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The authors experimentally investigate the effects of atomic layer deposition (ALD) and laser-assisted

oxidation on the optical modes in GaAs L3 photonic crystal air-bridge cavities, using layers of InAs

quantum dots as internal light source. Four distinct optical mode peaks are observed in the photonic

bandgap and they show different wavelength-redshifts (0–6.5 nm) as the photonic crystal surface is

coated with an Al2O3 layer (0–5.4 nm thick). Numerical finite-difference time-domain (FDTD)

simulations can well-reproduce the experimental result and give insight into the origin of the shifts of

modes with different spatial profiles. By combining the ALD coating with in situ laser-assisted

oxidation, we are able to both redshift and blueshift the optical modes and we attribute the blueshift to

the formation of a GaAs-oxide at the expense of GaAs at the interface between GaAs and the Al2O3

layer. This result can be quantitatively reproduced by including a GaAs-oxide layer into the FDTD

model. Selective etching experiments, confirm that this GaAs-oxide layer is mainly at the interface

between GaAs and Al2O3 layers. VC 2011 American Institute of Physics. [doi:10.1063/1.3559269]

I. INTRODUCTION

Slab two-dimensional (2D) photonic crystal (PhC)

nanocavities have gained much interest for their promising

applications in both classical optics1–3 and quantum electro-

dynamics.4–6 For many applications, accurate control of the

resonant wavelength in PhC nanocavities is highly desired.

For instance, to accurately control the exciton-polariton state,

i.e., the strong coupling between exciton state in nanostruc-

tures such as quantum dots and a photonic mode, highly

refined tuning methods of either excitonic or photonic modes

have to be employed. A slab PhC nanocavity consists of a

defect in a PhC dielectric slab with periodically arranged air

holes. The PhC nanocavity resonances can be tuned by

adjusting the PhC lattice and defect geometries. However,

due to fluctuations in processing parameters, the spectral posi-

tion of the resonant modes cannot be predicted with the accu-

racy needed for some application. Recent experiments have

demonstrated the possibility of irreversible tuning of the

modes by using digital etching,5 scanning probe microscopy

assisted oxidation6 and laser-assisted oxidation7 or of reversi-

ble tuning by gas absorption8 and laser heating.9,10 All these

methods allow tuning of the cavity modes either on the blue

or on the red side, while a complete control of the resonant

wavelength requires some combination of different methods.

In this work, we investigate a combined approach to

achieve permanent bidirectional tuning of PhC nanocavity

modes. Our approach is based on the combination of atomic

layer deposition (ALD) of a dielectric material11 and local

oxidation produced by continuous wave laser irradiation of a

nanocavity.7 While both methods have been separately

described in literature, their combination to achieve bidirec-

tional tuning on a single nanocavity has not been reported.

Here, we demonstrate that the two methods can complement

each other: By ALD coating we can produce large redshifts

of the optical modes, while with subsequent laser-assisted

oxidation we can blueshift them back to the original spectral

positions. Each process step can be well understood by nu-

merical finite-difference time-domain (FDTD) simulations.

II. EXPERIMENT AND SIMULATIONS

The samples used in this work were grown by molecular

beam epitaxy and processed by standard electron beam li-

thography and dry etching.7,12 After buffer layer growth on

GaAs(001) substrate, a 1.5-lm-thick Al0.7Ga0.3As layer,

which acts as sacrificial layer, was deposited. After that 320-

nm GaAs with three layers of high density self-assembled

InAs quantum dots was grown. After growth, samples were

processed by 150-nm SiO2 patterning with electron beam li-

thography and CHF3 plasma etching. The triangular lattice

pattern of the PhC with L3 cavities (three missing holes in a

line) was transferred onto the GaAs slab by SiCl4/O2/Ar re-

active ion etching. The sacrificial layer was then partially

removed by a dip in a dilute HF solution. The PhC nanocav-

ity is a suspended GaAs membrane with InAs quantum dot

layers, which emit light at wavelengths around 1.1–1.4 lm.

