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We have fabricated three-dimensional optically active ZnO photonic crystals by infiltrating
polystyrene opal templates using a low-temperature atomic layer deposition process. The
polystyrene is removed by firing the samples at elevated temperatures, and reactive ion etching is
used to remove the top layer of ZnO and expose thes111d photonic crystal surface. The resulting
structures have high filling fractions, possess photonic band gaps in the near-UV to visible spectrum,
and exhibit efficient photoluminescence. ©2005 American Institute of Physics.
fDOI: 10.1063/1.1900957g

Since photonic crystalssPhCsd were first proposed in
1987 by Yablonovitch1 and John2 they have been studied
with great interest as a means of localizing light and modi-
fying the emission properties of embedded light sources.3–5

To study this effect, it requires efficient emission in the me-
dium and a photonic band gapsPBGd that overlaps the emis-
sion spectrum. Material infiltration of three-dimensional
s3Dd colloidal crystals has been shown to be a versatile
method to fabricate so-called “inverted opal” structures
which have the long-range order, high filling fraction, and
refractive index contrast required to exhibit a photonic band
gap. Infiltration has been achieved by various methods, in-
cluding chemical bath deposition,6 electrodeposition,7,8 sol-
gel methods,9 and low-pressure chemical vapor deposition
sCVDd10,11 ssee Lopez12 for a recent reviewd, but achieving
both high filling fractions and good luminescence properties
of the material has proven difficult. Several groups have
therefore studied the emission properties of lasing dyes or
quantum dots infiltrated into opal or inverted opal
backbones.3,5,13,14

Recently, atomic layer depositionsALD d has been pro-
posed as a promising route to fabricate inverted opal
structures.15,16 ALD is a modified CVD growth method in
which a binary synthesis reaction is split into two self-
limiting surface reactions by separate sequential exposures of
the substrate to the chemical precursors. The resulting sur-
face control and monolayer-by-monolayer growth sequence
result in the formation of uniform and defect free films that
are conformal to the substrate shape. In addition, ALD is a
versatile and robust synthesis method which allows growth
of a variety of materials under a wide range of conditions.
Inverted opals of WN have been grown with ALD,15 and
King et al. have fabricated ZnS photonic crystals with high
filling fractions and good luminescence properties.16

In this letter, we report the fabrication of inverted opal
ZnO photonic crystals exhibiting strong PBGs and good lu-
minescence using a low-temperature ALD technique. ZnO is
a highly interesting optoelectronic material due to its poten-
tial as a short-wavelength light source. Its wide electronic
band gaps,3.37 eV at room temperatured and high exciton
binding energys,60 meVd make it an efficient emitter in the
near-UV spectrum. Its refractive indexs,2.2d is too low to

produce a fullsi.e., omnidirectionald photonic band gap but
sufficient for the formation of directional pseudogaps. Re-
sults by Sumidaet al.8 have shown that infiltrating opal
structures using electrodeposition to form ZnO is possible,
but no optical measurements were reported.

Prior studies of ALD infiltration of opals have used silica
opal templates, but the HF etching required to remove the
silica would destroy the ZnO structure as well. For this study,
polystyrenesPSd colloidal crystal templates were prepared
from monodispersed carboxylate-modified PS spheres pro-
vided by Seradyne Inc. For our experiments, we used spheres
with diameters ranging from,160 to 370 nm and monodis-
persities of about 2%–3%. The carboxylic acid groups give
the spheres a hydrophilic surface and provide sites of cova-
lent coupling for the precursor molecules, facilitating the
growth of a dense film during ALD. Experiments with plain
PS spheres resulted in low filling-fraction structures.

The templates were prepared using a vertical deposition
technique detailed elsewhere.17,18 Glass substrates were
placed in vials with deionized water containing between 0.1
and 0.3 vol % PS spheres in suspension, depending on
sphere size and intended film thickness. The water was then
slowly evaporated at 50 °C in a drying oven. This method
yielded PS opal films with controllable thicknesses between
20 and 100 layers and large single crystalline domains, ori-
ented with thes111d planes of the face-centered-cubic struc-
ture parallel to the substrate surface. The templates were
about 10 by 30 mm large and had uniform color throughout.
During drying the opal film shrinks and it breaks up into
domains that are several tens to hundreds of micrometers
large, however.

