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We report room-temperature ultraviolet lasing in ZnO inverse opals fabricated via colloidal
templating with electrochemical infiltration. Lasing occurs above an excitation threshold of
0.38 MW/cm2. Lasing modes associated with radiative recombinations of exciton-exciton �ex-ex�
and electron-hole plasma �EHP� were discerned. Compared to ZnO polycrystalline film, lasing
wavelength blueshifts and ex-ex lasing with a narrower bandwidth have been realized. Tuning the
primary photonic pseudogap of inverse opals to gain maximum reduces the threshold for EHP
lasing. We infer that periodic structures facilitate strain-induced change in lasing energy and provide
modulation in refractive index for enhanced light confinement as well as optical feedback. © 2007
American Institute of Physics. �DOI: 10.1063/1.2801358�

The optical feedback mechanisms in nonepitaxial films
of semiconductor materials include closed-loop random laser
cavity formed by strong optical scattering in a highly disor-
dered polycrystalline thin film and photonic band gap �PBG�
light reflector based on Bragg scattering in a photonic crystal
�PhC�. Typically, random lasing has higher threshold than
photonic lasing.1 The gain enhancement in a PhC can be
attained by �1� localization of light over a defect within the
PBG whereby it serves as an ultrasmall high-quality
microcavity2 or �2� reduction in the group velocity of light at
a photonic band edge and flatband region which increases the
interaction time between light and gain medium for en-
hanced distributed feedback �DFB�.3 Infrared �IR� PhC lasers
have been demonstrated in two-dimensional �2D� PhCs, with
either defect4 or DFB modes.5 Enhanced emission in the
blue/green wavelengths has also been reported in a 2D PhC
based on III-nitride materials6 while ultraviolet �UV� lasing
has been achieved in a 2D ZnO PhC.7 A three-dimensional
�3D� PhC with an omnidirectional PBG is essential for com-
plete confinement of light. While modification of emission
from semiconductor nanocrystals �NCs� by PBG
engineering8–10 has been demonstrated in NC-infiltrated 3D
opaline PhCs in the visible wavelengths, reports on 3D semi-
conductor PhC lasers have been scarce. The short wave-
length implies a nanometer-scale periodicity which imposes
great fabrication challenges. Recently, room-temperature UV
lasing has been demonstrated in the flat, high-order bands of
3D ZnO inverse opals fabricated by atomic layer
deposition.11 This scheme allows fabrication of PhCs with
relatively large lattice constants, which leads to a relaxation
of the stringent fabrication requirements. Structural defects
inevitably present in these structures introduce disorder that
leads to strong scattering and random lasing; hence these
devices are labeled as partially ordered random lasers. Later,
it has been reported that tuning the first �-L pseudogap to
gain spectrum can lead to a fivefold reduction in lasing
threshold due to enhanced light confinement.12 However, the

lasing threshold remains high ��100 MW/cm2�. In this re-
port, we show, by means of electrodeposition infiltration, a
high quality 3D ZnO inverse opal, from which room-
temperature UV lasing is achieved at a pumping threshold of
�0.38 MW/cm2, among the lowest in polycrystalline ZnO
films.11–14 We have further examined the reduction of the
lasing threshold through PBG engineering. Since random
lasing can also be observed from ZnO polycrystalline thin
films, we also compare the lasing spectra between the inverse
opal and the unstructured polycrystalline film. We then dis-
cuss the role of the periodic structure in improving the lasing
characteristics.

