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Feng Tian-Hua(冯天华), Dai Qiao-Feng(戴峭峰), Wu Li-Jun(吴立军),
Guo Qi(郭 旗), Hu Wei(胡 巍), and Lan Sheng(兰 胜)†

Laboratory of Photonic Information Technology, School for Information and

Optoelectronic Science and Engineering, South China Normal University, Guangzhou 510006, China

(Received 25 February 2008; revised manuscript received 17 June 2008)

Application of the pressure controlled isothermal heating vertical deposition method to the fabrication of colloidal

photonic crystals is systematically investigated in this paper. The fabricated samples are characterized by scanning

electron microscope and transmission spectrum. High-quality samples with large transmissions in the pass bands

and the sharp band edges are obtained and the optimum growth condition is determined. For the best sample, the

transmission in the pass bands approaches 0.9 while that in the band gap reaches 0.1. More importantly, the maximum

differential transmission as high as 0.1/nm is achieved. In addition, it is found that the number of stacking layers

does not increase linearly with concentration of PS spheres in a solution, and a gradual saturation occurs when the

concentration of PS spheres exceeds 1.5 wt.%. The uniformity of the fabricated samples is examined by transmission

measurements on areas with different sizes. Finally, the tolerance of the fabricated samples to baking was studied.
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1. Introduction

During the last decade, photonic crystals (PCs)
formed by periodic modulation of dielectric con-
stant or refractive index have been explored for the
construction of both passive and active functional
devices.[1−4] Among them, the all-optical switch is one
of the key components for the ultrafast signal process-
ing and telecommunication in the future. Thus, how
to realize all-optical switches with ultrafast response
time, low switching energy, and small size has always
been a great challenge for physicists and engineers. It
seems that PCs with Kerr nonlinearity may satisfy the
requirements for speed, energy, and size and appear
as a promising candidate to this goal. Accordingly,
different mechanisms have been proposed to realize
all-optical switches based on nonlinear PCs.[5−8] Ac-
tually, the first idea utilizing the band edges of non-
linear PCs was proposed a decade ago.[5] Basically,
the signal light that is intentionally located near the
band edges can be switched between an on state and
an off state by applying a control light that shifts the

band edges through nonlinearity-induced refractive in-
dex change.[5] Since the nonlinear response time based
on the Kerr effect is extremely fast, the main issue to
be solved is how to reduce the switching energy to a
low level so that the integration of a large number of
switches on a single chip will become feasible. Appar-
ently, the sharpness of the band edge as well as the
transmission change across the band edge affects sig-
nificantly the performance (e.g., the switching power)
of the constructed all-optical switches. In principle,
the sharpness of the band edges is closely related to
the density of imperfections existing in PCs. On the
other hand, it is well known that significant enhance-
ment of nonlinearity is anticipated in PCs by utiliz-
ing the slow light effect.[9,10] In addition, it has been
shown that the nonlinearity enhancement is inversely
proportional to the square of group velocity.[11] Thus,
the switching energy can be dramatically reduced if
the nonlinearity of PCs can be significantly enhanced
for the control light. However, both theoretical analy-
sis and experimental observation indicate that the re-
duction of group velocity in PCs is severely restricted
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by the imperfections present in PCs.[12−14] Therefore,
how to improve the quality of PCs has become a cru-
cial issue that determines the realization of all-optical
switches with low power consumption. In experiment,
much effort has been devoted to the fabrication and
the characterization of nonlinear PCs that can be em-
ployed to realize all-optical switches.[15−19]

It has been demonstrated that colloidal PCs syn-
thesized from solutions containing polystyrene (PS)
spheres suspended in a fluid (e.g., water or ethanol)
are quite suitable for this purpose.[18] Ultrafast all-
optical switching was realized by utilizing the shift of
band edges. However, the switching operation was
observed only by pumping the PC with an amplifier
because the switching energy, which was restricted by
the sharpness of the band edges, was quite large.[18]

