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Ultraviolet photonic crystal laser

X. Wu, A. Yamilov, X. Liu, S. Li, V. P. Dravid, R. P. H. Chang, and H. Cao®
Material Research Center, Northwestern University, Evanston, Illinois 60208

(Received 4 June 2004; accepted 20 August 2004

We fabricated two-dimensional photonic crystal structures in zinc oxide films with
focused-ion-beam etching. Lasing is realized in the near-ultraviolet frequency at room temperature
under optical pumping. From the measurement of lasing frequency and spatial profile of the lasing
modes, as well as the photonic band structure calculation, we conclude that lasing occurs in the
strongly localized defect modes near the edges of photonic band gap. These defect modes originate
from the structure disorder unintentionally introduced during the fabrication proce200@
American Institute of Physic§DOI: 10.1063/1.1808888

Photonic crystal slabgPhCS, i.e., two-dimensional lows us to precisely control the position, size and density of
(2D) photonic crystals with finite vertical dimension, have air cylinders in the ZnO films. However, due to structural
attracted much attention because of their potential applicadamage caused by FIB, the ZnO emission is quenched. To
tions to various optoelectronic devices and circliBefect remove the structural damage, we annealed the patterned
cavities in these photonic devices can have high quality facfilms in O, at 600 °C for 1 h. To overlap the ZnO gain spec-
tor and small modal volum&> The in-plane confinement is trum with the photonic band gap, the lattice constarsnd
achieved via Bragg scattering, while the index guiding pre-the radius of the air cylindensare varied over a wide range.
vents light leakage in the perpendicular direction. Low- The resolution of our FIB system limits the smallest step of
threshold lasing has been realized in PhCS made of lll-\ength variation to 15 nm. The size of each pattern is about
semiconductor=® They operate in the near infrared fre- 8 X8 um with roughly 4000 air cylinders. A top-view scan-
guencies. UltravioletUV) photonic crystal laser, however, Ning electron micrograptSEM) of a part of one pattern is
has not been realized yet. This is because shorter wavelengtROWn in Fig. 1(a=130 nm and'/a=0.25. Side view SEM
requires smaller feature size, which is technologically chal{not shown reveals the air cylinders are etched through the
lenging for commonly used wide band gap materi@g., Z£nO film with nearly vertical walls. _

GaN, ZnQ. On the other hand, the demand for blue and Uv.  The samples are optically pumped by the third harmon-
compact light sources has prompted enormous research dfS Of @ mode-locked Nd:yttrium-aluminum-garnet laser
fort into wide band gap semiconductors. Recently photonic,("?"':’5 nm, 10 Hz, 20 psat room temperature. We usgd th_e

crystal UV light emitting diodes were fabricated with Il ni- p|.cosecond pump Iase_r simply because of its a\_/a|lgb|I|ty.
tride and demonstrated improved extraction efficie]r?cy. Smc;e the pump pulse is much shorFer than the I|fet|me'of
Compared with other wide band gap materials, ZnO has th xciton in ZnO, the peak power required to reach the lasing

advantage of large exciton binding energy60 me\), that reshold would be much higher than that with nanosecond
allows efficient excitonic emission even at room %empera pump pulses. A schematic sketch of the experimental setup is

ture ‘shown in Fig. 2. A 1&X microscope objective lenmumeri-

. . _ cal aperturgNA)=0.25 is used to focus the pump beam to
In this letter, we realized ZnO photonic crystal lasers P &NA) 3 pump

tina in th UV f i ¢ i Wa 4 um spot on one pattern, and also collect the emission
operating In the near- requency at room temperature. W, ., e pattern. Then the emitted light is focused by another
developed a procedure to fabricate 2D periodic structures i

. . ) ; fbns into a UV fiber, which is connected to a spectrometer
ZnO films with the focused-ion-bearttIB) etching. Post- i 13 nm spectral resolution. Since the sapphire sub-

Y§irate is double-side polished and transparent in both visible
induced by FIB etching. Lasing is achieved in the strongly P P

localized defect modes near the edges of photonic band gap
by optical pumping. To explain the experimental results, we
calculated the band structure of our samples using the three-
dimensionak3D) plane wave expansion methdd.

The 2D triangular lattice photonic crystal structure is
fabricated in ZnO. First, 200-nm-thick ZnO films are grown
on c-plane sapphire substrates by plasma enhanced metalor-
ganic chemicals vapor deposition at 750 °C. The selected
area electron diffraction pattern of the film reveals that single
crystalline ZnO is grown along the axis. Next, arrays of
cylindrical columns are removed in the films by focused
G&* ion beam etching at 30 KeV. FIB has been widely used

for maskless and resistless nano-scale patterning, and it al- . N
400 nm

dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Top-view SEM of a triangular lattice ZnO photonic crystal slab. The
h-cao@northwestern.edu lattice constana=130 nm and air cylinder radius=33 nm.
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FIG. 2. Schematic of the setup of our optical measurement. BS1 and BS2 k" symmetry points

are beam splitters, L1 is >0 objective lens, L2 is 28 objective lens.

FIG. 4. Calculated band structure of ZnO photonic crystal slab with lattice

; ; At constanta=130 nm, air cylinder radiug=0.2%, and slab thickness
and UV frequencies, a 20 microscope objective lentNA =200 nm. The refractive indices for ZnO and sapphire are 2.34 and 1.68.

