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Aluminum oxide (Al2O3) atomic layer deposition (ALD) on synthetic opal was explored as a model
system to understand the growth of ALD films on photonic crystals. Al2O3 ALD was used to coat the
silica spheres in synthetic opal with conformal Al2O3 films. Using Al2O3 ALD to modify the interstices
of the opal allowed for the tuning of the position and intensity of the Bragg reflection from the opal
structure. Numerical transfer matrix method (TMM) simulations were used to predict the optical effects
from the modified photonic crystal. The TMM simulations assumed an ideal face-centered cubic (fcc)
crystal structure with conformal Al2O3 ALD on all surfaces. The experimental Bragg wavelengths from
the Al2O3-coated photonic crystals were observed to shift to longer wavelength versus Al2O3 ALD thickness
before asymptotically reaching a limiting wavelength. This red shift was attributed to the higher effective
refractive index produced when Al2O3 ALD coats the SiO2 spheres in the opal structure. The experimental
and predicted Bragg wavelengths showed excellent agreement for thin Al2O3 ALD films. This agreement
indicated that the Al2O3 ALD inside of the opal structure occurs conformally as assumed by the model.
Differences between experiment and simulation were observed for high filling fractions of the opal
structure. These discrepancies were attributed to a higher free volume in the opal structure than the free
volume predicted by the fcc geometry. The reflectance of the Bragg peak also decreased versus Al2O3

ALD thickness. This reduction in intensity was attributed to the decrease in the refractive index difference
between the SiO2 spheres and their surroundings.

I. Introduction

Photonic crystals are periodic structures that can be tailored
to alter the reflection, absorption, emission, and transmission
of electromagnetic radiation. Photonic crystals at optical
frequencies have generated wide interest for their applications
in optoelectronics,1 sensing,2 and energy conversion.3 These
periodic structures can lead to strong inhibition of light
propagation at certain wavelengths. The range of forbidden
propagating wavelengths within the crystal is known as a
photonic band gap. A complete band gap prevents light
propagation in all directions and may be possible if there is
sufficient contrast between the high and the low refractive
index regions of the photonic crystal.4,5

Photonic band engineering has recently become a high
priority because of its potential use in slowing down the
group velocity of light,6 focusing,7 guiding,8 and storing
light.9 However, fabrication of three-dimensional photonic

crystals has lagged behind theoretical developments and two-
dimensional demonstrations. The demonstration of photonic
crystals in the visible has proved challenging, and the fine-
tuning of the band structure requires innovative approaches.
In this paper, we address this problem by modifying a
photonic crystal matrix using Al2O3 atomic layer deposition
(ALD).

Synthetic opals have been produced with high degrees of
regularity and dimensional control.10,11 In these synthetic
opals, silica spheres are self-assembled into a close-packed
colloidal crystal. The geometry of the system allows the
structure to act as a photonic crystal.12 However, large
refractive index differences between the high and the low
index materials in the system must be achieved to produce
a complete three-dimensional photonic band gap. For ex-
ample, the refractive index of the dielectric must ben > 2.8
for a face-centered cubic (fcc) lattice of air spheres in a
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dielectric matrix.13,14 The refractive index of silica is not
large enough to create a photonic band gap becausenSiO2 )
1.43.

To increase the refractive index difference, the voids
between the silica spheres in the opal structure can be filled
with a high-index material. A large number of infiltration
techniques have been investigated previously, such as thermal
decomposition,15 spray pyrolysis,16 chemical vapor deposition
(CVD),17 electroless plating,18 and ceramic fabrication tech-
niques.19 ALD has also recently been introduced as a tech-
nique for conformal deposition on the colloidal crystals.20-24

The ability to control thickness and conformality of the
coatings deposited inside of the opal structure strongly affects
the optical properties of the photonic crystal. Theoretical
work has suggested that less than complete filling of the free
volume in the opal leads to gap size enhancement.14

Conformal deposition on the silica spheres would produce a
highly regular lattice of small air voids between the coated
spheres. This type of growth is expected for ALD inside of
a packed bed of spheres.25 Low index of refraction bridges
between the spheres may also improve gap size enhance-
ment.14 These low index of refraction materials may also be
deposited via ALD techniques.

