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Ultralow Threshold and Single-Mode Lasing in
Microgear Lasers and Its Fusion With Quasi-Periodic
Photonic Crystals
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Abstract—The GalnAsP microgear laser is a kind of microdisk ~ Antinode of magnetic field H,
laser but has a rotationally symmetric grating, which matches
with the profile of the whispering gallery mode. In this study,
we achieved the room temperature continuous-wave lasing with

a threshold photopump power of 14 W for the smallest gear NANAN/\_7-phase-shifted mode
diameter of 2.02 um. We also observed the single-mode lasing

in a deep grating device, where ther-phase-shifted nonlasing ANNANSL Different order
mode completely disappeared. The experimental results were well pedestal AVAVAVAVAVAV/ azimuthal modes

explained by a three-dimensional finite-difference time-domain
calculation and a consideration on the surface recombination. In @ (b)

addition, to increase the variety of the microgear, we proposed ) ) ]

its fusion with a quasi-periodic photonic crystal (QPC), which Fig. 1.' Schematu;s of microgear laser and resonant modes._ (a) Microgear
also has a rotational symmetry. We theoretically estimated a '3S€" With#. standing wave of WG mode matched with the gratingis the
sufficiently high @ of 21600 for a QPC gear with a point defect azimuthal mode order. (§¥f|* of resonant modes.

of 1.6-um diameter, which is the smallest limit for a normal

microdisk at a wavelength of 1.5-1.Gum. i.e., ~ 1.6 um diameter, the) factor is seriously degraded.

Index Terms—GalnAsP/InP, microdisk, microgear, photonic Moreover, this device often exhibits a nonlasing mode very
crystal (PC), point defect laser, quasi-periodic photonic crystal .yca to the lasing mode. This mode is thought to have a
(QPC), semiconductor laser, whispering gallery mode (WGM). w-phase-shifted mode profile against the lasing mode profile.

Such a mode is undesirable for the reduction in threshold and
|. INTRODUCTION for the increase in spontaneous emission factor.

- . . The microgear laser has a grating at the disk edge with a pe-
ICRODISKS, [1]-[4] microrings, [5] microcylinders, .

I\/I [6], [7], and so forth are semiconductor microlasers thélﬁgwenqlijr?lptio tfie _Irjﬁg El:v?)\{illi?nngrtgig:l;r?z\-ll\:/)()g 'f\i/lni[tleii’i f[fé?é’ngz
operate by whispering gallery modes (WGMs). Particularl¥ 9. 2.

microdisk lasers have a high due to their simple structure ime-domain (FDTD) analysis with the equivalent index ap-

and strong optical confinement by the total internal reflectio?erX'mat'on explained the strong optical confinement and the

at semiconductor/air boundaries. Furthermore, in microdisl%':?gle'mOde operation as follows [13]. Let us assume here that

. et ; ) . 0only TE-polarized modes are allowed due to the electron tran-
with compressively-strained quantum-well (CS-QW) aCtIV(s(?"ition between the conduction band and the heavy-hole valence

layer, the effective carrier confinement is achieved by t'}gand in CS-QWSs. Then, the normal component of the magnetic

strain-relaxation effect [8]. Because of such effects, ultralo Lid H, and the radial component of the electric figld gen-
threshold lasings have been achieved. In our previous studleérsaite tr7ie WGM ener while and the azimuthal comgonent
we fabricated 1.5-1.@im wavelength range GalnAsP-InP v, z P

CS-QW devices, and obtained a threshold current of:A0 of the electric fieldE, generate the radiation power to outside
[9] and athreshoyld power of 36W [10] in a current injection of the cavity.F, is discontinuous at the disk boundary, so it pen-

device and in a photopumped device, respectively, at ro erjﬁatesmto air more deeply thaf,. To compensate for this dif-

. s ren is exci nd this results in radiation loss. In mi-
temperature under continuous wave (CW) condition. We alo © ce,Fy is excited, and this results in radiation loss

evaluated a large spontaneous emission factor, which icrgtgheear lrzfi?]rs’_Fﬁ:gfrgséoqh(jeeptehns?;ggg;igr:ueqlrjsgzgg
unique property of microlasers suggesting the possibility 9 9. ' 9 pp '

