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Etching depth dependence of the effective refractive index
in two-dimensional photonic-crystal-patterned vertical-cavity
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A vertical-cavity surface-emitting lasé¥CSEL) having a two-dimensiondR-D) photonic crystal
structure on its surface has been investigated for single-lateral-mode operation. We evaluated the
effective index change of a VCSEL cavity introduced by a 2-D pattern. Our experimental results
showed good agreement with a theoretical model in which the influence of a finite etching depth was
taken into consideration. The etching-depth dependence parametkich can be explained by the
optical power distribution inside a VCSEL structure, will be helpful for controlling the lateral mode

of VCSEL devices. ©2003 American Institute of Physic§DOI: 10.1063/1.1556562

Lateral-mode control of vertical-cavity surface-emitting hole diameter, the etch depth was evaluated by using a scan-
lasers(VCSELS is one of the key issues in realizing high- ning electron microscope. A PhC pattern covers an area of
performance optical communication systems, in which500.mx500um, with 500um-wide unpatterned areas be-
single-mode operation is necessary for long and short wavdween adjacent PhCs. The effect of material thickness varia-
length regions. High-power single-mode operation is also retion across the wafer can be canceled by measuring the reso-
quired for free-space data communication applications. ReRant wavelength at the unpatterned adjacent flat regions.
cently, a two-dimensional photonic crystdl-D PhQ We used a multimode optical fiber to irradiate the PhC
structure formed on a VCSEL surface has been investigate@tterns, with a halogen lamp as a broadband light source.
as a lateral-mode control methbd The most attractive fea- The reflection back from the pattern was then collected
ture of this structure is the enlargement of the emission aredhrough the same fiber, which was split so that the spectra
thereby permitting higher power output. The large area cafould be evaluated. The gap between the edge of the fiber
be realized because of strong wavelength dependence of tRed the sample was less than 1. Figure 1 shows a
refractive index in the 2-D PhC structure, analogous to thdYPical sequence of reflectivity spectra obtained. The three

situation in a photonic crystal fibérAIthough good single- solid lines are from the 2-D PhC patterned areas, and the data

mode operation has been reported for a specific strutturelfom the flat adjacent areas are shown as dotted lines. These
-D PhC structures all have the same lattice congtanof

the optimized design of 2-D PhCs was not clear, especialg ; -
when considering a finite etching depth. Since the mode cor2 #M: but have different hole diameterd)(of 0.5, 1.5, and

trol mechanism utilized in this technology is the effective S-0 #M- These structures were etched for an equivalent pe-
refractive index control achieved by forming a 2-D PhC riod of time, resulting in respective hole depths of approxi-

structure’ a parameter representing this control must have gnately 9, 13, and 16 pairs of the top DBR. The etching

strong dependence on the etching depth. We have invest‘fi—epths are strongly affected by the hole diameters. Resonant

gated the etching depth dependence, both theoretically anddps can be seen clearly in the reflectivity spectra at around
experimentally, of the effective index change in a VCSEL
structure.

To examine the effective index variation experimentally,

LLSONIT R s.:“«}.'a.‘._s:)".‘-..'a_

we made 2-D PhC air holes with a triangular lattice configu- "'g i

ration on the surface of an 850-nm-VCSEL wafer and mea- 3 o o iy
sured resonant wavelengths for different etching depths. The % d=1.5um T S
VCSEL structure has AlGa /As/Alg ,Ga, gAs distributed > [ u
Bragg reflectordDBRs) below and above an active region. § A St |
The top DBR consists of 25 pairs and the bottom one con- ‘g -d=3.0um '»,‘,:“ ]
sists of 35.5 pairs. Two-dimensional PhC patterns without % e i W i

any defects in the structure were delineated by electron-beam x ettt Hiadmntaigt rstaggieed
lithography and fabricated using an inductive coupled A=50um = NG
plasma reactive ion etching technique, with SiG@s the 840 845 850
etching gas. Since the etching depth will be affected by the Wavelength (nm)

FIG. 1. A typical sequence of reflectivity spectra obtained is shown. The
30n leave from: The Furukawa Electric Co., Ltd., Yokohama, Japan; electhree solid lines are from the 2-D PhC patterned areas and the data from the
tronic mail: yokouchi@uiuc.edu flat adjacent areas are shown as dotted lines.
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FIG. 2. The etching depth dependence of the wavelength shift in the strud=IG. 3. Lattice-constant dependence of the wavelength shift in the structure
ture havingA of 5 um is summarized. havingd/A of 0.3 is shown.