ALD can grow conformal films of a wide variety of
materials.26 ALD is a subset of CVD and is based on
sequential, self-limiting surface reactions.27 The substrate is
only exposed to one reactant at a time. This temporal
separation eliminates gas-phase reactions and allows every
available surface site to react with sufficient exposures.27

After every available site has reacted with the first precursor,
the reaction stops in a self-limiting fashion. The precursor
can then be purged from the reactor, and the next precursor
can be exposed to the new surface sites on the substrate.
ALD has shown conformal coverage on substrates that have
high aspect ratios28 and tortuous precursor delivery paths.29

Al 2O3 ALD is an ideal system that has been studied more
extensively than any other ALD system.27,30,31Al 2O3 ALD
exhibits extremely continuous, conformal, and pinhole-free
film growth.32,33 In addition, there is rapid nucleation and
very predicable growth rates for Al2O3 ALD. Unfortunately,
Al 2O3 ALD has a relatively low refractive index ofnAl2O3

)1.65.31 This low refractive index will not produce a band
gap after filling the free volume in the opal structure.
However, Al2O3 ALD on opal can be studied as a model
system to understand the effect of ALD on opal.

In this paper, Al2O3 ALD on opal was optically moni-
tored as the fill fraction of Al2O3 ALD in the opal voids
changed from 0 to near 100%. The Bragg reflection posi-
tion was compared with numerical predictions from the
transfer matrix method (TMM)34,35 and the more simpli-
fied predictions from the Bragg-Snell relation.11,36,37 The
growth patterns of the Al2O3 ALD film inside of the syn-
thetic opal structure were also monitored using scanning
electron microscopy (SEM). The understanding of ALD
inside of opal templates was tested by comparing the
experimental Bragg wavelengths with the Bragg wavelengths
predicted by the TMM simulations. The discrepancies
between the measured and predicted Bragg wavelengths
helped characterize the deviations of the synthetic opals from
the ideal fcc structure.

II. Experimental Section

A. Al 2O3 ALD on Opal. Al2O3 ALD thin films were de-
posited on opal in a hot wall viscous flow reactor. The reactor
has been described in detail previously.38 Nitrogen (99.999% pure;
Air Gas, Inc., ultrahigh purity (UHP)) was used as the carrier and
purge gas. The total pressure in the growth region was∼1 Torr
with a flow velocity of ∼1 m/s. The reactant gases were pulsed
into the nitrogen flow with computer controlled pneumatic valves
(Swagelok). The reactant gas was entrained in the nitrogen flow
and transported through the reactor. After the gas reacted to
completion with the available surface sites, the nitrogen entrained
the excess reactant and products. A purge time after each reactant
exposure allowed for the nitrogen to sweep the reactor clean of
reactive gases.

The ALD reactor was heated to 125°C using a ceramic Watlow
heating system. The trimethylaluminum (TMA) and H2O reactants
for Al2O3 ALD were all kept at room temperature. The pressures
of TMA and H2O at room temperature are 9 Torr39 and 18 Torr,40
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respectively. The reactants had a higher vapor pressure than the 1
Torr pressure in the reactor and could easily be dosed using pressure
gradients. The ALD Al2O3 chemistry has been studied extensively
and is as follows:27,30,31

where the asterisks indicate the surface species. Each AB cycle
deposits 1.1-1.2 Å of Al2O3 per AB cycle at 177°C.31,32The total
film thickness is controlled by the number of AB cycles.

Synthetic opal is a highly ordered template. Like its natural
counterpart, synthetic opal is composed of silica spheres assembled
in close-packed fashion. Without any modification, both synthetic
and natural opals create brilliant reflections that can vary in color
at different angles of view. This property is known as opalescence.
The silica spheres can be produced using the Sto¨ber method.41 This
technique produces high yields of monodisperse silica spheres with
a narrow diameter distribution of(5%.

The spheres can then be allowed to self-assemble via the
convective self-assembly technique.42 This procedure allows the
spheres to self-assemble into the close-packed opal structure that
may be used as a periodic template for photonic crystals. The
spheres organize on a glass substrate as they precipitate out of an
ethanol solution that is 1 wt % of the silica spheres. The glass
substrates were hung vertically in a beaker of ethanol solution. The
beaker was exposed to ambient conditions, and the spheres were
deposited during solvent evaporation. The solution was allowed to
evaporate for 48 h. This evaporation time left∼1 cm of vertical
deposition that was∼2.5 µm thick. After the samples had been
deposited, they were sintered at 600°C for 6 h tostrengthen the
structure.

The first attempt at Al2O3 ALD displayed very long nucleation
periods that was atypical for Al2O3 ALD.32 This long nucleation
was attributed to outgassing from the opal samples. To avoid
outgassing, a chemical cleaning procedure was adopted for the opal
samples.43 The samples were suspended in a 50/50 methanol (HPLC
Burdick & Jackson)/hydrochloric acid (37% Mallinckrodt) mixture
for 30 min. The samples were then rinsed with deionized water
and subsequently suspended in sulfuric acid (51% Mallinckrodt)
for 30 min. The samples were then rinsed with deionized water
and dried with 99.9% nitrogen (USP grade, Air Gas).