The L3 cavities have the following nominal parameters:

the lattice constant a is 331 nm and the air holes have a

a)Author to whom correspondence should be addressed. Electronic mail:

hslee1@gist.ac.kr.
b)Present address: Advanced Photonics Research Institute, Gwangju Institute

of Science and Technology, Gwangju 500-712, Republic of Korea.
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nominal radius r of 0.31a (filling fraction of 35%). The hole

next to the cavity has a radius ri and is displaced by a dis-

tance L away from the cavity. The inset of Fig. 1(a) shows

an atomic force microscopy (AFM) image of a nanocavity

with relevant design parameters. More details of the fabrica-

tion of these PhCs can be found in Refs. 7 and 12.

Atomic layer deposition on the PhC is performed with a

SavannahTM (Cambridge NanoTech) ALD system. Alumina

(Al2O3) is selected as coating material for this experiment.

Each ALD step consists of 10 deposition cycles (the Al2O3

thicknesses 0.09 nm per cycle). The refractive index of Al2O3,

which was measured by ellipsometry, is 1.63. Prior to ALD

coating, the sample surface was cleaned several times by HCl

dips, which remove the native GaAs-oxide, thus thinning the

GaAs slab and enlarging the air holes by a few nanometers.

The optical properties of the PhC cavities were charac-

terized by standard microphotoluminescence (l-PL) at room

temperature (RT) in air.7,13 The excitation source is a fre-

quency doubled continuous wave Nd:YVO4 laser with emis-

sion wavelength of 532 nm. The laser spot with �1.5 lm

diameter is focused by a 50� microscope objective lens

(with numerical aperture of 0.42). The same lens is used to

collect the luminescence. The PL signal is subsequently dis-

persed by a 500-mm focal length spectrometer and finally

detected by liquid-nitrogen-cooled InGaAs array.

For the laser-assisted oxidation process, a defocused

laser beam (�8 lm diameter) at relatively high power (1–50

mW) is used to blueshift the optical modes. The laser excita-

tion power is systematically increased with a constant oxida-

tion time (20 s). Detailed experiments as well as a physical

model describing this laser-assisted oxidation process have

been reported in Ref. 7.

In order to interpret the results, we perform 2D FDTD

simulations. Variations of the effective refractive index due

to the geometric changes in the vertical direction and the

changes in the lateral geometry are the main origin of the

spectral shifts of the optical modes in the simulations. Due to

the fact that both ALD coating and laser-assisted oxidation

processes induce structural changes in both vertical and lat-

eral directions,7,11 we first use a semianalytical method to

calculate the variation of the effective refractive index as a

function of relevant changing parameters (thicknesses of the

GaAs slab, Al2O3, and GaAs oxide). Details of this calcula-

tion are described in the Appendix. FDTD simulations were

performed using a freely available software package.14

Built-in subpixel averaging technique15 and filter diagonal-

ization method16 are used to improve and analyze the numer-

ical results, respectively. For each optical mode, the

excitation source is of dipole-type and the electric field is in-

plane, i.e., we investigate transverse electric (TE) modes.17

The excitation and detection positions are located near the

anti-node of that mode.

III. ATOMIC LAYER DEPOSITION (ALD OF PHCS)

A. L3 photonic crystal with ALD coatings

Figure 1(a) shows a normalized RT l-PL spectrum of an

as-processed L3 PhC nanocavity prior to ALD coating. The

low intensity region (0–0.2) is magnified. Within the displayed

spectral range (1150–1350 nm), four distinct optical mode

peaks are observed at 1176, 1225, 1276, and 1333 nm. They

are labeled as M1, M2, M3, and M4, respectively. In addition,

a broad mode peak with relatively low intensity at 1213 nm

marked by a solid triangle can be seen. All these peaks can be

well fitted with Lorentzian functions (in frequency scale) and

quality factors (Q) can be extracted. Each fitted optical mode

peak is shown as dashed lines in the Fig. 1(a). Apart from the

mode peaks, quantum dot (QD) related peaks (ground and first

excited state emission) are seen in the spectrum as a broad

background. These peaks can be characterized by two broad

Gaussian functions as shown by the dotted lines.

Figure 1(b) shows color-coded RT l-PL spectra as a

function of ALD step. Logarithmic color-scale is used in this

plot. The PL is measured at the same excitation laser power

(28 lW) on the same L3 PhC after 1–5 ALD steps. Each

ALD step corresponds to 0.9 nm Al2O3 coating. This result

shows a clear redshift of all optical modes. The PL intensity

as well as the Q factors of each mode does not significantly

change upon coating. The AFM image shown in the inset of

Fig. 1(a) was taken after 5 ALD steps.