ZnO was formed by infiltrating diethyl zinc
ZnsCH2CH3d2 sDEtZnd and water as precursors into the opal
templates using a continuous flow ALD reactor described
elsewhere.19 To avoid deformation or melting of the PS
structures, the growth temperature was kept at 85 °C, below
the glass transition temperature of PS. The chamber pressure
during growth was kept at 10 Torr and a relatively slow flow
of N2 carrier gas was maintained through the chamber. The
precursors were heated to 40 °C to ensure high enough par-
tial pressures for consistent dosing. One ALD reaction cycle
consisted of a 2.0 s exposure to DEtZn, followed by a 30 s
N2 purge, a 4.0 s exposure to H2O, and another N2 purge.
These high exposures resulted in relatively fast depletion ofadElectronic mail: r-chang@northwestern.edu
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the precursor reservoirs but were necessary to allow the pre-
cursor molecules to diffuse into and fully infiltrate the porous
network of the opal structures. Shorter exposures resulted in
incomplete infiltration unless the template thicknesssi.e., the
number of layers of PS spheresd was reduced accordingly.
Each exposure sequence resulted in the growth of a partial
monolayer of ZnO, with a corresponding growth rate of
,0.2 nm per cycle on a flat substrate. The PS opal templates
were infiltrated using 300 cycles for sphere sizes of 200 nm
and below and 350 cycles for larger spheres. Once the open
porosity is closed off an excess layer of ZnO formed on the
outer surfaces of the templates, indicating complete infiltra-
tion. The PS spheres were then removed by firing the struc-
tures in air at 550 °C for 30 min, leaving an ordered fcc array
of air holes in the ZnO matrix. The top layer of ZnO was
etched away by reactive ion etching to expose thes111d crys-
tal surface. RIE was done in a CH4/H2 plasma at 300 W rf
power and a pressure of 40 mTorr, followed by a cleaning
step in oxygen plasma.

Figure 1 shows a cross section of an inverted opal struc-
ture. Even though this sample is relatively thicks.100 lay-
ers of PS spheresd the ALD fully infiltrates the structure. The
crack is caused by shrinkage of the template during drying
and acts as an additional diffusion path for the precursor
molecules. Firing of the structure causes some sintering and

grain growth of the ZnO, as seen in Fig. 2, but did not
change the lattice constant significantlys,2% shrinkage
from SEM analysisd. The interstitial tetrahedral pores that are
left between four adjacent spheres when the diffusion chan-
nels close off can still be seen. It should be noted that this
porosity is predicted to increase the width of the band gap
compared to an inverted opal structures without interstitial
porosity.20

The ZnO films have uniform color after firing, and opti-
cal transmission measurements taken at zero incident angle
clearly show the existence of partial PBGs in thes111d di-
rection fFig. 3g. By varying the sphere size we can shift the
band gap position to any wavelength in the visible light spec-
trum. For small spheressø200 nmd the short-wavelength
band edge approaches the absorption edge of ZnOsat
,390 nmd and the exact position of the PBG becomes diffi-
cult to determine by transmission. However, reflection spec-
tra taken under normal incidence clearly reveal the existence
of stop bands even very close to the absorption edgesinset of
Fig. 3d. The transmission and reflection spectra agree well
with the results of variable-index band structure calculations
susing a modified version of previously published
softwared.21 A comparison between the calculated and mea-
sured spectra indicates that our samples have high filling
fractions and a ZnO refractive index close to the bulk value.

FIG. 2. SEM image of exposeds111d top surface of 356 nm ZnO inverted
opalssscale bar equals 1mmd. The interstitial pores inherent in the infiltra-
tion process remain open after firing of the structurescircled. Inset: Lower
magnification image ofs111d surface.

FIG. 3. sColor onlined. Transmission spectra of ZnO inverted opals mea-
sured in thes111d direction. As the band gap shifts towards the absorption
edge with decreasing sphere size, the band-gap position becomes obscured.
sThe relatively low transmission of the 356 nm sample outside the band gap
is due to its larger thickness.d Inset: Reflection peaks of the 170 and 202 nm
structures at normal light incidence clearly show the existence of stop bands
in the s111d direction near the absorption edge.

FIG. 4. PL spectrum of 202 nm ZnO inverted opal. This sample has no band
gaps overlapping the emission spectrum.

FIG. 1. SEM of a cleaved cross section of a 255 nm ZnO inverted opal
structuresscale bar equals 20mmd.
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This is consistent with previous results of inverted opal fab-
rication by ALD.

Photoluminescence measurements show efficient emis-
sion of the ZnO inverted opals in the UV as well as a defect
emission band at longer wavelength. This proves that the
ALD fabrication technique produces high quality films even
at relatively low synthesis temperaturessFig. 4d.

For samples with band gaps overlapping the emission
spectrum, we observed modification and suppression of
emission due to the modified densities of photonic states, and
a detailed investigation of the band structures and their in-
fluence on the PL and lasing properties of ZnO is currently
being conducted.

In summary, we have used a low temperature ALD pro-
cess to fabricate three-dimensional, optically active ZnO
photonic crystals by infiltrating carboxylate-modified PS
templates. ALD is capable of producing high filling fraction
inverted opals of material with very good crystalline quality.
The resulting ZnO structures exhibit clear photonic band
gaps and strong photoluminescence, which makes them in-
teresting candidates for studying the characteristics of modi-
fied spontaneous and stimulated emission in active photonic
crystals.
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