: .and theQ factor is increased. That is to say, it is possible to

the thresholdless lasing [10]-[14]. However, when the cavify L .
size is reduced to close to the diffraction limit of the WGMT‘!‘duce the cavity size more than ever. In addmﬁ}a,o_f the
m-phase-shifted mode is more excited and@dactor is re-

duced. Thus, this mode is suppressed and the stable single mode
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Fig. 2. Schematic of a fusion of QPC and microgear. (a) 12-fold symmetiiGg. 3. Scanning electron micrographs of devices after each fabrication
QPC. (b) QPC cavity with a point defect. (c) QPC gear. (d) Microgear. process. (a) Resist pattern by EB lithography. (b) Microgear mesa formed by
Cl,/Xe ICP etching. (c) Microgear disk formed by HCI wet etching.

grating in the device was relatively shallow, the suppression of ) .

the 7-phase-shifted mode was not clear. In this paper, we figfStém at room temperature (20—-22°C). The emitted light
describe the improvement of the fabrication process and sh¥@s detected by a multimode fiber whose tip was plased
some lasing characteristics exhibiting a lower threshold aA§0xm apart from the device and 3(hclined against the sub-
clearer single-mode operation. Then, we present a three<ifaté plane, and then analyzed by optical spectrum analyzer.
mensional (3-D) FDTD calculation, which was carried ou¢Sing the input power’ and the intensity dlst_rlbut!on of the

in order to verify the above discussion based on the previolifdiated light?(r) on the substrate plane, the irradiated power
2-D calculation. We will show that the result explains th& the deviceP) was calculated by the following:

experiment result very well. 2% ra
In this paper, we also propose the fusion of a quasi-periodic P, =P gﬂ fgorP(r)drdH (1)
photonic crystal (QPC) [17]-[19] and the microgear to over- o Jo rP(r)drdd

come the size limit. The .QPC has a higher orde_r rotatior\%ema is the gear radius andis the radius from the center.
symmetry, as shown in Fig. 2(a). Its 2-D photonic bandgapne effective pump power (absorbed power) to the deficis

(PBG), similar to that in a standard photonic crystal (PC), h ; A
been demonstrated theoretically and experimentally. The Q rzsssed by taking account of a resonant absorption inside the

inside the microgear laser, as shown in Fig. 2(c), is expected to
strengthen the confinement of the WGM and allow a smaller?, = P, {(1 — R)(1 — e *) + Re “/(1 — R)(1 — e %)

mode volume. In this paper, we show transmission and resonant 2 —2ad(q o —ady
characteristics of a QPC and its point-defect cavity, which R (1_adR)(1 e+ } 2)
were calculated by the 2-D FDTD method. Moreover, we show _ P (1-R)(1—e) 3)
resonant characteristics of a more realistic QPC gear cavity by 1 — Re—ad
the 3-D FDTD method. whereR is the reflectivity at disk surfaces-B0%), « is the
absorption coefficient of the disk~ 2 x 10* cm™!), andd
II. MICROGEARLASERS is the disk thickness~240 nm). (In our previous papers, we

calculatedP, without considering the resonance absorption and
used only the first term of (2). Equation (3) indicates that the
In this experiment, we prepared a GalnAsP-InP epitaxipbwer should be corrected by factof(1 — Re~2?), which is
wafer with five CS-QWs of~4-nm thickness each, 1% straincalculated to be 1.23 for the above parameters.)
and 1.58xm photoluminescence peak (this peak was redshiftedFig. 4(a) shows the lasing characteristics in a device, which
after the disk formation by the strain relaxation [8]). In additioexhibited the lowest threshold. The device had an inner diam-
to the CS-QWSs, the active layer included L2vquaternary eter of 2.02:m, a grating number of 16, and a grating depth of
(Q) barrier layers of 10-nm thickness, and 1.2-, 1.15-, and 1.190-110 nm (there were some nonuniformities). The threshold
separate confinement heterostructure layers, each of which lefféctive pump powep; is estimated to be 14W (irradiated
a 30 nm thickness. Thus, the total thickness of the active laymwer P, of 42 pW). This is nearly 67% of that obtained
was ~240 nm. First, we evaporated Ti film on the substratereviously [16]. The corresponding threshold power density is
as a mask, and formed a resist pattern by electron beam (BBY W/cnt or 76 W/cnt - well. This value is much lower than
lithography, as shown in Fig. 3(a). Here, we used a data gadthreshold power density ef 700 W/cnt of the epitaxial
of 10 nm in the EB computer-aided design system, which wasfer, which was estimated by converting the threshold current
2.5 times finer than before. This significantly improved theensity & 800 Alcnt for long broad area lasers of this
uniformity and symmetry of the grating. Next, we formed avafer) into power dimension. In the spectral characteristics,
Cr pattern by the evaporation and the liftoff technique, artie lasing mode peak & = 34 uW was 35 dB higher than
transferred it to Ti usingCF, dry etching. The microgear the background spontaneous emission level, and the full-width
mesa was formed by &/Xe ICP etching. Conditions of theseat half-maximum (FWHM) was 0.3 nm, the resolution limit
etchings were the same as those reported previously [1@&termined by the used multimode fiber for detection and by
[16]. As shown in Fig. 3(b), the mesa had almost vertical arite optical spectrum analyzer. The lasing wavelength was 1.655
smooth sidewalls. Finally, the Ti mask was removed by HF, then, which was much longer than the wafer gain peak due to the
microgear disk was formed by the selective wet etching of tledove-mentioned strain relaxation effect. The lasing mode is
InP cladding using an HCI solution, as shown in Fig. 3(c). considered to be the matching mode with the grating. Spectral
In the measurement, each device was photopumped contharacteristics in Fig. 4(a) also show another strong intensity
uously by 0.98xm semiconductor laser light through a lensnode with 3-nm shorter wavelength. This nonlasing mode