ZnO films were deposited on an indium tin oxide coated
glass substrate by aqueous-based electrodeposition, which
offers several advantages over gas-phase deposition
techniques.15 To obtain ZnO inverse opal, ZnO material was
infiltrated into a polystyrene �PS� opaline template, which
was subsequently removed by heat treatment. The lattice
constant of the inverse opal is a function of the PS sphere
diameter for the opaline template. Details of the fabrication
have been described elsewhere.16 A top-view field emission
scanning electron micrograph �FESEM� of a ZnO inverse
opal is shown in Fig. 1�a�. The air spheres are well ordered in
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FIG. 1. �Color online� �a� Top-view FESEM of a ZnO inverse opal with
lattice constant a=283 nm. �b� Optical microscope images �magnification of
5�� of ZnO inverse opals with lattice constants a=283 nm �violet� and a
=344 nm �green�.
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a close-packed structure with uniform sphere diameter repli-
cating the opal template. Inside each sphere, the three dark
holes correspond to the air spheres at the underlying layer.
This reveals the interconnecting nature of the ZnO shells,
forming a solid frame. The inverse opal displays iridescent
colors corresponding to its primary pseudogap �see Fig.
1�b��. To overlap the position of the primary pseudogap of
the inverse opal with the ZnO gain spectrum, the lattice con-
stant was altered from a=283 to 344 nm. The position of the
pseudogap was determined by performing optical reflection
measurements at normal incidence.

In this study, the ZnO inverse opal exhibits both exci-
tonic �ex-ex� and electron-hole plasma �EHP� laser emis-
sions. The sample was excited at room temperature by a
frequency tripled �355 nm� Nd:yttrium aluminum garnet la-
ser at pulsed operation �6 ns full width at half maximum
�FWHM�, 10 Hz�. The pump stripe of length �1 mm and
width �60 �m was focused onto the ZnO inverse opal by a
cylindrical lens and light was illuminated normal to the sur-
face of the sample. Figure 2�a� shows the evolution of the
emission spectra with pump intensity. At low excitation in-
tensity, the emission spectrum consists of a single broad
spontaneous emission peak at �387 nm with FWHM of
�15 nm. As the pump intensity increases above a threshold
��0.38 MW/cm2�, sharp lasing peaks with linewidth
�0.1 nm centered at �387 nm �ex-ex collision� emerge. As

the pump stripe is moved across the sample, at pump inten-
sity just above the threshold, these lasing modes appear pe-
riodic and well separated in some cases. The exact origin of
the periodicity is unclear at this time, which we intend to
investigate further. Further increase in pump power increases
the number of lasing modes without shifting the center fre-
quency. From the light-light �L-L� curve given in Fig. 2�b�,
the presence of a “kink” �point “iii” in the inset of Fig. 2�b��
clearly marks the onset of lasing action at a pump threshold
above which the output intensity increases rapidly with ex-
citation intensity. The suppression of the broad spontaneous
emission background further confirms that high quality las-
ing modes have occurred in the sample. The quality factor
�Q factor� for these lasing modes can be calculated using
Q=� /��, where �� is the width of the emission mode at
wavelength �. A Q factor of �6500 was obtained with
essentially zero spontaneous emission background. The qual-
ity of the lasing modes in our work is comparable to17–20

or better than21,22 the previously reported data for epitaxial
ZnO films, albeit with a higher threshold. In addition,
when the pump intensity exceeds a second threshold
��2.7 MW cm−2�, the intensity of the ex-ex emission satu-
rates while another group of lasing modes centered at
�392 nm �EHP recombination� is excited. The FWHM of
the entire spectrum is reduced to �5 nm. In this case, the
emission intensity increases with the excitation intensity at a
rate slower than the ex-ex emission mentioned earlier and its
center frequency shifts toward lower energy, characteristics
of an EHP emission.23 The distinct thresholds and depen-
dence of center frequency on pump intensity make it unam-
biguous to distinguish the different recombination mecha-
nisms in the sample.