B. Finite-difference time-domain (FDTD) simulations

For the FDTD simulation, we first adjust the structural

parameters of the L3 cavity to correctly reproduce the optical

mode peak positions measured on the as-processed sample

[Fig. 1(a)]. The initial structure is assumed to be pure GaAs.

FIG. 1. (Color online) Room temperature l-PL spectrum of as-processed L3

GaAs PhC nanocavity. The blue-dashed lines are individual fitted optical mode

spectra (M1–M4). One broad mode at 1213 nm is marked by a solid triangle but

is not labeled. The red dotted lines are fitted QD-related peaks. The inset is a

3.5�2 lm2 AFM image of the cavity after five ALD steps with relevant struc-

tural parameters. (b) Color-coded l-PL intensity map showing the mode peaks

as a function of ALD step. One ALD step corresponds to 0.9 nm Al2O3 coating.
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The thin native GaAs-oxide layer, which is usually 0.74 nm

thick7,18 is neglected in this initial simulation. However, the

GaAs-oxide layer will be considered later for interpreting the

laser-assisted oxidation experiments. The best simultaneous

fit of the four modes (M1–M4) is obtained when the slab

GaAs thickness is reduced from the nominal 320 to 313 nm

thickness and the hole radii are increased by 3.5 nm with

respect to the nominal values. Without this initial adjust-

ment, the simulations with nominal structural parameters

gave the longer mode wavelengths of 13–22 nm. We attrib-

ute this discrepancy between parameters in the simulation

and nominal parameters to the uncertainties in the sample

processing and to the cleaning steps, which we performed

prior to ALD coating. The extracted optical mode profiles

corresponding to the four distinct peaks in Fig. 1(a) are

shown in Fig. 2(a). Due to the fact that each mode profile has

different overlap with the surrounding holes, we expect dif-

ferent quantitative shifts for each mode.

Figure 2(b) shows the measured and simulated mode

peak shifts as a function of the ALD steps. The FDTD is per-

formed by including an Al2O3 layer on all GaAs surfaces

(i.e., on the top and on the bottom of the membrane, as well

as in the holes) as shown in the inset of Fig. 2(b).11 The

Al2O3 thickness dAl2O3 is systematically increased as in the

experiment (0.9 nm/ALD step). Both the experimental and

simulated data can be fitted with the same linear relations

and show the same behaviors. The mode M2 shows the max-

imum wavelength shift of 1.34 nm/step while the others

(M4, M3, and M1) show increasingly smaller shifts (1.01,

0.94, and 0.86 nm/step). The larger shift of M2 can be under-

stood by considering the mode profile shown in Fig. 2(a).

Due to the fact that the mode M2 largely overlaps with the

air-hole interface, it is the most sensitive to interface changes

induced by the coating. We note that the field patterns of the

modes M1 and M3 resemble Fabry-Perot modes, so that their

spectral position is mostly influenced by the distance

between the small holes next to the defect. Our FDTD simu-

lations show a good agreement with the experiment when

the ALD coating thickness is more than 1.8 nm (>2 ALD

steps). The discrepancy between experiment and FDTD

results at initial ALD coating (1–2 steps) might be due to the

difficulty to accurately determine the average refractive

index from the subpixel structure.15

C. Effects of geometric variations on the mode shift

Apart from the L3 PhC nanocavity with the parameters

shown in Fig. 1, we also performed the experiment on L3

cavities with other nominal parameters. Figure 3 shows

FIG. 2. (Color online) (a) Calculated electric field intensity profiles of the

TE- like modes M1–M4. (b) The experimentally observed and numerically

simulated mode shifts. For each mode, the experimental and simulation data

are simultaneously fitted with linear functions and the obtained slopes are

shown in the lower right inset of the left graph. The upper inset of the right

graph shows a cross-sectional schematic of the GaAs slab with a hole. Geo-

metry changes due to ALD coating with Al2O3 are marked.