B. Measurement of Al2O3 ALD on Opal and Reference
Substrates.The mass changes during Al2O3 ALD were monitored
using a quartz crystal microbalance (QCM). These QCM experi-
ments were performed using a Maxtek TM 400 thickness monitor.
The small changes in the oscillatory period were converted into
mass per area using the Sauerbrey equation.44 The mass per area
and density yields the film thickness. UHP nitrogen was flown into
the backside of the crystal housing to prevent backside deposition
on the quartz sensor. These modifications have been discussed
previously in detail.45

X-ray reflectivity (XRR) was used to measure Al2O3 ALD film
thicknesses on reference substrates. XRR data was collected on a
Bede Scientific D1 instrument. The filament current was 30 mA,
and the accelerating voltage was 35 kV. The Al2O3 ALD thicknesses

were determined through data fitting by the REFS genetic algorithm
program (Bede Scientific). The films were grown on the substrates
that were used as substrates for the opal. The substrates were
Premium microscope slides (Fisher Scientific). Prior to growth, the
glass slides were cleaned using an identical procedure as the
procedure used to clean the opal.

SEM was used to image the uncoated and Al2O3 ALD-coated
opals. The SEM instrument was a JEOL JSM-6400 microscope.
The instrument was equipped with digital image processing and
could resolve spatial features as small as 34 Å. The objective
aperture used was 50µm. Each sample was sputter-coated with
∼50 Å of platinum prior to measurement to avoid sample charging.
The operating voltage was 40 keV.

Atomic force microscope (AFM) measurements were performed
using an Autoprobe CP instrument from Thermomicroscopes atop
an air table (Integrated Dynamics Engineering). AFM images were
acquired in noncontact mode. The tips were “B tips” on noncontact
ultralevers (Thermomicroscopes, Inc.). All scans were 2× 2 µm2

and were performed at a scan rate of 0.1 Hz. Flattening with a
second-order fitting for the fast scan direction and a first-order fitting
for the slow scan direction was used to compensate for the distortion
of the piezoelectric scanners.

All reflectance measurements were performed on a Cary 2400
ultraviolet-visible-near-infrared spectrometer (Varian, Inc.). The
absolute specular reflectance accessory was used in the “VW”
configuration. There was a single bounce reflection off of the sample
at a near normal incidence. The reflectance measurements were
performed through the backside of the glass slide. Performing the
measurements through the backside of the sample avoided scattering
from the opal surface roughness on the front side of the sample.

C. Numerical Simulations and Bragg-Snell Predictions.The
TMM was used to predict the Bragg peak locations. The Translight
program34,35 was utilized to run TMM calculations to determine
the predicted optical properties of the modified photonic crystals.
The calculations assumed that the SiO2 spheres were packed in a
fcc lattice. In addition, the Al2O3 ALD was assumed to grow
conformally on each sphere. The Al2O3 ALD coatings had a
refractive index of 1.65.31 A matrix of possible silica refractive
indices and sphere sizes showed that the uncoated opal was best
described by a silica refractive index ofnSiO2 )1.43 and a silica
sphere diameter ofd ) 265 nm.

The Bragg wavelength and wavelength shift with Al2O3 ALD
coating can also be estimated within certain approximations via
the Bragg-Snell equation:11,36,37

whereλ is the wavelength of the maximum intensity of the Bragg
peak. In this equation, the spacing between the (111) planes in the
fcc crystal isa, wherea ) (2/3)1/2d. The diameter of the silica
spheres isd. The reflection order ism ) 1, and the refractive index
contrast between the effective refractive index of the opal structure
and air isµ ) neff/nair. The incident angle as measured from the
normal is very close toΘ ) 0. Because sin2 Θ ∼ 0 andnair ∼ 1.0,
eq 3 can be simplified to

The wavelength of light is larger than the local spatial variations
of the index of refraction. The effective index of refraction,neff,
can be estimated as the average index of refraction:

The refractive index of SiO2 is nSiO2. The refractive index of Al2O3

is nAl2O3. In addition, the fraction of SiO2 is FSiO2, the fraction of
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λ ) 2aneff (4)

neff ) nSiO2
FSiO2

+ nAl2O3
FAl2O3

+ nairFair (5)
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Al2O3 is FAl2O3, and the fraction of air isFair. All of the space
available in the opal consists of SiO2, Al2O3, and/or air. All of the
fractions must sum to unity, that is, 1) FSiO2 + FAl2O3 + Fair.
Consequently, the fraction of the volume of the structure occupied
by Al2O3 ALD can be determined from the measuredneff assuming
thatFAl2O3 ) 0 prior to any Al2O3 ALD and Fair ) 0 at the highest
Al2O3 volume fraction.