A. Fabrication Process and Lasing Characteristics
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Iradiated Power [uW] is flat, it may be more reasonable to use a lower index of about
20 40 €0 80 100 12 3.5. However, since the lasing wavelength is determined by the

WGM, the wavelength can shift from the band edge. In this case,

~|<0.3mm the index sharply increases due to the material dispersion, so an
index of 4.5 may be possible. In addition, spectra calculated by

P, =34 uW | . .
mer the FDTD method with an index of 4.5 well explained the exper-
iment result, as shown later. Regarding other layers in the disk,
16 we assumed indexes of 3.320, 3.292, and 3.265. Considering the
12 crystal facet of the InP pedestal, which appeared after the HCI
7
1

<

etching, we assumed a square cross-section of the pedestal with
one side width of 540 nm. Its height and index were assumed to
be 0.6xm and 3.17, respectively. The time interval between cal-

— Light Intensity [10 dB/div]

=
N

165  1.66 67

Laser Mode Peak Intensity [Linear, a.u.]

Py =14pW Wavelength [itm] culation steps was 0.025 fs, which satisfied the Courant’s con-
L dition. The analytical space wd$§.4 um)?(= 180" cells) in
0 10 20 30 40 the lateral direction, and 1,/8m(= 50 cellg in the vertical di-
Effective Pump Power [uW] . , . .
rection. Mur’s second-order absorbing condition was used as a
@ boundary condition on the periphery of the analytical space. The
Irradiated Power [LW] excitation was given by a Gaussian pulse for the vertical com-
0 20 40 60 80 100120140 160 ponent of the magnetic fiel#l ., considering the TE-polarized
E emission of the CS-QWs. The time step at the pulse peak was
51 = - 5000. The center wavelengthand the full spectral width at
p: S| p=agpw N0 1/¢? of the maximum intensity were 1.8m and 0.127¢/\),
=N} g respectively, where is the light velocity in vacuum. Under
‘E‘ = ,-&—K__ this condition, the spectrum covered the wavelength range of
.§> I e 1.55-1.75m. An excitation point was set close to the disk edge
= g "3'0_//\\ at a middle azimuthal angle between the convex and concave of
§ | = the grating. Near the disk edge, the excitation was easily cou-
2 = _\23‘._/\‘ pled with the WGM. The middle angle is effective for exciting
S | — - ) arbitrary phase modes.
3 T p = Lel 162  1.63  1.64 Fig. 5(a) and (b) shows calculated spectra for the devices
S . / Fo . > H.W Wavelength [im] with shallow and deep gratings, respectively. Here Ahedis-
0 10 20 30 40 50 tribution is also shown for each resonant mode. Such distribu-
Effective Pump Power [LW] tions were calculated by selectively exciting each mode with a
(b) narrow spectral width of 0.G2xc¢/A). In Fig. 5(a), the main
Fig. 4. Lasing characteristics at room temperature by CW photopumpig@@k atA = 1.65 um should correspond to the lasing mode
(a) Shallow grating device. (b) Deep grating device. in the experiment, since antinodes Mt of this mode locate