846 nm. The resonant wavelength of nearby unetched reévas assumed, pair by pair, to have no phase mismatch at the
gions changes only slightly across the area of measuremeri@p surface; that is, a quarter-wavelength-thick MBa, sAs
The structure with the larger hole diameter exhibits a largefayer is assumed to be at the top of the etched surface. Ex-
blueshift, due to the substantial refractive index modificationPerimental wavelength shifts are shown as circles and
as well as the etching depth enhancement. crosses in the figure. In the actual sample, the etching
The refractive index of a 2-D PhC patterned semicon-Stopped at a random point along the phase curve, and the
ductor can be calculated from a band diagram analysis ofontribution of the phase mismatch might change the reso-
out-of-plane propagation modesihe relationship between nance wavelength slightly. The vertical shape of the holes is
the normalized frequency ardvector along the air-hole di- also different from the theoretical model. In spite of these
rection of the lowest energy level available in the PhC strucdifficulties and the fact that the thickness of each layer is too
ture gives the equivalent refractive index for the light propa-thin for the fundamental model of infinite PhCs to be appli-
gating along that directioh.The term “effective index” is  cable, the magnitude of the wavelength shift has very good
used in Ref. 4, but we define it here as the equivalent refrac3greement with our theoretical model. o
tive index because the effective index represents the index of ~Lattice constant dependence of the wavelength shift is
a VCSEL cavity at the resonant wavelength, as will be dis-Shown in Fig. 3. If the reduction of the refractive index is

cussed later. We used the plane-wave expansion method wigimPly related to the filling factor of air holes, rather than by
an infinite structure both in the plane and out of the plane tghe PhC effectwhich requires a wavelength dependence of
calculate the band structufe. refractive index variatioy) these structures would have the

The effective index of a VCSEL structure with a Phc Same wavelength shift. In our results, PhCs with a smaller
pattern is assumed to be defined as follows. Each DBR laydfttice constant resulted in a larger wavelength shift, as
that has been penetrated by etched holes, assumed to be fRoWn in Fig. 3. This is consistent with the band diagram
finite in extent in the lateral direction, can be modeled by ac@lculation, in-which the smaller lattice constant, or the
single layer of constant refractive index, even though it islarger k-vectgr in the propagation direction, exhibits the
actually a complex structure because of the presence Jarger reduction of the refractive index. If we translate the

etched holes. The material refractive index of a DBR layefheoretical curves shown in Figs. 2 and 3 into the effective
N, is assumed to be modified to the equivalent refractivd €fractive index changan normalized by the material index

index asn,,—An,, by making the periodic photonic crystal

structure, whereAn,, is the index reduction deduced by a =

band diagram calculation. Sincen,, is small compared to S 1L L '> C

the material indexXit is on the order 0.01 or legsthe same I_cl_'% | £

value ofAn,, can be applied to high and low index materials ¢ osl - S i

in the DBR for simplicity. The reflectivity spectrum from the s | 5

entire structure, including the etched top DBR regiaich 2 0.6 % % ]

has the altered material indigeghe rest of the DBR, the a8 S a

opti i i a [ o g
ptical cavity, and bottom DBR, was calculated to obtain the 04l ] £ |

resonant wavelength of the structure. By changing the num- ﬁ_ | QQ_ A

ber of etched pairs in the top DBR, we can estimate the & 0.2l 2 i

etching depth dependence of the resonant wavelength, or in 2 I

other words, the effective refractive index, which is defined :S 0 \ L L

by An/ngg=ANN\.” The etching depth dependence of the L Etching Depth (5-pairs/div)

wavelength shift in the structure havirgof 5 um is sum-
marized in Fig. 2. Three lines shown in the figure are theoFIG. 4. The etching depth dependence facipcalculated for the experi-

retical estimations of this dependence, where etching deptfental structure.
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S ered to be a single-mode waveguide. We can introduce the
p dA=06 _ - ---77 ] y-parameter to Eq(1) by replacingneq by neg=ny,—yAng,.
4F L - ] Typical results ofVg4 calculations fory of 0.03 and 0.4,
& - ¥:g-23 which correspond to etching depths of 15 and 25 pairs, re-
3 _'/ T spectively, are shown in Fig. 5. As is evident from the figure,
g | Single Mode Condition Ve IS strongly affected byy. To obtain stable single-mode
>, 1';'_'6_';;'-'-':'::'::"":"":": operation,V. should be large enough to overcome any ex-
' 04 o e e m —— = ] ternal perturbations, such as carrier-injected thermal effects.
Y, - ] At the same time, we have to pay attention that the structure
1 m-so 2 E maintains the single mode condition even if there are pertur-
— —51 ] bations.
0 5 " 0 35 In summary, we have investigated the effective index

change of a VCSEL structure introduced by creating a 2-D

PhC pattern on the surface and have found strong etching
FIG. 5. V¢ parameters fory of 0.03 and 0.4, which correspond to etching depth dependence. The etching depth dependence factor

depths of 15 and 25 pairs, respectively, are calculated. will be helpful in designing an appropriate PhC structure to

control the lateral mode of VCSEL devices.

Normalized Lattice Constant, A/A

reductionAn,,, all of them have the same etching depth h th iate Dr. E. W. Vi for di .
dependence. The result is shown in Fig. 4 as an etching depth d € aut ofrsthgppreua_e rt T'h ' Iount% OL [;SCXSSK'W
dependence factoy. By using they-factor, the effective in- and support ot this experiment.They aiso thank Dr. A. ha-
dex of the VCSEL structure can be written asg=n,, sukawa and Mr. N Iwai of The Furukawa Electric Co. for
—vAn,,. yvaries from 0 to 1 depending on the etching depththelr technical assistance.
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