As mentioned above, the sharpness of band edges is
governed by the density of imperfections that are in-
evitably introduced in the fabrication process. There-
fore, how to reduce the density of imperfections has
become a key issue to be solved. Until very re-
cently, however, high-quality colloidal PCs that are
suitable for making all-optical switches were success-
fully fabricated by utilizing a technique named pres-
sure controlled isothermal heating vertical deposition
(PCIHVD).[20] The achievement of high-quality col-
loidal PCs was demonstrated through an accurate con-
trol of the evaporation rate of water vapour. The good
quality of the fabricated PCs was manifested in the
sharp band edges with a slope as large as 0.07/nm, the
high transmission in the pass bands (> 0.8), and the
low transmission in the band gaps (< 0.02). In this
article, we present a systematically investigation on
the fabrication and characterization of colloidal PCs
by using this technique, with emphasis on how to opti-
mize the vapour pressure and the concentration of PS
spheres. The fabricated samples are characterized by
scanning electron microscope (SEM) and transmission
spectrum. The effects of measurement setup and bak-
ing on the transmission properties of the fabricated
samples are also discussed.

2. Optimization of the growth

condition

A detailed description of the PCIHVD method
was presented by Zheng et al,[20] and we will not re-
peat it here. Based on the experimental observations,
the authors found that for their apparatus the op-

timum growth temperature and vapour pressure were
35◦C and 39mmHg (1mmHg = 1.3332×102 Pa), corre-
sponding to an evaporation rate of about 0.71 g/cm2h.
Physically, the evaporation rate can be calculated
from Stefan’s law

ṁl = (DPt/lRlT ) ln[(Pt − Pls)/(Pt − Plw)], (1)

where D is the diffusion coefficient of water vapour in
air, l is the distance from the liquid surface to the open
end of the vial, R1 is the gas constant of water vapour,
T is the temperature at the liquid surface, and Pt, P1s,
and P1w are the total pressure in the growth chamber,
the pressure at the open end of the vial, and the pres-
sure at the liquid surface, respectively. In particular,
it is noticed that the evaporation rate depends not
only on the vapour pressure and growth temperature
but also on the configuration of the vial.

We establish a fabrication system which is similar
to that in Ref.[20]. A schematic drawing for our fab-
rication system is shown in Fig.1. In order to achieve
a better control of the vapour pressure and to protect
the pump, we have added a bottle containing silica gel
between the vial and the pump. To do so, the water
vapour driven out of the vial will be absorbed by silica
gel and it does not enter into the pump or return to the
vial. Hence, the vapour pressure is maintained to be
stable during the fabrication process. The PS spheres
used in our study are purchased from Duke Corpora-
tion. The diameter of the PS spheres is 260 nm with
a dispersion of less than 3%. In order to find out the
optimum growth condition for our apparatus, we fix
the growth temperature at 35◦C and adjust the vapour
pressure to around 39 mm Hg. The samples fabricated
under different vapour pressures are characterized by
both SEM and transmission spectrum. According to

Fig.1. Experimental setup for the fabrication of colloidal

PCs by using the PCIHVD method.
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the SEM images, we can roughly judge the quality of
the samples by inspecting the ordering of PS spheres
and the densities of defects and dislocations. On the
other hand, the sample quality should be clearly man-
ifested in the transmission spectra. Thus, we can de-
termine the sample quality by examining the trans-
mission in the pass bands and the sharpness of the
band edges.

In experiments, we first try to synthesize colloidal

PCs from an aqueous solution in which the concentra-
tion of PS spheres is c = 0.5 wt.%. The vapour pres-
sure Pt varies from 30 to 50mmHg. Under this growth
condition, the fabrication process generally lasts 6–8 h.
The fabricated samples are characterized by SEM and
transmission spectrum. The SEM images for the sam-
ples grown at 30, 39, 45, and 50mm Hg are shown in
Figs.2(a), 2(b), 2(c), and 2(d) respectively while the
corresponding transmission spectra are presented in
Fig.3.