A Monte Carlo simulation was used to predict the volume
fraction in the opal structure that was filled by the Al2O3 ALD
coating or the original silica spheres. Fourteen points were generated
in a fcc arrangement (eight on the corners, six centered on the faces
of the cube). Defining a radius centered on each lattice point
simulates conformal Al2O3 ALD growth on the initial opal matrix.
Sample points were randomly generated throughout the cube and
rejected if they existed outside any sphere centered on the fcc lattice
points. The Monte Carlo rejection fraction approaches the free
volume fraction of the lattice after thousands of trials. As expected,
the free volume fraction of the original fcc lattice was determined
to be 0.26.

III. Results

Figure 1 shows XRR data for the ALD Al2O3 thicknesses
versus the number of AB cycles. The Al2O3 ALD produces
linear growth on flat substrates. The measured XRR thick-
nesses correlate well with the thickness measured with the
QCM using a density ofF ) 3.0 g/cm3. The thicknesses
determined by the QCM measurements are shown in Figure
1 by the dotted line. The measured Al2O3 ALD growth rate
is 1.33 Å per cycle. This rate is in reasonable agreement
with previous literature for ALD Al2O3 ALD growth at 125
°C.46 They intercept is very close to 0, which indicates that
Al 2O3 ALD has no nucleation difficulties.

A SEM image of uncoated opals is shown in Figure 2.
The SiO2 spheres are observed as distinct individual spheres
stacked, within domains, in a fcc structure. The silica sphere
diameter is 255(13 nm. The sample cleaved unevenly and
led to spheres in multiple planes being observed in the image.
A SEM image of the opal after 1000 AB cycles of Al2O3

ALD is shown in Figure 3. The 1000 AB cycles are
equivalent to an Al2O3 ALD film thickness of 1330 Å. Figure
3 shows no air voids between the spheres.

Fissures are present in both SEM images. Fissures are
created by thermal stress generated during the sintering
process and have been previously discussed.47,48 The SEM
image in Figure 3 was not able to differentiate between the
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Mater. 2004, 16, 639.

(47) Comoretto, D.; Cavallo, D.; Dellepiane, G.; Grassi, R.; Marabelli, F.;
Andreani, L. C.; Brabec, C. J.; Andreev, A.; Zakhidov, A. A.Mater.
Res. Soc. Symp. Proc.2002, 708, 317.

Figure 1. Al2O3 ALD film thickness on the microscope slide versus number
of AB cycles measured using the QCM and XRR measurements.

Figure 2. Scanning electron microscope image of an uncoated opal film
on the microscope slide. Individual SiO2 spheres with diameters ofd )
255 ( 13 nm are observed in a close-packed arrangement.

Figure 3. Scanning electron microscope image of an opal film coated with
Al2O3 ALD after 1000 AB cycles. These 1000 AB cycles will produce an
Al2O3 ALD film with a thickness of 1330 Å on a flat reference substrate.
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Al2O3 ALD coating and the SiO2 spheres. The Al2O3 ALD
conformally coats the SiO2 spheres and allows the underlying
surface corrugation to be observed on the top surface of the
coated opal. The Al2O3 ALD coating does not have a gradient
between the top and bottom of the opal structure. This
uniformity indicates that the Al2O3 ALD coating is uniform
throughout the opal structure.

Reflectance measurements were performed to observe the
effect of Al2O3 ALD on the optical properties of the opal
structure. Figure 4 displays the average reflectance spectra
for opals coated with varying amounts of Al2O3 ALD. Each
spectrum is an average of at least two spectra taken on
different samples grown under identical conditions. The
Bragg peak was produced by constructive reflections from
various layers in the infiltrated opal structure. The original
Bragg peak for the uncoated opal structure was atλ ) 576
nm. The peaks shifted to longer wavelengths with the
addition of the higher refractive index Al2O3 ALD. The
progressive red shift in wavelength with Al2O3 ALD thick-
ness is predicted by eq 4.11

Figure 5 compares the observed Bragg wavelength shifts
with the wavelength shifts predicted by the TMM simula-
tions. The experimental measurements and TMM simulations
are very close for small Al2O3 ALD thicknesses. The TMM
simulations give only a slight overestimation of the wave-
length shift for opals coated with 47 Å, 67 Å, and 100 Å of
Al2O3 ALD. In contrast, the TMM results underestimate the
Bragg wavelength shifts for the larger Al2O3 ALD thick-
nesses of 133 Å, 333 Å, 665 Å, 1330 Å, and 2660 Å.