] _at convexes of thgrating. Another peak at a slightly shorter
should be ther-phase-shifted mode. The weak suppression gfayelength should correspond to th@hase-shifted mode. The
this mode is considered to be due to the shallow grating [15]gther two peaks at the shortest and longest wavelengths, which

Fig. 4(b) shows lasing characteristics of another deviggere not clearly observed in the experiment, are mismatching
with an inner diameter of 2.1um, a grating number of yodes with the grating. On the other hand, in Fig. 5(b), the
18 and a deeper grating depth of 360 nm. Unlike that fgr hhase-shifted mode is absolutely disappearing. This differ-
the shallow grating device, this device exhibited the cle@hce petween (a) and (b) agrees with the experimental result in
single-mode lasing with a slightly broad linewidth at lowefig 3. Two possible reasons are considered for the difference.
intensity level. The threshold power, of this device was gne is that ther-phase-shifted mode is suppressed by the en-

27 p W(Py = 82 uW), which was twice that of (). hanced mode selectivity of the deep grating. The other is that the
i . m-phase-shifted mode is absolutely degenerated with the lasing
B. Theoretical Analysis mode. As observed in Fig. 5(b), the antinodéhfis located at

The spectral characteristics in Section II-A showed the de-middle angle between the convex and the concave. When we
pendency on the grating depth. Such a dependency was not giiced the excitation point at either angle just at the convex or
observed for a limited number of devices, but also observéte concave, we observed the distribution of the main mode or
for many devices. In order to explain these characteristics, W r-phase-shifted mode individually. These results imply that
calculated WGMs using the 3-D FDTD method. To model thieoth modes exist simultaneously in the spectrum of Fig. 5(b).
shape of the lasing devices as true as possible, the inner didie experimental linewidth of the lasing mode at lower inten-
eter was set to be 2.10 or 2.1, the grating number to be 16sity level, as shown in Fig. 4(b) can be explained by such de-
or 18, and the grating depth to be 90 or 360 nm, respectively, fgenerate modes.

a cubic Yee cell of30-nm)? size. The total thickness of the disk The dependency of the resonant wavelength of the matching
was set to be 240 nm. QWs of 60 nm in total thickness were asidr-phase-shifted modes on the grating depth has been calcu-
sumed at the center of the disk. As a refractive index of the QWated previously by the 2-D FDTD method [16]. It indicated that
we assumed a large value of 4.5. If the band edge of the Q\itie wavelength of the matching mode rapidly becomes longer in
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Intensity [10 dB/div]

Amplitude [arb. unit]

Wavelength [pum]
(a)

Z
Al )
=
= Fig. 6. Distribution of each electromagnetic component of TE mode
%’ n calculated by the 3-D FDTD method. Left, center and right Hre E,, and
S FEy, respectively. (a) Microdisk witke = 2.16 pgm. (b) Microgear with
= shallow grating. (c) Microgear with deep grating.
large mismatch betweel, and H, excitesEy. In the shallow
s grating gear, this mismatch is slightly reduced, Bigtis still

excited, as shown in Fig. 6(b). In the deep grating gear, the mis-
match is further reduced arigy is more suppressed, as shown

() in Fig. 6(c). These results are almost the same as those by the
Fig. 5. Spectral characteristics afd distribution of each mode peak, which 2-D calculation. The ratio of the time-averaged radiation power
are ‘calculat‘ed by the 3-D FDTD method. (a) Shallow grating device. (b) Deﬁg the stored mode energy indicated thatd;hiactors are 3300
grating device. . .

and 3600 for the shallow and deep grating gears, respectively.

n'{gey are not so significantly different, but still we should ex-
ect a lower threshold for the deep grating device. However, it