=0.40 is placed at the backside pf th.e s_ample for SirT?Ult.a'Dotted line is light cone between ZnO slab and air, dashed line is light cone
neous measurement of the spatial distribution of emissiobetween ZnO slab and sapphire substrate. Inset shows the super unit cell
intensity. The pump light is blocked by a bandpass filter,used in our calculation, the dark strips are ZnO photonic crystal slabs.
while the image of lasing mode profile is projected by the

objective lens onto a UV sensitive charge coupled device . . - .
) g P ?asmg peak is only 0.24 nm. These data indicate that lasing

camera. The sample is also illuminated by a white light“>" ¥ I T S
source so that we can identify the position of the |asingoscnlatlon occurs in this structure. The near-field image of
modes in the photonic lattice. this lasing mode is obtained simultaneously and shown in the

Among all fabricated patterns with lattice constant NSet Of Fig. a). The white square marks the boundary of
varying from 100 to 160 nm, lasing is realized only in the_the trlangular. lattice. The Igglng mode is 'spatlally localized
structures ofa=115 and 130 nm. Fig.(8) shows the spec- " a small region of~1.0 um |n3|de the IaFtlce. As we move _
trum of emission from a pattern ci=115nm andr/a the pump spot across thg lattice, the Ias_lng modes change in
=0.25. It has a single sharp peak at 387.7 nm. Figuts 3 both frequency and spatial pattern. This behavior suggests

plots the emission intensity integrated over this peak as that the lasing modes are spatially localized defect states.

function of the incident pump pulse energy. Note that not alll ey are formegsby the short range structural disojr_aept.
gstacking faults,™ which perturb the long range periodicity.

the pump light incident onto the sample is absorbed; part o X - X A
it is transmitted, reflected or scattered. It is difficult to mea-!N the SEM(Fig. 1), nonuniformity of the size and shape of

sure the exact percentage of the incident pump being ai®il cylinders is quite evident. Lasing is also observed in the
sorbed. Nevertheless, the threshold behavior is clearly sedgttices ofa=130 nm andr/a=0.25. However, the lasing

in Fig. 3(b). Above the threshold, the spectral width of this moges have longer wavelength, and their lasing threshold is
igher.

To understand our experimental results, we calculated
the photonic band structures using the three-dimensional
(3D) plane wave expansion meth&dOur ZnO PhCS s ver-
tically asymmetric: with air on top and sapphire substrate at
bottom. To apply the plane wave expansion method for pho-
tonic band calculation, we considered a super unit cell that
consists of air, ZnO photonic crystal slab, sapphire substrate,
100l ZnO photonic crystal slab and aisee the inset of Fig.)4

“ The guided modes confined to the PhCS should lie inside the
oF ZnO/substrate light cone and the air/ZnO light cone. If the
substrate is thick enough, the guided modes in the two ZnO
layers are decoupled, and the symmetric and antisymmetric
(with respect to the cell center plane-dashed line in the inset
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%0 of Fig. 4 modes should be degenerate in eigenfrequency.
500 | P This artificial degeneracy is used as the check of consistency
% /‘” (b) in our band structure calculations. In a symmetric PRIGS,
3 aor S the substrate is replaced by Jaithe modes can be grouped
'g 300 - into two classes: modes that haxeomponent of the mag-
E 200l ,i” netic field or electric field symmetric with respect to the cen-
‘? o ter plane of the photonic layer. The complete stop bands for
*2 100 | .l' the guided modes of each class can exist independ]é‘ntly.
= olwwT Low lying modes of the first/second class are mainly trans-
— . : i i verse electric/magnetiCTE/TM) polarized. The presence of
k8 29 @ 4 I8 28 By the substrate removes the symmétror our ZnO samples,
Incident pump pulse energy (nJ) we calculated the field components of the first five bands

FIG. 3. (a) Lasing spectrum of a ZnO photonic crystal wit115 nm with and without the sapphire substrate and found close re-
shows a single defect mode. The incident pump pulse energy is 2.3 nJ. Th_%emblance in the sp_at_lal profiles of the co_rrespondmg modes
inset is the near-field image of this lasing mods. Emission intensity of 1N the two cases. This is due to strong vertical confinement of

the defect mode vs the incident pump pulse energy. the guided modes. Therefore, the modes in the ZnO PhCS
Downloaded 14 Nov 2008 to 131.151.26.225. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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with the sapphire substrate can still be classified as predomiionally introduced during the fabrication process. Further
nantly either TE-like or TM-like. It is known that the polar- reduction of lasing threshold can be obtained by fine tuning
ization of ZnO exciton emission is mostly perpendicular toof the structure parameters.

the ¢ axis!®!’ Since thec axis of our ZnO filmis normal to

the film/substrate interface, the emitted photons are coupled This work was supported by the National Science Foun-
mainly into TE-like modes, as we confirmed experimentallydation under the Grant no. ECS-0244457.

from the measurement of polarization of photoluminescence

from the side of an unpatterned ZnO film. Therefore, we Caanhotonic Crystals and Light Localization in the 21st Cenfugited by C.
disregard the TM-like bands in the band structure calcula-,M- Soukoulis(Kluwer, Dordrecht, 2001
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