The experimental measurements and the TMM simulations
in Figure 5 both asymptotically approach a maximum
wavelength shift. At this asymptotic limit, additional Al2O3

ALD does not affect the position of the Bragg wavelength.
The TMM simulation results reach an asymptote after
depositing 665 Å of Al2O3 ALD. In contrast, the experimental
results reach an asymptote after depositing 1330 Å of Al2O3

ALD. The TMM simulations predict a maximum red shift

of ∼62 nm. The experimental results display a much larger
maximum red shift of∼92 nm.

A drop in amplitude of the Bragg peak reflectance
coincides with the red shift of the Bragg wavelength. The
average intensities of the Bragg peaks for opal coated with
varying amounts of Al2O3 ALD thickness are plotted in
Figure 6. The intensities predicted by the TMM simulations
are also shown for comparison. The intensities are normalized
for convenience in comparing the experimental measure-
ments and TMM predictions.

The intensity reduction is caused by the consumption of
the volume fraction of air in the opal structure. Although
the effective refractive index of the Al2O3 ALD-coated SiO2

spheres increases, the volume fraction of air decreases as
the air is displaced with Al2O3 ALD. The absolute refractive
index difference between the SiO2 spheres and the surround-
ing air/Al2O3 volume,|nSiO2 - nair/Al2O3|, decreases and then
increases with decreasing volume fraction of air. These

(48) Vlasov, Y. A.; Deutsch, M.; Norris, D. J.Appl. Phys. Lett.2000, 76,
1627.

Figure 4. Reflectance from the opal structures versus wavelength. The
Bragg peaks progressively shift to longer wavelength and decrease in
intensity versus Al2O3 ALD thickness.

Figure 5. Shift in the Bragg wavelength versus Al2O3 ALD thickness for
the experimental measurements and the TMM simulations. The initial Bragg
wavelength is observed atλ ∼ 576 nm. The experimental Bragg wavelengths
shift much more than the Bragg wavelengths predicted by the TMM
simulations.

Figure 6. Experimental Bragg peak reflectances and the predictions from
TMM simulations versus Al2O3 ALD thickness. The Bragg peak reflectances
and predictions are both normalized for convenience in comparison.
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changes occur because the refractive index difference is
initially between SiO2 (n ) 1.43) and air (n ) 1.00) and
then between Al2O3 (n ) 1.65) and SiO2 (n ) 1.43) after
complete filling. At some point during the filling of the opal
void volume with Al2O3 ALD, the refractive index of the
air/Al2O3 volume is equal ton ) 1.43 and the refractive
index difference is zero. The changing absolute refractive
index difference leads to a corresponding change in the Bragg
peak reflectance.

The absolute refractive index difference between the SiO2

spheres and the surrounding volume of air/Al2O3 is shown
in Figure 7. The effective refractive index of the air/Al2O3

volume was defined using an equation similar to eq 5 with
FSiO2 ) 0. The volume fractions of air and Al2O3 ALD were
solved using Monte Carlo simulations with a perfect opal
structure. The absolute refractive index difference and the
TMM simulation intensities are in good agreement.

AFM images of an uncoated opal structure taken at
different regions of the opal structure are shown in Figures
8 and 9. The image in Figure 8 shows a fairly well-ordered
fcc (111) face of the opal crystal. Figure 9 shows a less
ordered area of the opal crystal. Both images show silica
spheres that vary slightly in size from one another. Figure 9
also shows site randomness that deviates more significantly
from fcc geometry. The size and site randomness lead to a
lower volume fraction of SiO2 in the opal structure.

IV. Discussion

A. Al 2O3 ALD on Opal as a Model System.Modifying
photonic crystals, such as opals, demands a deposition
technique that can conformally coat a structure that has a
high aspect ratio. No other gas-phase techniques besides ALD
can accomplish conformal coating on structures that do not
have a line-of-sight to the source.28 CVD can coat high aspect
ratio structures only when the reactive sticking coefficient
of one of the necessary precursors is extremely low.49 Wet

solution chemistry can be employed to deposit coatings on
opal structures using techniques such as electroless plating.18

Unfortunately, these techniques are difficult to control to
obtain precise coating thicknesses.