Fig.2. SEM images (top view) for the colloidal PCs synthesized under different values of vapour pressure (Pt): 30

(a), 39 (b), 45 (c) and 50mm Hg (d), with the diameter and the concentration of PS spheres being 260 nm and

0.5wt.% respectively.

Fig.3. Transmission spectra for the colloidal PCs synthe-

sized under different vapour pressures, with the diameter

and the concentration of PS spheres being 260 nm and

0.5wt.% respectively.

From the SEM images, we can easily find that the
morphologies for the samples obtained at Pt = 39 and
45mmHg are better than those for the samples syn-
thesized at Pt = 30 and 50 mmHg. This is reflected in
the fact that the densities of defects and dislocations
found in the former are less than those in the later.
However, a more accurate judgment of sample quality
can be given by transmission spectrum measurements
which are sensitive to the imperfections existing inside
the sample.

The transmission spectra measured for the four
samples described above are shown in Fig.3. In all
samples, a photonic band gap centred at about 590 nm
is clearly seen. The transmission in the band gap,
which is generally determined by the total number
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of stacking layers, is found to be about 0.15. It is
apparent that the best sample is achieved at Pt =
45mmHg. The good quality of this sample is man-
ifested in two aspects. One is the large transmis-
sion in the pass bands which is above 0.8 in most
of the frequency range. This value is much higher
than those observed in other samples, indicating that
the density of imperfections is greatly reduced. As
a result, a transmission change as large as 65% can
be achieved across the band edges. The other is the
sharpness of the band edges that are closely related
to the tail states originating from the structural im-
perfections. In Fig.3, sharper band edges and nar-
rower band width are clearly observed in this sample.
The large transmission change in combination with
the sharp band edges is crucial for the realization of
all-optical switches with good performance and low
power consumption.

3. Dependence of the thickness

on the concentration of PS

spheres

As compared with the other fabrication meth-
ods, the PCIHVD technique has a major advantage in
achieving well-ordered structures with very few imper-
fections. As mentioned above, this feature is clearly
reflected in the sharp band edges as well as the large
transmissions in the pass bands. In practical applica-
tions, it is generally required to fabricate colloidal PCs
with a sufficiently large number of stacking layers in
order to realize some functionalities. Therefore, the
issue how to obtain high-quality colloidal PCs with
many stacking layers arises and needs studying.

Although a large transmission change across the
band edges has been achieved in the sample fabricated
at Pt = 45 mmHg, this value does not fulfil the re-
quirement for practical switching devices. Intuitively,
a further improvement in the transmission change can
be achieved by either reducing the density of imperfec-
tions or increasing the number of stacking layers. The
former may result in an enhancement of the transmis-
sion in the pass bands while the latter may cause a
further deepening of the band gap. Therefore, we try
to vary the concentration of PS spheres in the solution
used for the synthesis of colloidal PCs and study its
influence on the sample thickness and quality.

Still, we use the procedure described above to

find out the optimum vapour pressure for the solu-
tion with PS spheres of 1.0 wt.%. In Fig.4, the trans-
mission spectra measured for four samples fabricated
under different vapour pressures are shown. Com-
pared with the samples shown in Fig.3, the samples
in Fig.4 are improved in two aspects that are clearly
observed. One is the sample quality, which exhibits a
much weaker dependence on the vapour pressure. It
implies that the strict requirement for obtaining good
samples is relaxed to some extent. Since the control of
vapour pressure is crucial to the fabrication process,
this feature makes it easier to obtain samples with
good quality. The other is steeper band edges and
lower transmission in the band gaps, which are exhib-
ited in the best sample obtained at Pt = 45 mmHg.
The steepness of the band edges will be analysed later.

Fig.4. Transmission spectra for the colloidal PCs synthe-

sized under different vapour pressures, with the diameter

and the concentration of PS spheres being 260 nm and

1.0wt.% respectively.