Wavelength [um]

a shallow grating regime but saturates in a deep grating regi
while the wavelength of the-phase-shifted mode rapidly be-P

comes longer in a deep grating regime. There is a cross—poq hot explain the gxpenmental re?““-
for a grating depth of around 200 nm. In this study, we per- nother explanation considered is the change of the surface

formed the similar calculation by the 3-D FDTD, but the rerecombination between the two devices. For the same epitaxial

sult was almost the same. When the grating depth is equaIV\f fer, we measured the radiative recombmatl_on _I|fet|me Qf
or less than 200 nm (almost equal to the penetration depthN? ggs atltgiesh?ld [32] aFnd theﬁurface relcomblne;non(;/elr?cny
the evanescent wave), the orbital length of thphase-shifted ot 1.c x cmis. [21] From t ese resu ts, we found that,
mode is shortened by the grating, so its resonant wavelength t%-a m!crOQIsk of less than 2.§m mfdlame;er, Lhe shurlface i
comes shorter than that of the matching mode. When the deﬁﬁombmaﬂon bgcomes a dominant actor for thresho d. Dif-
is larger than 200 nm, the spreadingf to air is suppressed erences of the sidewall area and the active volume between the

. : two devices cannot be ignored in estimating the threshold. If
and the orbital length of the matching mode does not change Elé) same&) factor was assumed, the threshold for the shallow

much, since antinodes df, of this mode are located at con—t

caves of the grating. On the other hand, antinodes,o6f the grating device was estimated to be the same as that for the
r-phase-shifted moae are located at\zm('es of thegrarting so microdisk, since the triangular-like shape grating of this device

E, can spread. Consequently, the orbital length of the mode f2€S not increase the sidewall area as such. On the other hand,
crreases and the wavelength l,)ecomes longer than the match)i threshold for the deep grating device was estimated to be

mode. . tir_‘nes that of th_e shallow grating device. This value almost
Next, let us consider the difference of threshold between tﬁéplams the experimental result
devices with different grating depths. As explained in Section I,
the 2-D calculation showed that the radiation loss is caused by
the excitation ofFy. Fig. 6 shows the distribution of each elec- In this section, we discuss the QPC, as shown in Fig. 2(a),
tromagnetic component of the main mode in a microdisk amehich is composed of holes in a high index background. It has
the two microgears, which was calculated by the 3-D FDTD2-fold rotational and line symmetries, so the structure has good
method. As shown in Fig. 6(a};, in the microdisk is discon- consistency to the WGM of the microgear. Let us also discuss a
tinuous at the disk boundary and largely spreading to air, s&@@C cavity, as shown in Fig. 2(b), and the QPC gear, as shown

lll. FusioN oFQPCAND MICROGEAR
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Fig. 7. Transmission spectra of QPC with 12-fold symmetry calculated by the
2-D FDTD method. The inset shows the calculation model. (a) and (b) are thos A
for the light incident angle of 0and 30, respectively. &’V‘VOV‘-“E \&5’0“0‘32
L O 3
=z i O
in Fig. 2(c). Here, the cavity is composed of a point defect oig ! C§ %C%
missing holes. = { 08(
. . — = NN
To confirm the PBG of the QPC, we first analyzed the trans-'Z;

mission spectrum of the QPC by the 2-D FDTD method. The'g
background index was assumed to be 2.65 (the typical equih £ |
alent index of the fundamental guided mode in the disk), the
hole diameter to be 420 nm, the lattice constant to be 585 ni [\ /\/\/\
and the number of holes to be 337. The size of Yee cell wa \

(15 nm)? and the time interval was 0.025 fs. The spectral width 1.5
of the Gaussian excitation was 0(26¢/\), which covered the
wavelength range of 1.50-1.80n. The excitation points were ()

chosen so that a plane wave incident to the QPC with an ig. 8. Resonant spectra a#fl. distribution of each mode peak in 12-fold
cident ang|e of 0 or 30was excited. F|g 7 shows Ca'cu'ate(fymmetl'ic QPC with _a point defect, which Wgre_calculated by the 2-D FDTD
transmission spectra. A transmission suppression of over 20 Jg"°d: (8) Single missing hole. (b) Seven missing holes.

is observed at the wavelength range of 1.67 to Li&0or both
angles. This suggests the existence of a PBG.