Al 2O3 ALD on opal was chosen in this study as a model
system to understand the effects of ALD on the photonic
properties of opal. Al2O3 ALD is a well-defined dielectric
film with a higher refractive index than the SiO2 spheres in
opal. The properties and characteristics of Al2O3 ALD are
very well-characterized by previous investigations.30-33 The
linear growth during Al2O3 ALD is illustrated in Figure 1.
A similar linear growth is expected on the SiO2 spheres of
the opal structure if the reactant exposures are sufficient for
the surface reactions to reach completion.25

The wavelength of the Bragg peak from the Al2O3 ALD-
coated opal can be used to measure the effective refractive

(49) Islamraja, M. M.; Chang, C.; McVittie, J. P.; Cappelli, M. A.; Saraswat,
K. C. J. Vac. Sci. Technol. B1993, 11, 720.

Figure 7. Comparison between the normalized Bragg peak reflectance from
the TMM simulations and the absolute refractive index difference between
the SiO2 spheres of the opal structure and the surrounding air/Al2O3 volume
versus Al2O3 ALD thickness. Figure 8. AFM image of a region of the opal structure that displays close-

packed SiO2 spheres.

Figure 9. AFM image of another region of the opal structure that displays
defects in the packing of the SiO2 spheres.
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index of the opal structure. Figure 4 shows that the
wavelength of the Bragg peak shifts progressively to longer
wavelengths versus Al2O3 ALD film thickness. This shift
can be understood in terms of the simplified Bragg-Snell
equation given by eq 4. The effective refractive index
increases progressively as the higher refractive index of the
Al2O3 ALD film adds to the lower refractive index of the
SiO2 spheres.

Figure 5 shows that the TMM simulations are in excellent
agreement with the observed Bragg wavelengths versus
Al2O3 ALD film thickness at low Al2O3 ALD thicknesses.
These results illustrate the ability of Al2O3 ALD to tune the
refractive index of the high aspect ratio opal structure. With
a silica sphere diameter of 265 nm and an opal structure
thickness of 2.5µm, the estimated aspect ratio of the opal
structure is∼50. This estimate is based on the effective
cylindrical pore diameter of∼50 nm defined by the (111)
fcc plane of the close-packed opal.

The conformal coating of Al2O3 ALD on the opal structure
with an aspect ratio of∼50 is not surprising given previous
results. The sequential, self-limiting chemistry used in ALD
has demonstrated very uniform, conformal coatings on
extremely high aspect ratios. Previous ALD studies have
observed conformal coating on aspect ratios as high as 5000:
1.28 ALDs to coat opal structures have been described earlier
and demonstrated for ZnS ALD,21 ZnO ALD,22 WN ALD,23

Ta2N5 ALD,24 and TiO2 ALD.20 Each of these systems was
believed to achieve a high volume fraction of ALD filling.
However, none of these studies related the progressive
change in the thickness of the ALD film to measurable
optical properties.

An understanding of the connection between the optical
properties and the thickness of the coating on each sphere
in the opal is paramount for fine optical tuning of photonic
crystals. The TMM simulation data shown in Figure 5
assumed that ALD films grow at identical rates on flat
surfaces and on the spheres of the opal structure. The
agreement between numerical simulations and experimental
data for thin Al2O3 films suggests that this assumption is
valid. This assumption can be extended to other ALD
systems. This connection is especially important for the ALD
of metals that cannot be easily monitored optically because
of their high absorptivity.

B. Discrepancy between Measurements and Simula-
tions. Figure 5 shows that the Bragg wavelengths from the
experimental data and the TMM simulations are in good
agreement at low Al2O3 ALD film thicknesses. However,
the Bragg wavelengths from the experimental data and TMM
simulations diverge for Al2O3 ALD film thicknesses greater
than 133 Å. The TMM simulations predict that the red shift
in the Bragg wavelength levels off at∼638 nm for Al2O3

ALD thicknesses greater than 133 Å. In contrast, the
experimental data observe that the red shift in the Bragg peak
levels off at∼668 nm for Al2O3 ALD thicknesses greater
than 1330 Å.

The larger shifts in the wavelength of the Bragg peak than
predicted by the TMM simulations imply a higher refractive
index. These results indicate that more Al2O3 ALD was
deposited in the opal structure than assumed by the simula-

tions. The simulations assumed a fcc geometry for the opal
structure and an initial free volume fraction of 0.26. The
higher refractive index could be obtained by a larger initial
free volume fraction than 0.26. This larger initial free volume
would allow more Al2O3 ALD to fill the air space in the
opal structure. The larger resulting Al2O3 ALD volume
fraction would produce a higher effective refractive index
for the opal structure that would yield a larger red shift for
the Bragg peak.