The numbers of stacking layers in the samples
fabricated from solutions with different concentrations
of PS spheres are examined by inspecting the sample
cross sections obtained from the SEM measurements.
The results are shown in Fig.5. It can be seen that
the PS spheres are well stacked layer by layer with a
few stacking faults. The number of stacking layers is
counted and its relationship with the concentration of
PS spheres in the solutions is shown in Fig.6. When
the concentration of PS spheres increases from 0.5 to
1.0wt.%, we observe a linear increase of the stacking
layer from 14 to 42. After that, the increase in number
of stacking layers becomes slower. Finally, it seems
that the number of stacking layers does not change
too much with the increase of concentration of PS
spheres. The maximum number of stacking layers is
around 55. This behaviour is different from those ob-
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served by using other fabrication methods.[21−23] Even
for the PCIHVD method, our observation is slightly
different from that found in other reference,[20] where

a linear increase of the stacking layer was found for
concentrations up to 2.0wt.%.

Fig.5. SEM images (cross section) for the colloidal PCs synthesized under optimum condition from

solutions, with concentrations of PS spheres being 0.5 (a), 1.0 (b) 1.5 (c), and 2.0 wt.% (d).

Fig.6. Dependence of the total number of stacking layers

in the fabricated colloidal PCs on the concentration of PS

spheres.

4. Sharp band edges of the fabri-

cated samples

As mentioned at the beginning, the switching en-
ergy of the PC-based switches is mainly determined
by sharpness of the band edges. For practical applica-
tions, it is highly desirable to obtain colloidal PCs with

extremely sharp band edges that can be employed to
realize switching operations with low power consump-
tion. Therefore, it is necessary to characterize the
sharpness of the band edges of the fabricated samples.
In Fig.7, we compare the transmission spectra of the
best samples obtained from solutions with different
concentrations of PS spheres. Although the number
of stacking layers increases with the increase of the
concentration of PS spheres, we do not see the fur-
ther narrowing of the bandgap width and the further
deepening of the band gap. This observation accords
with that found in other reference[24] where the de-
crease in bandgap width with the increase of stacking
layers was found to be saturated when the number of
stacking layers exceeded 10. By examining the trans-
mission in the pass bands as well as in the band gap, it
is found that the best sample is achieved at a concen-
tration of 1.0 wt.%. For this sample, the transmission
in the pass bands approaches 0.9 while that in the
band gap reaches about 0.1. For the sample synthe-
sized at a concentration of 0.5 wt.%, it has nearly the
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same transmission in the pass bands. However, its
transmission in the band gap is not sufficiently low.
For the remaining two samples, their transmissions in
the band gap are similar to that of the best sample.
Unfortunately, their transmissions in the pass bands
are lower than that in the best sample.

Fig.7. Transmission spectra for the colloidal PCs synthe-

sized under optimum condition from solutions with differ-

ent concentrations of PS spheres.

We have also examined the band edges of the four
samples and the results are presented in Fig.8 where
the differential transmissions (i.e. dT/dλ) for all the
samples have been calculated. For clarity, their differ-
ential transmission spectra are shifted vertically. It is
found that the edge of the air band, which is located

Fig.8. Differential transmission spectra showing the

sharpness of the band edges of the colloidal PCs fabri-

cated from solutions with different concentrations of PS

spheres.

on the short-wavelength side, is always sharper than
that of the dielectric band. We believe that the disper-
sion of the PS spheres, which results in tail states near
the edge of the dielectric band, is responsible for this
behaviour. It is remarkable that for all the samples the
maximum differential transmissions exceed 0.05/nm.
Particularly, it is noticed that a very large differential
transmission has been achieved to be nearly 0.1/nm
in the best sample. This value is greater than that
reported in Ref.[20], indicating that our fabrication
system is improved and the growth condition is opti-
mized.

