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Abstract—The two-dimensional photonic crystal (2-D PhC) VCSELs, is also attributed to the strong index confinement.
structure has been investigated as a method for lateral mode Higher order modes having wider beam divergence are easily
control of vertical-cavity surface-emitting lasers (VCSELSs). The activated by the spatial and spectral hole burnings with nonuni-

2-D PhC structures were designed using an equivalent indexf ier iniecti The wide b h Idb .
model developed for photonic crystal fibers combined with a Offn carfierinjecton.  The wide beam shape cou € a Serious

plane wave expansion method. The etching depth dependence oforoblem, particularly for coupling without any optics between
the PhC structure was incorporated for the first time to design a VCSEL and an optical fiber. Thus, a single transverse-mode
practical devices. 2-D PhC-confined VCSELs are demonstrated \VCSEL would be advantageous for multimode fiber communi-
to operate in single PhC-confined mode using either a single- or cation systems
seven-point defect. . L L -
For many single-mode applications, achieving sufficiently
Index Terms—Surface-emitting lasers, photonic crystals, lateral hijgh power is critical. A single-mode VCSEL can be realized
mode. by reducing the optical aperture which satisfies the cutoff
condition for any higher order modes. But the required aperture
|. INTRODUCTION size at 850-nm wavelength is less tham8- diameter. It is
. : ... difficult to manufacture such a small VCSEL and the electric
ATERAL mode control of vertical-cavity surface-emitting

. ; esistance would be very high, typically more than 153
lasers (VCSELS) is necessary not only for smgle—mO({ﬁjI wou very nigh, fypica’ly D

fiber applications but also for multimode systems. In oxide con  to the tiny current injection area. Such a high electrical
. L . . “““Tesistance is not acceptable for high-speed modulation. More-
fined VCSELs, an oxidized AlAs layer inserted into the to P gh-sp

L %ver, high-power operation will not be achievable with a small
and/or bottom d_lstrlbutlv_e Bragg reflector (DBR) prqduces ission aperture. Therefore, a variety of lateral mode control
current and optical confinement structure. The device has

&hemes have been proposed to obtain single-mode operation
stable lateral mode due to the index confinement realized prop 9 P

. . o th enlarged emission area. Almost all lateral mode control
tge Or)]( idized AIAsbIhavmg .ahre;ra::tlve ||nde>;of ?]bOUt 1'(.3 [,1]st£uctures reported so far [3]-[10] are based on mode selective
VgtStEire irhe pro Pj[mls I‘.N't theh atfera.gno e? arda%gglt:_'ﬁﬂ s/gain principles. One issue for all these structures is the

s 1he spectral finew! ot oxide confine Additional loss for the preferred lowest order Gaussian mode.

tends to be broader compared to the linewidth of 'On"mplantegRecently, an “endlessly” single-mode characteristic was

\c/ocr:nflc_)ilyTSSeg]?:]e:)izltigeijpceorrsg(r)nnur?ifc:tiili;:: gasetgsmvs\miischas;gemonstrated in a photonic crystal fiber (PCF) [11], where a
. le point defect acting as a waveguiding core can be enlarged
70 ps/nm/km at a wavelength of 850 nm. The typical spect gle pol g waveguiding g

rﬁy the strong wavelength dependence of an equivalent index

Iinewidth. of a m“'“”?"de VCSEL’.WhiCh strongly depepd%f a two-dimensional photonic crystal (2-D PhC). Although
on the size of the oxide aperture, is 1 nm or larger at hlghg_[

: . ! . . is concept has already been applied to VCSELs [12]-[14],
bias current. If an optical pulse with a spectral linewidth of robust design strategy applicable to VCSELs has not been
nm transmits over 300 m, the pulse broadening is about zoep&ablished The structure of a 2-D PhC confined VCSEL

-zero format is 1 ns and 100 ps for 1- and 10-Gb/s operatigiy, depth of the PhC structures will likely be finite to prevent
respectively. Since there are other contributions to the pul

&gradation of the active material. An optical cavity structure
broadening, the effect of the material dispersion of 20 psa J P y

significant in 10-Gb/s transmissions, even if modal disper th an active ayer will also modify the design scheme.
) ' " In this paper, we investigate the photonic crystal structure
sion is eliminated in a high-bandwidth multimode fiber [2],, oo oo tEP=n 08 THES 1 photonic cry uetu

X . ) ; oretically and experimentally apply our designs to achieve
Wide-beam divergence, a common feature of Ox'de'conﬂn%ifgle-mode VCSELs. The design concept is completely dif-

. . . . ferent from 2-D PhC band edge [15] or defect surface-emit-
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Fig. 2. Equivalent index calculated for differénta-parameter.
Fig. 1. Calculated photonic band diagram of a 2-D PhC structure for
out-of-plane propagation.