Larger initial free volume fractions than 0.26 predicted
for the fcc geometry have been observed previously.10,47

These larger free volume fractions are expected if there are
defects in the fcc structure. These defects could result from
imperfect self-assembly that does not produce the close-
packed fcc structure. All crystal structures that are not close-
packed would lead to a larger free volume in the opal. The
AFM image in Figure 9 reveals packing geometries that
deviate significantly from the ideal close-packed fcc structure.

The larger Al2O3 ALD fill fractions could also result from
smaller SiO2 spheres in a fcc matrix of larger SiO2 spheres.
For example, only a 2% decrease in the SiO2 sphere
diameters with the same lattice constant would increase the
free volume fraction from 0.26 to 0.30. Likewise, one sphere
per unit cell in the opal that is 5% smaller would produce a
free volume fraction of 0.29. The AFM images in Figures 8
and 9 show evidence for a distribution of SiO2 sphere sizes.
These smaller SiO2 spheres observed in Figures 8 and 9
increase the open space volume in the fcc structure and would
produce deviations in the ideal fcc structure.

The diameter of the spheres was determined to bed ∼
255( 13 nm by SEM measurements. This diameter is lower
than the diameter ofd ∼ 265 nm obtained by the TMM
simulations. This diameter was obtained using a matrix of
possible silica indices and various sphere diameters to obtain
the Bragg peak atλ ) 576 nm from the uncoated opal
structure. A diameter ofd ) 268( 3 nm was also obtained
using the measured Bragg wavelength and assuming an
effective SiO2 refractive index ofneff ) 1.32 and an initial
free volume fraction of 0.26. The difference between the SiO2

sphere diameters obtained from the SEM and the Bragg peak
measurements suggests that smaller SiO2 spheres are envel-
oped in an approximate fcc crystal defined by larger SiO2

spheres.
Equations 4 and 5 can be combined to yield

The filled SiO2 volume fraction of the initial opal structure,
FSiO2, and the spacing,a, between the (111) planes in the
fcc crystal can be determined using the Bragg wavelengths
corresponding to uncoated opal whereFAl2O3 ) 0 and the
completely filled opal whereFair ) 0. The Bragg wavelength
is λ ) 576 nm whenFAl2O3 ) 0 andλ ) 668 nm whenFair

) 0. These two equations can be solved for the two
unknowns,FSiO2 anda. This procedure yieldedFSiO2 ) 0.68
anda ) 222 nm.

The average spacing ofa ) 222 nm between the planes
in the (111) direction yields a SiO2 sphere diameter ofd )
273 nm. This sphere diameter is higher than the sphere

λ ) 2a(nSiO2
FSiO2

+ nAl2O3
FAl2O3

+ nairFair) (6)
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diameters ofd ) 255 ( 13 nm derived from the SEM
measurements of individual spheres. This diameter is also
slightly higher than the diameter ofd ∼ 265 nm obtained
from the TMM estimate andd ) 268( 3 nm derived using
the measured Bragg wavelength for the uncoated opal
structure assuming an effective refractive index ofneff ) 1.32.
The SEM measurements would be expected to be the lowest
because they are measuring individual spheres. The diameters
from the TMM estimates and Bragg wavelengths are
averages over the assembled collection of spheres. These
diameters would be larger than the diameters from the SEM
measurements if smaller spheres can incorporate themselves
into the lattice without significantly reducing the lattice
parameter.

The filled volume fraction ofFSiO2 ) 0.68 is considerably
lower thanFSiO2 ) 0.74 expected for a perfect fcc structure.
The lower filled volume fraction indicates that the amount
of free volume in the opal structure has increased from 0.26
to 0.32. This higher free volume can be filled by Al2O3 ALD.
The resulting higher volume fraction of Al2O3 ALD will
produce a larger effective refractive index and a larger red
shift in the Bragg peak wavelength.

The wavelength of the Bragg peak determines the volume
fraction of Al2O3, FAl2O3, versus Al2O3 ALD thickness. The
fraction of free volume consumed by Al2O3 ALD is
equivalent toFAl2O3/0.32. Figure 10 shows the fraction of
free volume consumed versus Al2O3 ALD thickness. The
fraction of free volume consumed by Al2O3 ALD asymptoti-
cally approaches 1.0 at an Al2O3 ALD thickness of 1330 Å.
Figure 10 also shows the fraction of free volume consumed
versus Al2O3 ALD thickness for the ideal fcc opal structure.
These values were determined by Monte Carlo simulations
assuming that the Al2O3 ALD thickness grew linearly with
AB cycles. The fraction of free volume consumed asymptoti-
cally approaches 1.0 at a Al2O3 ALD thickness of 665 Å.