5. Uniformity of the fabricated

samples

The uniformity of the fabricated samples is crucial
to fabricating devices, and it is examined by measur-
ing the transmission spectra at the same position but
with different sizes. Two experimental configurations
are employed in the measurements and they are shown
in Figs.9(a) and 9(b). In the first scheme, an objec-
tive lens and a diaphragm are located between the
light source and the monochrometer. The monotonic
light beam emerging from the slit of the monochrom-
eter has a strip shape. The width of the strip is 1mm
while its height H is varied by adjusting the width of
the diaphragm. The transmission spectra obtained in
areas with different sizes are compared in Fig.9(c). It
is observed that the transmission in the pass bands
exhibits its dependence on the size of the measure-
ment area while that in the band gap does not. With
measurement area decreasing, the transmission in the
pass band is found to first increase and then decrease.
Since this transmission is closely related to the den-
sity of defects in the measurement area, the influence
of the defects on the transmission is larger when the
measurement area is too large or too small. For the
best situation, we can observe the Fabry-Perot fringes
but they are not obvious. In the second measure-
ment scheme, two objective lenses are used in front
of and in rear of the monochrometer separately. The
measurement size is changed by moving the sample
around the focus point of the second objective lens.
The beam diameter Φ varies in a range of 1–2.5 nm,
i.e. Φ = 1–2.5 nm. The transmission spectra mea-
sured in different areas are presented in Fig.9(d) for
comparison. In this case, the two features described
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above are clearly seen. In the case where the den-
sity of defects is small, the transmission in the pass
bands is found to be slightly higher. Moreover, we can
clearly observe Fabry-Perot fringes in the pass bands.

These behaviours are probably due to the relatively
small measurement areas in this measurement config-
uration.

Fig.9. Experimental configurations for measuring the transmission spectra by using a diaphragm (a) and a focused

lens (b), and their corresponding transmission spectra obtained in areas with different sizes (c) and (d).

6. Effect of baking on the sample

quality

In order to fabricate devices using colloidal PCs,
it is necessary to increase the stability as well as the
mechanic strength of the fabricated samples. There-
fore, a baking process is usually employed at the end
of the fabrication. Thus, we need to find out the tol-
erance of the samples to the baking temperature and
time because a high-temperature baking may damage
or even destroy the sample while a low-temperature

one will have little effect on the sample strength. We
have tried to bake a fabricated sample at 110◦C for
different times and their corresponding transmission
spectra after baking are shown in Fig.10(a). It can be
seen that no obvious change is found in the transmis-
sion spectrum after a one-minute baking. However,
the band gap in the transmission spectrum almost
disappears when we increase the baking time to 5 min,
implying the collapse of the PC structure. This exper-
iment indicates that the baking temperature of 110◦C
is too high. At this temperature, the sample quality
degrades quickly and care must be taken when the

Fig.10. Transmission spectra for a fabricated sample baked at 110◦C for different times (a) , and the change in

transmission spectrum for a fabricated sample baked at 105◦C for 10 min.
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baking time exceeds 1 min. Then, we have tried a
lower temperature of 105◦C for other sample, and the
obtained result is shown in Fig.10(b). In this case,
with the baking time being 10 min for the sample, it is
found that the transmission in the band gap increases
from 0.15 to 0.30 while that in the pass bands does not
change. It means that there appears a degradation in
sample quality but it is not significant. Therefore, we
conclude that the suitable temperature for baking is
around 105◦C.

7. Conclusions

We have systematically investigated the fabrica-
tion of colloidal PCs by using the PCIHVD method,

aiming at the achievement of colloidal PCs with sharp
band edges that can be employed to construct all-
optical switches with lower power consumption. The
fabrication system is improved and the growth condi-
tion is optimized. The fabricated samples are char-
acterized by SEM and transmission spectrum. High-
quality samples with large transmissions in the pass
bands and the sharp band edges are obtained. More
importantly, a differential transmission as large as
0.1/nm is demonstrated. The dependence of stacking
layer on concentration of PS spheres is derived, and
the uniformity of the fabricated samples is confirmed.
Finally, we find a suitable temperature for baking the
samples. We believe that our experimental results are
helpful for the development of switching devices based
on colloidal PCs.
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[11] Soljačić M, Johnson S G, Fan S H, Ibanescu M, Ippen E

and Joannopoulos J D 2002 J. Opt. Soc. Am. B 19 2052

[12] Vlasov Y A, Petit S, Klein G, Hönerlage B and Hirlimann
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