usually the samples were just developed for
once, so photoresist on the “2” region with the high
laser intensity could be easily developed away, while
photoresist on the “1” region could not be developed
away effectively due to the lower laser intensity. In or-
der to develop away the resist on the“1” region fully,
two ways of increasing the exposure dose or increasing
the developing time had been attempted. However, if
the exposure dose or developing time are increased,

”»

photoresist on the “0” region may also be developed a-

way. Because of the relatively low contrast of the holo-

graphic interference pattern, this problem could not be
[15]

solved merely by changing the exposure dose
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Fig.2 (a) Schematic of three different kinds of laser in-
tensity on the exposure areas; (b) Schematic diagram of
double development

K2 (a) ZFAREBOLRERNXERER;(b) ZRkE
EIRENEE

A double developing method has been demonstra-
ted to solve these problems. The schematic diagram of

double development is shown in Fig. 2 (b). In this
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process the samples were developed for a short time at
first. After the first development, photoresist on the
“2” region could be fully developed away, while some
photoresist on the “1” region were still left. In the sec-
ond developing step, because of the small sizes of the
holes, the developer outside the holes generated a
pressure preventing the developer from flowing into the
holes, leaving air bubbles inside region “2”. The
pressure was given by p =s/r, where s is the surface
tension of developer and r is the radius of the hole. For
a hole of 1 um diameter the surface tension reaches ~
0.7 atmosphere for water. In this case because the de-
veloper couldn’t soak and flow into the holes, these
could prevent the developer from etching laterally on
the “2” region. As a result, only photoresist on the
“1” region could be developed away further, while
photoresist on the “0” region could still be preserved.
Finally, big-dot- type periodic structures could be di-

rectly generated on the positive photoresist.
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Fig.3 AFM images of the photoresist after single develop-
ment for 20 s
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Figure 3(a) and(b) show the AFM images of the
photoresist on the sample after single development for
20 s. In this case hole-type periodical structures were
generated with the period of 1 um. We also tried to in-
crease the developing time to 30 s, as a result the holes
expanded severely and some photoresist on the “0” re-
gion were fully developed away. Compared with single
development, Fig.4 show the AFM images of the pho-
toresist on the sample after first and second develop-
ment. Fig.4(a) and(b) show the AFM images after
the first development of 15 s. Hole-type periodical
structures were generated with the period of 1 pm and

the sizes of the holes were a little smaller than the holes
as shown in Fig.3. Fig.4(c) and(d) show the AFM

(©) (d

Fig. 4 AFM images of two development processes.
(a) and(b) . after first development; (c) and (d) . after
second development
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images after second development of 15 s. From Fig. 4
(c) and(d), it could be seen that, big-dot-type peri-
odical structures with the period of 1 wm had been gen-
erated effectively with good uniformity.

After double development, the dot-type periodic
structures were transferred into InP substrate by using
RIE of Si;N, hard mask and ICP etching of the sub-
strate. Fig.5 shows the SEM images of the samples. In
Fig.5(a) the period of the structures is 1 um with the
sizes and heights of the column being 500 nm and
700 nm respectively. By changing the incident angle,
column shape 2D-PC with period of 2 um have also
been fabricated as shown in Fig. 5(b). The sizes and
heights of the column are about 1 pm and 703 nm re-

spectively. A statistical study of the uniformity of the

Fig.5 SEM images of column shape 2D-PC on InP substrate
with different period: (a) period of 1 um; (b) period of
2 pm

BS InP )i EAEFRBIMATE 4067 & ki SEM &
% (a) A1 pm;(b) JA#2 pm
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2D-PC with respect to the lattice constant and column
diagonal in the area of 12 x 12 pm” has also been car-
ried out. According to the statistical study, the nonuni-
form of the lattice constant and column diagonal with
period of 1 pm is 2.9% and 3.6% , while the nonuni-
form of the lattice constant and column diagonal with

period of 2 um is 3.4% and 4.9% , respectively.
3 Conclusions

In conclusion, column shape 2D-PC on InP sub-
strate have been fabricated by using holographic lithog-
raphy technique. Adopting double development process,
big-dot-type periodic structures have been generated on
positive photoresist directly with easily controlled expo-
sure dose and developing time. Si;N, hard mask is cho-
sen to transfer the dot-type periodic structures into the
substrate due to its high selectivity in dry etching
process. The period of the structures can be easily con-
trolled by adjusting the angle of the two incident beams.
2D-PC samples in an area of larger than 2 x2 cm” with
good uniformity and reproducibilityhave been fabricated
successfully, validated the feasibility of this unique

process in the applications of various devices.
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