Triangular Lattice, £,=12.25 (n=3.5)

transverse-mode operation in a PhC confined mode in VCSELs Sr T = T
fabricated with single- and seven-point defects are shown and Eb!'ajo;zg 015-—— """~
discussed. 4 -‘i/ _--010" """ .
Il. BAND STRUCTUREANALYSIS /
We start with the band diagram analysis of 2-D PhCs. In con-

trast to conventional 2-D PhC optical devices, where light prop-
agates in the plane of the periodic structure, the band structure
of the out-of-plane propagation mode [16], [17] is important for 1 — — 7-Point Defect
VCSEL devices where the direction of the propagation is par- —— Single Point DefectE
allel to the air rods with infinite length, in this first analysis, et
forming the PhC structure. We chose the plane-wave expansion 0 5 10 15

(PWE) method [18], [19] to calculate the band diagram. The Normalized Lattice Constant, a/l

calculation model assumes periodic air holes with a lattice con-

stant ofa and hole diameter df with a uniform material index Fig. 3. Calculatedy.,-parameter for single point (solid lines) and 7-point
of n. Although both triangular and square lattice configuratiorf§ashed lines) defect structures with differsyit-parameter.

could be considered, only the former structure will be investi-

gated in the following discussion. Atypical band diagram for thg, the semiconductor PhC structure. In the model, the equiva-
out—qf—plane propagation mode is shpwn in' Fig. 1. In this calent index, which is given as., = ko/k,, is deduced from
culation,b/a was chosen to be 0.95 since this structure is COffke |owest energy level available in the perfect PhC structure
monly used in optical devices relying on the photonic bandg@gihout any defects. Fig. 2 shows the calculated equivalent in-
(PBG) effect [16]. While the photonic bandgap, denoted PBfgaxes of 2-D PhC structures with the relative hole diamigter
in the figure, is open at, = 0, the width of the gap decreases;s 3 parameter and where the material indeg assumed to
with increasingk, and the gap vanishes at aroud = 1. pe 3.5, As shown in Fig. 2, the equivalent index has a strong
Even thoughk . strongly depends on the lattice constant, thgependence oy, and thus on wavelength. This is the fun-
typical k. is more thar assuming a VCSEL cavity having angamental approach in optimizing the PhC structure to obtain
effective refractive index di.5, an operating wavelength and 5 single-mode feature with large emission area. The normal-
a lattice constan, both on the order of Lm. Therefore, a PBG ¢ frequency, ob -parameter [21], provides information con-
effect is not applicable for optical confinement in VCSELS.  cerning the number of confined modes in a step index cylindrical
waveguide. Itis well known from fiber optics that the waveguide
Ill. EQUIVALENT INDEX MODEL OF PhC GONFINED will be single mode ifVV < 2.405. The V-parameter can be
CYLINDRICAL WAVEGUIDE modified to evaluate the single-point defect structure by using

Neq [22
The waveguiding mechanism of the PCF is refractive index * [22]

reduction caused by the periodic hole array. It is known as the 2ra

effective index mod¢20], but we use the termquivalent index Veq = ——y/0% —ndy. 1)
modelin this paper since the effective index is used as the cor-

responding refractive index of a VCSEL cavity as discussé&hlculated results ob., with different b/a-parameters are
in a later section. We can apply the equivalent index modghown in Fig. 3 where a material index of 3.5 was used.
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© v @ . only one confined mode, which is doubly degenerated.
a

Fig. 4. The seven-point defect structure is schematically shown. Effecti —
radius of the defect site is assumed toff&a.

By .usmg b/a belOWU'lq’ the smgle-pplnt defect S|t.e acts a_%ig.6. Optical field distributions of the five lowest order modes of the structure
a single-mode waveguide at the region of normalized lattiegth b/a of 0.85. SinceV., of the structure calculated to b6 there are several

constanta/\ below 15. For the seven-point defect structurgonfined modes.
shown in Fig. 4V, can be approximated to be

27v/30 in this section. The effective index of a VCSEL cavity [22],
Veq = T‘“ﬂ —nZ,. (2) which is different from the material index, is evaluated from
the resonant cavity wavelength. The resonant wavelength is

