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Bragg diffraction from indium phosphide infilled fcc silica colloidal crystals
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Here we present results on Bragg diffraction in the optical range from indium phosphide infilled solid
face-centered-cubic silica colloidal crystals. Scanning electron microscopy and optical properties indicate that
the semiconductor is homogeneously grown within the three-dimensional lattice of voids in the colloidal
crystal. The photonic-crystal behavior of the periodic dielectric is enhanced as a result of the high contrast of
dielectric constants when InP is introduced.
@S0163-1829~98!02848-3#
th

ich
n
ic
s

o

ry
-

nt
re
er
.

d
ic
it

nP

-

to
d
t

l-
2

il
in
ca
t
ed
th

h
re-

bed
he
t of

The
by

-
ed
.
f a
ity,

n to
he
the

s-

ken
uc-
o-

l

e
or
n on
re-

nds
ate
the
ost

nd
Photonic crystals have attracted much attention since
were first proposed a decade ago.1,2 These materials exhibit a
periodic spatial modulation of the dielectric constant, wh
is responsible for the appearance of diffraction effects i
region of frequencies determined by the distances in wh
the modulation occurs.3 Important technological application
have been proposed for such materials when designed to
erate in the visible region of the spectrum.4 In that direction,
a great attention has been paid recently to the photonic c
tal behavior of colloidal crystals.5–11 These are made of sub
micrometric particles arranged in three-dimensional~3D! pe-
riodic structures in a medium of different dielectric consta
thus presenting Bragg diffraction effects in the optical
gion. However, in order to develop a technology based th
upon, some of their physical features have to be improved
main point is that a dielectric constant contrast of«1 /«2
'16 is needed,12 rather than«1 /«2'2 that has been reache
so far. Furthermore, a material with applications in photon
should be easy to handle, which will pose restrictions on
mechanical stability.

We have studied the photonic crystal properties of I
infilled mechanically stabilized face-centered-cubic~fcc! col-
loidal crystals made of silica spheres~opals!. Using metal-
organic chemical-vapor deposition~MOCVD!, we have
grown InP («'12) within the void lattice of the silica ma
trix. The homogeneous distribution of the high« guest ma-
terial in the low« host achieved by this method gives rise
enhanced photonic crystal properties as has been prove
optical reflectance measurements. Bragg reflections in
visible and near infrared~NIR! region caused by the crysta
line planes in the SiO2-InP composites are between 1.5 and
times more intense than those presented by the bare s
matrix. Different sphere-size colloidal crystals have been
filled, hence a systematic study of the variation of the opti
properties vs the sphere size was possible. It showed tha
optical region in which the photonic behavior is observ
can be accurately tuned by controlling the sphere size of
matrix.
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Mechanically stabilized fcc silica colloidal crystals wit
the sphere diameter ranging from 200 to 550 nm were p
pared following a recipe that has been previously descri
in detail.9,13 As a result of the preparation process, t
spheres are in contact and, therefore, the lattice constan
the samples is determined by the radius of the particles.
fcc ordering and optical features of the host were checked
scanning electron microscopy14 ~SEM! and optical transmis-
sion, respectively.10 InP was formed in the host by atmo
spheric pressure MOCVD by a method similar to that us
by the authors15 to infill opals from an alternative source
Growth conditions employed in this paper are the result o
systematic study performed to control the amount, qual
and distribution homogeneity of the InP introduced.16 Basi-
cally, there is a pregrowth heat treatment under hydroge
remove any moisture present, followed by growth of t
semiconductor. By changing the pregrowth temperature,
deposition temperature of reactants~trimethyl-indium and
phosphine! and the number of cycles for each one, it is po
sible to control the amount of infill in the samples.