FIG. 3. (Color online) Normalized l-PL from L3 PhC nanocavities with dif-

ferent size of the hole next to the cavity [see inset of Fig. 1(a) for the defini-

tion of ri and r]. (b) The experimentally observed and numerically simulated

mode shifts. The data from different cavities are collectively shown as aver-

age values. The error bars are standard deviations.
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spectra for as-processed L3 PhCs with different radius ri of

the holes next to the defect [see the inset of Fig. 1(a)]. The

spectra show mainly four peaks (M1–M4), where M3 has

always maximum intensity due to its energy overlap with the

maximum of the ground state emission of the QDs. Obvi-

ously from these spectra, the modes M1 and M3 show large

and systematic redshifts when the ri is decreased. This is due

to the fact that these two modes are largely influenced by the

two holes next to the confining region: As the hole radius

decreases, the cavity length increases, thus producing a red-

shift of the resonant wavelengths. The modes M1 and M4

show slight variation (with no systematic shift). Note that for

the smallest hole radius [ri¼ (6/15)r] the mode M1 and M2

interchanges their sequence. This has been observed previ-

ously17 and it has been confirmed by our FDTD simulation.

Polarization-dependent measurements could be used to fur-

ther confirm the mode identification.17,19

By performing Al2O3 ALD coating steps on these L3

PhCs, all optical modes redshift. The results are summarized

in Fig. 3(b). The data points represent the average values of

the shifts obtained from these four L3 PhCs and the error

bars correspond to the standard variation. The mode M2

always shows the maximum shift while the effect of ALD

coating on other modes (M4, M3, and M1) progressively

decreases. The FDTD can reproduce these shifts as shown in

the right part of Fig. 3(b). The slight deviation from a linear

trend at the initial coating steps (1–2 steps) is again observed

in all simulations. From this experiment, we conclude that

the variation of inner hole radius in the studied range

[ri¼ (6/15)r�(13/15)r] does not have significant effects on

the mode shifting induced by ALD coating.

IV. LASER PROCESSING (LASER PROCESSING OF
ALD COATED PHCS)

A. Laser-processing after ALD coating

The experimental method shown above can be combined

with our recently developed technique which is based on in
situ laser-assisted oxidation. The laser typically used in our l-

PL measurement can be applied to induce oxidation simply

by increasing its power for a short time.7 As shown previ-

ously, this method transforms the surface of the GaAs layer

into GaAs-oxide and thus produces a thinning of the effective

slab layer thickness as well as an increase of the effective

hole radii. The outcome from laser-assisted oxidation is a

blueshift of the optical modes. The bottom-most spectrum in

Fig. 4(a) shows the mode M3 of an L3 cavity before process-

ing. By multiple ALD coating steps, the mode redshifts, while

subsequent laser assisted oxidation produces a blueshift of the

mode to the original peak position [see spectra and labeling

on the right side of Fig. 4(a)]. The laser power used here

(<50 mW) is limited to avoid a substantial degradation of the

cavity (lowering of the Q factor) due to an increase of GaAs-

oxide interface roughness as well as an increase of the density

of surface states.7 Then, we can also further use ALD coating

to redshift the emission again after laser-assisted oxidation, as

shown in the 3 topmost spectra in the figure.

The shift of the mode peak in the experiment can also be

well reproduced by our FDTD simulations. The open triangle

shown in Fig. 4(a) is the result from the simulation, where

we apply the model of laser-assisted oxidation schematically

shown in Fig. 4(b), which displays schematic cross sections

of a L3 PhC cavity after ALD coating. The refractive index

along the thickness of the slab (from the center) is schemati-

cally plotted in the inset. Prior to laser-assisted oxidation, the

PhC consists mainly of GaAs and Al2O3. The thin native

GaAs-oxide at the interface is assumed to be negligible. Af-

ter laser-assisted oxidation, we model the GaAs-oxide for-

mation at the interface between GaAs and Al2O3. The GaAs-

oxide is assumed to have a refractive index of 1.7, which is

much lower than the refractive index of GaAs at this wave-

length (3.09) (Ref. 20). Due to the fact that GaAs-oxide has

a lower density, we relate the increase of GaAs-oxide thick-

ness Ddox to the decrease of the GaAs thickness DdGaAs by

Ddox¼ �1.15 DdGaAs. This apparently makes the slab thicker

and the hole smaller. For input to FDTD, a symmetric four-

layer model is considered to calculate the effective refractive

index. The details of this calculation are given in the Appen-

dix. In the FDTD, the hole radii and refractive index are

simultaneously changed. A blueshift of 3.63 nm shown in

Fig. 4(a) is obtained when 1.3 nm GaAs are changed into

GaAs-oxide.