We have also observed enhanced light confinement for
the ZnO inverse opal when its primary pseudogap ap-
proaches the ZnO gain maximum ��387 nm�. As shown
in Fig. 3�a�, for inverse structure with a=283 nm, Bragg’s
reflection peak which corresponds to the opening of the pri-
mary pseudogap is shifted toward the ZnO gain maximum. It
is apparent that the ex-ex and EHP laser emissions are well
resolved under high optical pumping. The single mode EHP
emission does not coincide with the gain maximum and lies
within the wavelength range of the pseudogap. For inverse
structure with a=344 nm, when the primary pseudogap is far
away from the gain maximum, the lasing spectrum is domi-
nated by the ex-ex emission, where multiple EHP emission
lines coexist and merged with it. The entire lasing spectrum

FIG. 2. �Color online� �a� Emission spectra as a function of pump intensity
and �b� L-L curve of ZnO inverse opal with a=283 nm for increasing pump
intensity. Inset: Enlarged view of the L-L curve for low pump intensity
region ��1 MW/cm2�. The first and second thresholds occur at 0.38 and
2.7 MW/cm2, respectively.

FIG. 3. �Color online� �a� Lasing �pump intensity �6 MW/cm2� and reflection spectra and �b� L-L curves of ZnO inverse opals with different lattice
constants. The areas enclosed by dotted lines indicate the position of the primary photonic pseudogap obtained by photonic band structures computed using
a freely available software package �Ref. 24�.
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is centered at the gain maximum. Figure 3�b� compares the
light-light curves for the ZnO inverse opals of different lat-
tice constants. It is evident that the lasing threshold for the
EHP emission in ZnO inverse opal has been reduced by half
after overlapping the primary pseudogap with the gain spec-
trum. We attributed the lasing EHP emission for the inverse
opal with a=283 nm and a=344 nm to be photonic lasing
and random lasing, respectively. With this, we verified that
photonic lasing has a lower threshold than random lasing. It
is worth mentioning that the photonic lasing mode changes
in frequency with the illumination region on the inverse opal.
This suggests that the photonic lasing mode originates from
the localized defect mode within the primary pseudogap.

To further evaluate the role of periodic structure on the
lasing characteristics, a homogeneous polycrystalline ZnO
thin film was deposited and heat treated under the same con-
ditions as a reference sample. The ZnO inverse opal displays
ex-ex laser emission lines centered at �387 nm while the
unstructured ZnO thin film shows EHP laser emission lines
centered at �390 nm �Fig. 4�. This implies improved lasing
characteristics in the inverse opal as the ex-ex laser emission
can be realized at relatively low pump intensity as compared
to the EHP laser emission.23 Comparison of the lasing spec-
tra between the inverse opal and the unstructured ZnO thin
film also reveals a blueshift in lasing energy ��40 meV� and
a narrower bandwidth in the former �5 vs 6 nm�. We postu-
late this to be a consequence of strain-induced shift in the
excitonic energy. We performed x-ray diffraction measure-
ments �data not shown� to obtain the lattice parameters of
ZnO crystal. From the �101� diffraction peak, the c-axis lat-
tice parameter for the reference film and inverse opal was
determined to be approximately 5.196 and 5.202 nm, respec-
tively. The strain along the c axis of the films perpendicular
to the substrate is defined by �zz= �c−c0� /c0, where c0

��0.5205 nm� is the lattice parameter in the unstrained crys-
tal. �zz for the reference film and inverse opal are estimated
to be −0.17% and −0.06%, respectively. Both samples are
under compressive strain, the inverse opal being less com-
pressive. It has been reported that the excitonic energy of
strained ZnO shifts to higher energy as �zz increases, from

compressive to tensile.25 This is consistent with our results
and the magnitude of the change in the excitonic energy is
comparable.

In summary, we have achieved room-temperature UV
lasing in a 3D ZnO inverse opal fabricated by electrodepo-
sition. There is a blueshift in the stimulated emission with
reduced bandwidth in comparison with an unstructured ZnO
thin film. The optical gain is further enhanced by localized
defect modes within the primary photonic pseudogap, which
leads to a twofold reduction in lasing threshold. We deduce
that the periodic photonic structure plays a dual role: �1� to
induce strain and a change in lasing energy and �2� to pro-
vide modulation in refractive index for enhanced light con-
finement as well as optical feedback.

The authors �L.K.T. and H.Y.Y.� acknowledge the sup-
port of Singapore Millennium Foundation Fellowships.
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