The calculated’.,-parameter is also shown in Fig. 3. It '_Sgap'affected by perturbations due to the oxide structure, phase
parent from (2) thalv for a seven-point defect structur mismatch introduced by layer thickness uncertainty, and

times larger than that of the single-point defect. From the an%—Iriation of the cavity length [22]. The formation of a 2-D
ysis descripeq S0 fa.r, the single-point dgfegt ;trpgture is the b ?‘ﬁc pattern with finite etching dept'h also changes the effective
one for realizing a single-mode waveguide if infinite hole dept]. dex. To investigate the effective index change experimentally,
is assumed. ) : - we made 2-D PhC patterns with different structural param-
We_ also con_ﬂrm smgle_-mod_e _cha_ractenstl_c by F€CO%ters on the surface of a VCSEL wafer and measured their
structing the optical mode field distribution obtained from th(la sonant wavelengths [24]. The epitaxial material consists of
PWE method. For this calculation, the concept of a superc T})-pairs of AboGa 1As/AI.0 ,Ga sAs top DBR, A-cavity,
structure is introduced to incorporate the defect structure. Nd 35.5 pairs 'of bottom DBR. PhC patterns W’ere delin'eated
our _calculation model, Fhe central photqnic atom (air hol elec.tron-beam (EB) Iithogr;’;\phy, and fabricated by using
W'th'.n a 4_X 4 supercell is removed. H/a is set to be0.10, an inductively coupled plasma reactive-ion etching (ICP-RIE)
Veq 1s estimated to be.2 so that the structure should be a{echnique with SiCJ as the etching gas. Since the etching

single-mode waveguide. The optical field of the lowest ener%\épth is affected by the hole diameter, the etching depth is

level, which is doubly degenerate, is shown in Fig. 5. Optic k/ . . :
) . . . aluated using a scanning electron microscope (SEM). We use
fields of the first and second higher levels are also shown in t%e g 9 pe ( )

f Th latter two level diati d a inultimode optical fiber to irradiate the PhC patterns with a
\gure. These fatler two IeVels are radiation modes, as are logen lamp as a broad-band light source. The reflection back
higher order modes, exhibiting optical fields penetrating mt&o

. . X m the pattern is collected through the same fiber, which is
the entire 2-D PhC. cladding region. On the other hanlﬂ/@ split at a 3-dB coupler so that the spectra could be evaluated.
of 0.85 corresponding td’., of 16 supports several confined

d h in Fig. 6. As sh i these f the | To eliminate the material thickness variation across the wafer,
MOdes as SNown In Fg. ©. AS Shown In these igures, the O.W‘ﬁ?é reflectivity of unetched regions surrounding a given PhC
vertical propagation mode is a Gaussian-like mode. This

) . . . > Battern are also evaluated.
different from a single-point defect laser with a lateral cavi

lized by the photonic band foct wh The resonant wavelength can be calculated by a matrix
realized by ? P otonic ban gap.e .ec, where a monOpq}Snsfer method. Here, however, we can use material indexes
mode has a minimum of the electric field at the center of t

defect [23 r}ﬁodified by the 2-D PhC structure for the layers having
efect [23]. periodic holes. Although the thickness of each layer in a DBR
is thin compared to the operating wavelength, we assume that
the equivalent index deduced by the band diagram calculation
In the theoretical model previously discussed, the air holesapplicable to material index of the DBR. We also assume the
are assumed to have infinite depth. This is clearly not practiGme amount of refractive index chanfye for both the high-
and is undesirable since nonradiative recombination cowdd low-index layers in the DBR.
occur at the exposed sidewalls of the VCSEL active region if Fig. 7 shows the etching depth dependence at the resonant
the holes actually extended into a bottom DBR. To optimiagavelength with differenti/a-parameters where lattice constant
a 2-D PhC pattern for a realistic structure, the etching depihwas chosen to be pm. Three lines shown in the figure de-
dependence of an effective index VCSEL cavity is discussadte the theoretical estimate derived by the model mentioned

IV. ETCHING DEPTH DEPENDENCE OFEFFECTIVE INDEX
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but differentb/a-parameters.
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dependencey of 0.03 and0.4 corresponds to the etching depth of 15 and 25
pairs of top DBR, respectively.

Fig. 8. Experimental and theoretical resonant wavelength shifts are plotted
against etching depth. These structures have different lattice constant of 3 and ) .
5 um, and the sam&/a of 0.3. VCSEL structure with a 2-D PhC pattern on its surface can be

rewritten as

above. Structures with a larger hole diameter of g@exhibit
a larger blue shift. It is attributed to substantial refractive index
reduction as well as the etching depth enhancement. The(?