B. GaAs-oxide thickness

In order to gain further evidence that the mode blue-

shifts observed during laser processing are due to oxide for-

mation at the Al2O3/GaAs interface, we have performed the

following experiment. First, two L3 PhCs on the same sam-

ple are coated with 8 ALD steps (4.5 nm Al2O3). One of the

cavities is then irradiated by laser with increasing power up

to 40 mW. The blueshift of the mode M3 is shown in Fig. 5.

After that we dipped the sample in HCl. This step results in a

peak redshift of 0.77 nm for the PhC after laser-assisted oxi-

dation while it causes 1.33 nm blueshift for the PhC without

laser-assisted oxidation treatment (see Fig. 5). The reason for

FIG. 4. (Color online) (a) A series of normalized l-PL spectra showing the

redshifts by ALD coating with Al2O3, the blueshift by laser-assisted oxida-

tion and the further redshift by additional ALD coating. The open triangles

are FDTD simulation results. (b) Schematic models of a half of the L3 PhC

after ALD (top) and after laser-assisted oxidation (bottom). The refractive

index profiles along the vertical line are shown as insets.
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the different shift is not clear but it might be due to laser-

induced surface reaction of the residual material on the sur-

face after ALD coating. However, the spectra after HCl dip

of these 2 cavities still show a different shift of 1.52 nm,

which indicates that the internal layer of these 2 samples are

different due to the formation of GaAs-oxide in the laser-

assisted oxidation sample. Finally an HF dip is used to com-

pletely remove both the Al2O3 and the GaAs-oxide layer

without significant GaAs etching. The final HF dip step pro-

duces a blueshift of 11.7 and 14.1 nm for these two cavities

(the laser-processed cavity shifts more than the other). From

the FDTD simulation of these structures, the observed differ-

ence of the shifts (2.34 nm) corresponds to �1.1 nm GaAs

removal. This GaAs thickness is well comparable with the

GaAs thickness assumed in the former experiment (Sec. IV

A). Therefore, this experiment confirms that the peak shift

due to laser-assisted oxidation originates mainly from the

formation of GaAs-oxide layer at the interface between

GaAs and Al2O3.

V. CONCLUSIONS

In conclusion, we present methods to tune the spectral

position of optical modes in PhC nanocavities. By ex situ
ALD coating, we can systematically redshift the mode due to

the increase of the slab thickness and the reduction of the

air-hole size. We show that the degree of redshift is different

for different modes due to the distinct nature of individual

mode profiles. In combination with in situ laser-assisted oxi-

dation, the optical modes can be blueshifted and this shift

can be explained by GaAs-oxide formation at the interface

between GaAs and ALD coated layer. These results can be

well reproduced by our FDTD modeling including effective

refractive index variation due to the change in the vertical

structure.
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APPENDIX: CALCULATION OF EFFECTIVE
REFRACTIVE INDEX FROM MULTILAYER
STRUCTURES

The effective index theory is used to extract the effec-

tive refractive index neff for the 2D FDTD simulation.21 For

a single slab GaAs layer, a symmetric bilayer of GaAs and

air is used. The dispersion relation of the refractive index of

GaAs is given by22

nGaAsðEnÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
7:10þ 3:78

1� 0:18En2
� 1:97

ð30:08EnÞ2 � 1:0

s
;

(A1)

where En¼ hc/k is the emission energy, h is Planck’s con-

stant, c is the speed of light in vacuum, and k is the free

space wavelength. We now consider a slab of GaAs in air

(nAir¼ 1) with thickness dGaAs and center at the origin of the

coordinate system. By solving the standard Helmholtz equa-

tion, the lowest energy transverse (in-plane) electric field

due to the vertical confinement is in the form

EðzÞ ¼

C1 cosðp1zÞ;

C2 expð�qzÞ;

Eð�zÞ;

8>><
>>:

0 � z � dGaAs=2

z > dGaAs=2

z < 0;