The difference between the asymptotic limits for the
experimental data and those of the Monte Carlo simulations
is partially explained by the larger initial free volume of 0.32
in the opal structure. The difference may also be attributed
to the decreasing conductance for the gas reactants as the

SiO2 spheres are coated with Al2O3 ALD. The aspect ratio
in the opal structure is increased as the Al2O3 ALD coats
the spheres in the opal structure. The aspect ratio is defined
asL/D, whereL is the path length that the precursor must
travel to reach the bottom of the opal structure andD is the
diameter of the open gap between the Al2O3-coated SiO2
spheres. The average height of the opal structure was 2.5
µm according to profilometry measurements. The diameter
of the open gaps between the Al2O3 ALD-coated SiO2

spheres approaches 0 with Al2O3 ALD thickness.
Previous investigations have studied the required exposures

for ALD on high aspect ratio structures to reach completion
and produce conformal deposition.28,50 The required expo-
sures depend on the aspect ratio according to (L/D)2.28,50The
Al2O3 ALD on the opal samples was performed using con-
stant reactant exposures of 0.4 Torr‚s. As the aspect ratio
increases, at some point these reactant exposures will no
longer be sufficient for conformal deposition on the opal
structure. On the basis of the initial estimated aspect ratio
of ∼50, the exposure of 0.4 Torr‚s was sufficient to deposit
∼ 225 Å of Al2O3 ALD before reaching a partial conductance
limit.28

Figure 6 shows that the reduction in the intensities of the
experimental Bragg peaks and the TMM simulations are in
excellent agreement at low Al2O3 ALD film thicknesses. The
experimental Bragg peak intensities level out at Al2O3 ALD
thicknesses> 133 Å. In contrast, the reflectance intensities
predicted by the TMM simulations display a minimum at
133 Å and then increase at Al2O3 ALD thicknesses> 133
Å. The TMM simulations and the absolute refractive index
difference shown in Figure 7 are in good agreement, and a
minimum at 133 Å can be clearly observed. This minimum
may not be observed in the experimental Bragg peak
intensities because of sample variations and low reflectance
signals for the large Al2O3 ALD thicknesses.

V. Conclusions

Aluminum oxide (Al2O3) ALD was examined on synthetic
opal. This model system should be useful to understand the
effects of ALD coatings on opal structures. The wavelength
of the peak Bragg reflection from the photonic crystal was
utilized to monitor the Al2O3 ALD. The wavelength of the
peak Bragg reflection was observed to shift progressively
to longer wavelengths versus Al2O3 ALD thickness. This red
shift was explained by the increase in the effective refractive
index of the opal structure as the higher refractive index
Al2O3 coated the SiO2 spheres in the opal structure. The
wavelength asymptotically reached a limiting wavelength
with the complete filling of the free volume of the opal
structure with Al2O3 ALD. The decrease in intensity of the
Bragg peak versus Al2O3 ALD thickness was explained by
the decrease in the refractive index difference between the
SiO2 spheres and their surroundings. These results demon-
strate that the location and intensity of the Bragg peak from
photonic crystals can be tuned using ALD.

TMM simulations were used to predict the optical effects
from the modified photonic crystal. The simulations assumed

(50) Gordon, R. G.; Hausmann, D.; Kim, E.; Shepard, J.Chem. Vap.
Deposition2003, 9, 73.

Figure 10. Fraction of free volume consumed versus Al2O3 ALD thickness.
The experimental data is compared with Monte Carlo simulations assuming
an ideal fcc structure.
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a fcc crystal structure with a free volume fraction of 0.26
and conformal Al2O3 ALD on the SiO2 spheres in the opal
structure. The comparison between the predicted and ex-
perimental Bragg wavelengths from the Al2O3-coated pho-
tonic crystals revealed excellent agreement for thin Al2O3

films. This agreement indicated that the Al2O3 ALD occurs
conformally inside of the opal structure. Differences between
the experimental and predicted Bragg wavelengths were
larger for high filling fractions of the opal structure. A higher
free volume in the opal structure than the free volume
predicted by the fcc geometry can explain these discrepan-
cies. Regions of the opal structure that contain smaller sphere

diameters and regions of the structure that do not maintain
the fcc geometry may account for this higher free volume.
An initial free volume fraction of 0.32 in the original opal
structure was determined based on the red shift in the Bragg
peak wavelength.
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