Nog = Neft — VAR 3)

i tant d d fth lenath shift i Here'y varies from0 to 1 depending on the etching depth and
Ice constant dependence of the wavelengtn Shilt1S compareqin, - ,re This parameter is qualitatively proportional to the op-

S.'#' 8, \f[v?e:[:_e the tw? sttructfu;eg ha;e ﬂ!m? SdmOft.O'?’l bl:'; tical power profile along the longitudinal VCSEL cavity. To en-
ifferent lattice constants of 3.0 and J.tn, respectively. As hance the effective index reduction using a PhC structure, the

predicted by the theoretical model, the smaller lattice constaeq hin L

. should be deep enough to significantly overlap the op-
structure produced a larger wavelength shift. In the actual s Al pgwer distributioinhéf ?paramgter for tge singleripoint P
ples, the etching might stop at a random depth within a DB fect structure can bé mod?i?ied io

layer, producing a phase mismatch at the etched surface. Also,
n2g — (e — yAN)2. 4)

the vertical profile of the holes is different from that of the per- Vg = ——

fect holes assumed in the theoretical model. In spite of these A

and other limitations, the magnitude of the wavelength shift ®/pical results of &g calculation fory of 0.03 and0.4, which

in good agreement with our theoretical prediction. correspond to etching depths of 15 and 25 pairs, respectively, of
If we translate the theoretical curves shown in Figs. 7 andti®e top DBR, are shown in Fig. 10. As is evident from the figure,

into the effective index chang&n.¢ normalized by the mate- V.g is strongly influenced byy. To obtain stable single-mode

rial index reductionAn, then all of our results have the sameperation,V.¢ should be close t@.405 to overcome any ex-

etching depth dependence, as shown in Fig. 9. By using tteenal perturbations, such as carrier injection or thermal effects.

etching depth dependence factgrthe effective index of the An etching depth of 15-20 pairs, producing af 0.03-0.12, is

2ma
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Fig. 11. Typical light output and current characteristics of fabncateﬁ'gdlz' Lasing spectrum and NFP of the device operating with oxide-confined
es.

PhC-confined VCSELSs with a single-point defect structure.

reasonable for 25-pair DBR structure to avoid any risks ofdete- -20 r T
riorating the active region. To increasg; which has been di- I 1=25mA
luted by such smaj, a relatively largé/a-parameter [12], [13] =30+ 7

and/or a seven-point defect structure as discussed in Section Ill
can be adopted.
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V. EXPERIMENTAL VERIFICATION OF 2-D PhC
CONFINED VCSELs

We have fabricated PhC-confined VCSELs as follows: A
VCSEL structure with 850-nm emission wavelength was grown

Intensity (dBm)
n
o

on a p-GaAs substrate. The material contains 25-pairs of n-type 80
top DBR and 35.5-pairs of p-type bottom DBR. Both consist of 845 850
Alg.9Gay 1As/Aly.oGay sAs except for a 30-nm AlAs oxidation Wavelength (nm)

layer inserted in the bottom DBR. 2-D PhC patterns with

defect structures were fabricated using EB lithography amg. 13. Lasing spectrum of the single-point defect device Wjth of 0.7.
ICP-RIE. After metallization of top and bottom contacts, squafiéis device operated in a single PhC-confined mode.

shaped mesas were formed by conventional photolithography

and ICP-RIE. Finally, the AlAs single layer was selectivelyattern (NFP) as shown in Fig. 12. The other two devices have
oxidized to define a current aperture. A Si@m was used high threshold currents and low efficiencies above threshold.
to protect the sidewalls of the PhC holes during the oxidatigks will be shown later, both devices operated in PhC-confined
process. We fabricated single-point and seven-point defesbdes. Since the optical fields of these devices were confined
devices withb/a ratios 0f0.3, 0.5, and0.7. Lattice constants in central defect areas, most of the injected current for each
of the single point and the seven-point defect structures atevice passed through the surrounding 2-D PhC confinement
4.0 and 2.0um, respectively, so that the sizes of the defectegion and was wasted. The effective threshold current (as-
are almost the same. Since the etching depth of a small hselening that the current density is uniform within the oxide
depends on its diameter, and all devices on a wafer were etclapérture) is estimated to be around 1 mA. This implies that
simultaneously, holes with different diameters have differetiie PhC-confined mode does not suffer from excess scattering
depths. Etching depths determined by a SEM are .68 loss. The lasing spectrum of the device witfu of 0.5 is

for the smallest hole with a 0.6m diameter and 2.02zm shown in Fig. 13, confirming single-mode operation. NFPs
for the largest one with a 2.8m diameter. These etch depthof a device withb/a of 0.7 below and above threshold are
correspond to 13 and 16 pairs, respectively, of the top DBBhown in Fig. 14. Below threshold, spontaneous emission is
We used a relatively large oxide aperture size ofy2i x 21 visible through all of the periodic holes due to the reduced
um to prevent coupling of the PhC-confined mode and aeflectivity. In contrast, very strong emission can be seen only
oxide-confined mode. This also helps us to easily differentiaitethe defect site above threshold. Fig. 15 shows a typical lasing
the PhC-confined mode from oxide confined modes with largepectrum and NFP of a seven-point defect device wjth of
modal size. Fig. 11 shows typical light output versus currefit7. Among the seven-point defect devicksg of 0.3 results in