(A2)

where Ci are constants being determined from the boundary

conditions, p1 ¼ ðEn=�hcÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

GaAs � n2
eff

p
, q ¼ ðEn=�hcÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2
eff � 1

p
, and z is the vertical axis. E(z) equals E(�z) for

z< 0 due to the even parity of this mode. The effective index

neff can be obtained by matching the boundary conditions for

in-plane electric field and in-plane magnetic field at

z¼ dGaAs/2. After some algebraic manipulation, the follow-

ing equation is obtained:

tanðp1dGaAs=2Þ ¼ q=p1: (A3)

This transcendent equation has no analytical solution. There-

fore, the numerical solution of neff is extracted and put into

FDTD. Note that this neff is a function of both dGaAs and

wavelength.

We consider a GaAs slab with thickness dGaAs coated

with Al2O3 of thickness dAl2O3 and refractive index nAl2O3 of

1.63. By solving the Helmholtz equation for each layer, we

obtain the in-plane electric field in the form:

FIG. 5. (Color online) Experimentally observed mode shifts of the M3

mode initially with and without laser-assisted oxidation steps. By selective

removal of Al2O3 and GaAs-oxide layers by HF dip (after the HCl dip) the

mode peaks significantly shift. Different in this shift (2.34 nm) is contributed

to the thickness of GaAs-oxide layer forming during laser-assisted oxidation

(�1.1 nm).
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EðzÞ ¼

C1 cosðp1zÞ;
C2 expðp2zÞ þ C3 expð�p2zÞ;

C4 expð�qzÞ;
Eð�zÞ;

8>>><
>>>:

0 � z < dGaAs=2

dGaAs=2 � z < dGaAs=2þ dAl2O3

z � dGaAs=2þ dAl2O3

z < 0;

(A4)

where Ci are constants being determined from the boundary conditions and p2 ¼ ðEn=�hcÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

eff � n2
Al2O3

q
. The effective index

neff can be obtained by matching two boundary conditions and getting rid of the constants, Ci. The transcendent equation is

obtained.

p2 p2 cosðp1dGaAs=2Þ sinhðp2dAl2O3Þ � p1 sinðp1dGaAs=2Þ coshðp2dAl2O3Þ½ �
p1 p1 sinðp1dGaAs=2Þ sinhðp2dAl2O3Þ � p2 cosðp1dGaAs=2Þ coshðp2dAl2O3Þ½ � ¼ q=p1; (A5)

In case of a GaAs slab with GaAs-oxide (thickness dOx and refractive index nOx¼ 1.7) and Al2O3 layers, a four slab model is

used. The in-plane electric field is in the form:

EðzÞ ¼

C1 cosðp1zÞ;
C2 expðp2zÞ þ C3 expð�p2zÞ;
C4 expðp3zÞ þ C5 expð�p3zÞ;

C6 expð�qzÞ;
Eð�zÞ;

8>>>>>><
>>>>>>:

0 � z < dGaAs=2

dGaAs=2 � z < dGaAs=2þ dOx

dGaAs=2þ dOx � z < dGaAs=2þ dAl2O3 þ dOx

z � dGaAs=2þ dAl2O3 þ dOx

z < 0;

where Ci are constants and p3 ¼ ðEn=�hcÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

eff � n2
Ox

q
. By

algebraic techniques, a lengthy transcendent equation can be

obtained by matching three boundaries. The effective index,

which is a function of thickness of these three layers (GaAs,

GaAs-oxide, and Al2O3) and wavelength, can be numerically

calculated. The dependency on each parameter is linearized

prior to input into the FDTD simulations.

1O. Painter, R. K. Lee, A. Schere, A. Yariv, J. D. O’Brien, P. D. Dapkus,

and I. Kim, Science 284, 1819 (1999).
2H. Y. Ryu, S. H. Kwon, Y. J. Lee, Y. H. Lee, and J. S. Kim, Appl. Phys.

Lett. 80, 3476 (2002).
3M. Lonı̂car, T. Yoshie, A. Scherer, P. Gogna, and Q. Yueming, Appl.

Phys. Lett. 81, 2680 (2002).
4J. Vuı̂ckoviác, and Y. Yamamoto, Appl. Phys. Lett. 82, 2374 (2003).
5K. Hennessy, A. Badolato, A. Tamboli, P. M. Petroff, E. Hu, M. Atatüre,
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