SEM images of cleaved edges of the samples were ta
to study the morphology and distribution of the semicond
tor grown inside the colloidal crystals. A JEOL 6300 micr
scope was used for this purpose. Figure 1~a! corresponds to
an internal$111% family surface of a silica colloidal crysta
~sphere sizef5380 nm! before the infill is grown. In Fig.
1~b! an image of an internal$111% facet of the same sampl
infilled with InP is shown. In this sample, semiconduct
crystals with an average size of 60 nm can be clearly see
the spheres surface. The Bohr radius for InP is 90 Å, the
fore, no quantum confinement effects of the electronic ba
of infilled InP should be expected. SEM images demonstr
that the InP is very homogeneously distributed inside
matrix and, as a consequence, the 3D periodicity of the h
is inherited by the guest material. Also, x-ray diffraction a
micro-Raman spectroscopy analysis16 show that InP is of
good quality.
1563 ©1999 The American Physical Society
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Photonic-crystal properties of bare and InP infilled cry
tals were studied using two different kinds of optical refle
tion measurements in the NIR and visible region. Fir
samples were shone with white light at different anglesu
with respect to the~111! surface and the specular reflectan
was measured. The geometry of the experiment determ

FIG. 2. Specular reflectance at 10° for a bare opal~a! and the
same opal loaded with different amounts of InP: 2%~b! and 4%~c!
of the pore volume.

FIG. 1. SEM images of~a! internal ~111! facet of a bare opal,
and ~b! a ~111! internal facet of the same opal partially filled wit
InP. The formation of InP granules can be seen and their size
mated.
-
-
,
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that spectra contain information only about the~111! crystal-
line planes in the structure. Results for a bare colloidal cr
tal made of 380 nm spheres and the same sample loaded
different amounts of InP are shown in Fig. 2. There, norm
ized specular reflectance spectra atu510° for the three
samples are shown. The maximum observed in each ca
caused by the coherent scattering from the~111! set of crys-
talline planes in the fcc structure. It can be observed that
position of the~111! Bragg reflectionlc(111) shifts towards
higher wavelengths as the amount of InP infilled in t
sample increases. In Fig. 3,lc(111) has been plotted agains
sin2 u for the three samples: one bare opal and the same
with two different loads. One can notice that as the opa
loaded the Bragg reflections occur at higher wavelengths
any angle. It should be seen also that, as Bragg reflect
arise from the 3D order in the samples, the shift of the~111!
optical band is only possible if a homogeneous distribut
of the InP infilled exists.

In order to explain these optical characterization resu
some general considerations are needed.17 A first approxima-
tion of lc(111) can be obtained using Bragg law:

lc52d~111!A^«&2sin2u, ~1!

in which d(111) is the distance between crystalline planes
the ~111! direction, ^«& is the average dielectric constant
the composite, andu is the angle between the incident radi
tion and the normal to the sample~111! surface. In addition,
in our particular case,̂«& can be approximated by the expre
sion:

^«&5 f «SiO2
1 f 8« InP1 f 9«air , ~2!

f, f 8, and f 9 being the filling ratios of silica (f 50.74), InP
and air in the voids, respectively. (f 81 f 950.26.) As can be
readily derived from expression~1! an increase in either the
average dielectric constant or sphere diameter causes a
crease inlc(111) . Besides, it can be seen from expression~2!
that InP infilled samples present higher average dielec
constant. Hence, it can be concluded that infilled samp
should present Bragg reflections at higher wavelengths w
compared with those coming from bare ones. Experime

ti-

FIG. 3. Wavelength of maximum reflectance as a function
angle for the samples in Fig. 2 fitted to Bragg law. Data~a! corre-
spond to the bare opal,~b! to the same opal with 2% of the por
filled with InP, and~c! to that with a 4% of the pore loaded. Line
are the different fits by using expressions~1! and ~2!.
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results shown here are in good agreement with these con
erations. Lines in Fig. 3 correspond to fits oflc(111) vs sin2u
using expressions~1! and ~2!.18 The amount of InP infilled
has been estimated from these fits, resulting in 2%~4%! of
the pore volume for curveb ~curvec!.

In order to obtain information on the efficiency of th
photonic crystal effects observed in the samples, an integ
ing sphere accessory of a CARY5 spectrophotometer
employed to measure the diffuse reflectance. This config
tion is not selective with respect to sets of planes as refle
light is collected irrespective of direction and reflectances
checked against a standard. In this case, samples were s
in at an angle ofu53° with respect to the~111! surface. In
Fig. 4, integrated reflectance spectra for three different b
silica colloidal crystals~broken lines! and their InP infilled
counterpart samples~solid lines! are shown. Samples whos
results are shown in this figure were loaded employing
same growth conditions, InP content being around 4% of
pore volume in all three cases. Sphere sizes in each cas
~a! f5311 nm, ~b! f5359 nm, and~c! f5380 nm.