(LI) characteristics of fabricated devices with a single-poirgn oxide-confined mode and the larger hole structures operate
defect structure. The device with the smallgkt of 0.3 has the with PhC-confined modes. In all the devices that operated in
lowest threshold current, but it operated in an oxide-confingde PhC-confined mode, single-mode operation is confirmed
mode, which was confirmed by its spectrum and near-fielth to 30 mA which is the maximum current in this experiment.
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Fig. 16. Wavelength separations of PhC-confined modes from the lowest

20k a;Zu.m, .bla'=0.:5 ] oxide confined mode are calculated.
7-Point Defect 1
—_ 30 1 PhC structures should be single mode. For increasing etch depth
5 in Fig. 16, the first-order mode appears in all the structures with
2 a seven-point defect calculated here. The wavelength separation
-‘,73,‘ between the fundamental and the first-order PhC-confined mode
ﬁ is less than 0.3 nm for the structure witfu of 0.5 and etching
£ depth of 20 pairs. Since the experimental separation observed in
Figs. 13 and 15is 0.5 nm and the etching depth is 14 periods, the
' small peak observed is thought to be one of the oxide-confined
B 880 855 modes, neither a higher order PhC-confined mode nor the lowest
Wavelength (nm) oxide confined mode.
Fig. 15. Lasing spectrum and NFP of the seven-point defect devicebyuith VI. CONCLUSION

f0.5.
? Device design of 2-D PhC-confined VCSELSs is developed

by accounting for the etching depth dependence of the PhC
Although the calculated effective refractive index change @bles. To compensate for the diluted PhC effect caused by finite
the2um lattice constant structure is much larger than that etching depth, a seven-point defect structure was proposed
the 4um structure, a critical hole diameter at which the lasingnd applied to actual VCSELs. Fabricated devices having
mode switches from the oxide-confined to the PhC-confineghgle-point and seven-point defect structures with relatively
modes seems to be betwde and0.5 for both structures. This |argeb/a_parameters operated in a single PhC-confined mode.
result implies that the amount of the effective index step dogghough the performance of these devices should be improved,
not determine the lasing mode, but the enlarged hole diamedgs effective threshold current is estimated to be around 1 mA.
is mostly effective in suppressing oxide confined modes.  Device performance could be significantly improved if the

The weak peak appearing at a shorter wavelength than hdect site were selectively pumped without the introduction of

lasing mode in Figs. 13 and 15 is reproducible in all of ou |arge index step.
devices operating in a PhC-confined mode. This wavelength
splitting commonly observed in the lasing spectra is theoreti-
cally investigated as follows. The entire structure including the
oxide aperture is modeled as a two-step index waveguide. ByThe authors acknowledge Prof. S. L. Chuang, Dr.
assuming the structure as a unit cell of the PWE method aBd W. Young, and Y. K. Kim at the University of lllinois
for a sufficiently large unit cell to insure suppression of opticalt Urbana-Champaign for their fruitful discussions and support
coupling between neighboring cells, optical properties (such @fthis research. They also thank Dr. A. Kasukawa and N. lwai
photon energy and optical power distribution) of guided mode$ The Furukawa Electric Co., Ltd. for their encouragement of
can be calculated. We assume that the outer square aperturetfigstudy and supplying the epitaxial material.
an index step 06.01 which is introduced by the oxidized layer.
The refractive-index change obtained by the equivalent index
model for the PhC is used as the inner circular index step. The-
oretical results of the wavelength separations of the PhC-con{!] F.A.Kish, S.J. Caracci, N. Holonyak Jr., J. M. Dallesasse, K. C. Hsieh,
. - . . M. J. Ries, S. C. Smith, and R. D. Burnham, “Planar native-oxide index-
fined modes from the lowest oxide-confined mode are shown in guided Al Ga,_, As-GaAs quantum well heterostructure lasegpl.
Fig. 16. Judging from the etching depth, all of the experimental  Phys. Lett, vol. 59, pp. 1755-1757, 1991.
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