Next, we calculated resonant characteristics in the QP!
cavity by the 2-D FDTD method. In the calculation model, =
we assumed one or seven missing holes in the same QPC 3
that for Fig. 7. As shown in Fig. 8, clear resonant peaks an 2
corresponding localized modes were observed in both cavitie = [
The dipole modes in the single point defect in Fig. 8(a) look g
almost the same as those in the single defect photonic crysig
cavity. [22] It is known that in a normal PC cavity, the splitting
of two dipole modes occurs due to the break of mode deger
eracy. Even though the splitting in Fig. 8(a) looks large, it is N
also arising from such a break of degeneracy in the calculatic 1.5 . }
model with a small asymmetry. Th factor of this mode was Wavelength [im]
calculated to be-9700. In Fig. 8(b), A and B correspond to o o
radial mode order 1 and 0, and ha@efactors of~7000 and Fig. 9. Resonant spectra arfd. distribution in the QPC gear, which is

. . . . calculated by the 3-D FDTD method.
~220000, respectively. The high for mode B is attributed
to its standing wave well matching with the hole arrangement
around the defect. fined when it matches with the hole arrangement. Qhiactor

A real device will have a disk shape to realize the 3-D stroraf this mode was calculated to be 21 600, which is sufficiently
optical confinement. Therefore, we next calculated modal chanigh for lasing. Another broad peak at a longer wavelength is a
acteristics in a QPC gear cavity by the 3-D FDTD method. Theismatching mode having a smaller azimuthal order. It should
thickness and the index of the disk, and FDTD parameters wérenoted that in this structure, thephase-shifted mode is com-
the same as those for Fig. 5. The design of the QPC is the sgntetely suppressed. The reason for this suppression is unclear,
as for Figs. 7 and 8. Fig. 9 shows resonant characteristics bt it may be caused by the degeneracy similar to that in a mi-
the QPC gear with an outer disk diameter of 3;84. Simi- crogear or a large phase shift of this mode by the QPC mirror,
larly to the case of the 2-D calculation, the mode is well comwhich disturbs the resonant condition in the defect.

. . 1.8
Wavelength [um]
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IV. CONCLUSION [15] M. Fujitaand T. Baba, “Proposal and finite-difference time-domain sim-
. . . ulation of whispering gallery mode microgear cavityfEE J. Quantum
We fabricated microgear lasers of 2-um-diameter and Electron vol. 37, pp. 1253-1258, 2001.
90-360 nm grating depth, and observed the room temperatuf] ——. "Microgear laser,Appl. Phys. Lettvol. 80, pp. 2051-2053, 2002.

CW lasing with the minimum threshold of 1AW and the

1 M. E. Zoorob, M. D. B. Charlton, G. J. Parker, J. J. Baumberg, and M. C.
Netti, “Complete photonic bandgaps in 12-fold symmetric quasi-crys-

single-mode operation in a deep grating device. The threshold tals,” Nature vol. 404, pp. 740-743, 2000.
is the lowest record for such kinds of microlasers. The result§'8] S S. M. Cheng, L. M. Li, C. T. Chan, and Z. Q. Zhang, *Defect and

transmission properties of two-dimensional quasi-periodic photonic

were well exple_line_d by the :_)’TD FDTD calculation and the band-gap systemsPhys. Rev. Bvol. 59, pp. 4091—4099, 1999.
surface recombination. In addition, we proposed the QPC gedu9] C. Jin, B. Cheng, B. Man, Z. Li, D. Zhang, S. Ban, and B. Sun, “Band
i.e., a fusion of a QPC point defect cavity and the microgear. ~ 9ap and wave guiding effect in a quasi-periodic photonic crystgipl.

Phys. Lett,vol. 75, pp. 1848-1850, 1999.

The Z'D FDTD CaICUIa_tion demonStr_ated s.trongly IOC"?‘"Z.ed[ZO] T. Baba and D. Sano, “Low-threshold lasing and Purcell effect in mi-
modes in the QPC point defect cavity, which were similar crodisk lasers at room temperaturéEEE J. Select. Topics Quantum
to a dipole mode in a PC point defect cavity or a WGM in . Electron, vol. 9, Sept./Oct. 2003.

[21] H.Ichikawa, K. Inoshita, and T. Baba, “Reduction in surface recombina-

a micrOQear- The 3-D FDTD_ calculation Pf a more realistic tion of GalnAsP/InP micro-columns byH, plasma irradiation,Appl.
device structure showed a high factor being sufficient for Phys. Lett.vol. 78, pp. 2119-2121, 2001. _
Iasing. We expect the a further update of the lowest threshol&zl 0.J. Painter, R. K. Lee, A. Scherer, A. Yariv, J. D. O'Brien, P. D. Dapkus,

and I. Kim, “Two-dimensional photonic band-gap defect mode laser,”

by the QPC gear with a limit diameter less than L& and Sciencevol. 284, pp. 1819-1821, 1999.
with a passivation technique, [21] which reduces the surface
recombination.
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