A few interesting features can be extracted from th
spectra. First, it can be seen that by controlling the sph
size of the host, the photonic bands can be accurately tu
through the visible and IR region, as expected from expr
sion ~1! and, in particular, above and below the infilled In
band gap.

Second, a careful inspection of the reflectance peak l
widths systematically reveals that, relative widths, or gap
midgap ratios (dl/lc), are slightly larger in bare sample
~9%! than in the loaded structures~about 8%!.

Third, a very striking feature of the reflectance spectra
the spectacular reduction of the background diffuse refl
tance in the samples with InP in the low wavelength ran
where the infill is absorbing.

FIG. 4. Diffuse reflectance of the bare opal compared to
same opal after InP loading~4% of the pore volume!. Three cases
are shown for opals of increasing diameter:~a! 311 nm,~b! 359 nm,
and~c! 380 nm. As can be seen the Bragg peak can be tuned a
the InP bulk band gap~at 900 nm!. Notice that these sort of mea
surements can only be performed in reflectance when the B
attenuation peak lies in the InP absorption range and, accordin
attenuation by diffraction cannot be distinguished from ordin
optical absorption.
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Both line narrowing and background reduction can be
plained in terms of the penetration depth for light in the I
gap. Beyond the absorption edge (l&900 nm) light is
strongly absorbed and the size of the region probed is c
parable to the domain size giving rise to natural linewidths
the reflectance peaks.

At l5688 nm, for instance, the InP absorption19 index is
k50.27, which means that the absorption coefficient isa
52vk/c54.931023 nm21, which further means that the
attenuation length is 1/a5200 nm. If we assume only a 1%
of the distance filled with InP~4% of the pore! the length in
opal is equivalent to only 80 ML of sample in Fig. 4~a!. For
sample in Fig. 4~b! it goes to 100 ML and to 240 ML in Fig.
4~c!. What this produces is that light is actually probing on
a very thin layer of the structures and the inhomogene
broadening of the reflectance peak is negligible. When
opal is empty no absorption takes place and the buildup
Bragg reflection is not restricted in the number of contrib
ing monolayers allowing single-crystal domains from a
depth to contribute and give rise to a wider peak. Furth
more, as the probed volume is reduced the incoherent s
tering decreases which, in turn, lowers the background
flectance.

It is worth noting also that such thin structures are enou
to produce Bragg reflection as the measured reflecta
reaches 50%. This leads to a very interesting result, nam
very small structure are able to develop photonic propert

Finally, the intensities~percent reflectance above bac
ground! of the ~111! Bragg reflections coming from the
InP-SiO2 composites are between 1.5 and 2 times larger t
those coming from their respective bare crystals. In orde
explain this enhancement of the photonic crystal proper
in InP infilled samples some further considerations
needed. It has been theoretically shown that a low infill o
high « material in a low« matrix causes a large increase
the scattering strength« r of the periodic composite.« r ,
which can be thought of as the ratioscattering/no scattering
of the structure, is defined by the expression derived
Sözüer, Haus, and Inguva,12

« r5A^«2&/^«&221. ~3!

From expression~3! we obtain that, in a bare opal,« r
50.266 while in a sample InP loaded up to a 4% of the p
volume, « r50.6. The ratio of these scattering strengths
2.25, which is reasonably in agreement with the reflecta
increase measured. Since InP has a very high dielectric
stant («'12), even low InP loads yields a substantial i
crease of« r .

Therefore, optical experiments are in good agreem
with the results derived from the theoretical consideratio
above indicated. It should be noticed that the change in
optical behavior observed indicates that the infilled mate
is 3D homogeneously distributed in the host.

In conclusion, we have observed Bragg diffraction fro
homogeneously InP infilled fcc silica colloidal crystals. Su
periodic dielectrics present a high dielectric constant c
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trast, which yields intense Bragg reflections in the visib
and near infrared region. Analysis of the enhanced photo
crystal properties of InP infilled samples, when compa
with bare ones, show a good agreement with theoretical
dictions.
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