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Design of Antiresonant-Reflecting Optical
Waveguide-Type Vertical-Cavity Surface-Emitting
Lasers Using Transfer Matrix Method

C. W. Tee, C. C. Tan, and S. F. YBenior Member, IEEE

Abstract—A simple transfer matrix method is proposed to cal-
culate the radiation losses of a cylindrical antiresonant- reflecting
optical waveguide (ARROW). It is found that the planar approx-

imation underestimates the radiation losses but overestimates oE
1

the design tolerance of the ARROW-type vertical-cavity sur- =1 =0

face-emitting lasers (VCSELS). An iteration technique, which is or |,

incorporated with the transfer matrix method, is also developed —

to design ARROW-type VCSELs for minimum radiation losses \ — E/ E — B} | — E,;

in a more effective manner.

Index Terms—Antiresonant-reflecting optical waveguide E;
(ARROW), radiation losses, semiconductor lasers, vertical-cavity %a
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I. INTRODUCTION
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ECENTLY, high-power single-mode operation of

. . L ig. 1. Schematic diagram of a cylindrical ARROW and equivalent refractive
vertical-cavity  surface-emitting  lasers (VCSELSi]dex profile along the lateral direction In the calculation, it is assumed that

using cylindrical antiresonant-reflecting optical waveguide, = 8 ym,n; = ns; = 3.3, andn, = u, = 3.35. The regions between
(ARROW) has been proposed and demonstrated. This rigandry, r2 andrs, andrs andr, are defined as the core, first-cladding and
because ARROW-type VCSELs allow 1) low radiation los&cond-cladding regions of the ARROW.
and 2) largespot-sizesingle-mode operation. In fabrication of i L o
ARROW-type VCSELs, the design-rule of planar ARROWhereE; represents the field prc_)ﬂle_ln thién con-centric ring,
is adapted to design the dimensions of the ring reflectors [#]i and E;" are the corresponding in- and out-going traveling
However, our more exact calculation shown that the approfield amplitude, respectively (" and H{” are the Hankel
mation of cosine and sine waves to the Bessel functions (i.einctions of orderv. j3; (= QW\/M/)\) is the lateral
planar approximation) is not appropriate even for large apert§gypagation coefficient) is the vacuum wavelength, is the
cylindrical ARROW. _ _ ~ refractive index, andh.s is the effective refractive index to
In this letter, a simple transfer matrix method is derivefe geduced. It can be shown that the electric fiBldand its

to calculate the radiation losses of a cylindrical ARROW,qrivative E/ can be related t@;,, and £/, , at the adjacent
Our more exact method shows that the planar approximatiggn_centric'Lring layer by ‘ i+

underestimates the radiation losses but overestimates the
design tolerance, especially for the second-cladding region [ E;
of the ARROW-type VCSELSs. An iteration technique is also B
developed to design ARROW-type VCSELS i ffecti o
mea\llr?nope o design ype s in a more effective Hsl)(ﬁm) Hv(g)(ﬂr)
er. = 1) @)
H'(Biri)  H'Y7(Bir:)

ll. TRANSFERMATRIX METHOD FORCYLINDRICAL ARROW |:Hq(;l)(,3i7"i+1) H (Biri) ]1 |:E7‘,+1:|

T=Ti41

An ARROW, which is represented by four layers of con- HO Birirn) H' (Biriga) Ei
centric rings, is shown in Fig. 1. The optical fields, which Eif

. g L L . =T v
satisfies the scalar Helmholtz equation in cylindrical coordinate, = Bl _
propagating along the lateral directieancan be written as e

)

wherei = 1, 2, or3 and the boundary conditions [2] have been

E; = E;FHSU(/}W) + Ez’_HL@) (Bir) (1) considered in derivation of (2). The transfer matrix for the en-
tire cylindrical ARROWT can be obtained by the product of
Manuscript received January 2, 2003; revised May 19, 2003. the respective transfer matricésof the individual con-centric
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(a) Planar Approximation
T T T

E} = 0). The boundary condition at the outer con-centric ring s

(i.e.,7 > r4) has no in-going wave (i.e£; = 0) so that we
have a0l ‘
E, HP By HP (Bar) ] [ EF
2| = | o @) S ) R A
4 H'/(Bar) H')(Bar) 0 \
However, (3) has to be further simplified in order to remove _, | \ Vi
the components that are functionssoflt must be noted that g \ /
this problem will not occur in planar consideration because? | \ /
the in- and out-going waves are of exponential functions (i.e. \ /
planewave). Hence, thedependence of the electric field and ol ; S ]
its derivative can be removed so that the electric field and its B ) &
derivative can be related by a constant [2]. In order to solve thit AT
problem, we used the following approximation to the Hankel °f SN ~tem™
functions: SNeee l
1 - 08 09 1 1.1 1.2 1.3 1.4 1.5 1.6
H’l() )(ﬂzﬂ") ~ (b) Transfesr(ajﬂrgt)rix Method
[ 2 1 1 * —\ ‘ ‘ ' 7
\ 78 [cos (,[347" — % — §v7r> +7 sin ([347‘ — % — 51}%)} \\\ //
30 4
andH’f,l)(/Llr) = j[34H751)(/34r). This approximation is satis- \ /
fied becausgd,r(> 110) > v forv = 0, 1 andr > 74(~ 251 N /
9 um). Hence, it can be shown that the field derivation term re- AN /
duces toF) ~ jB4F,. Finally, the eigen equation(neg) for — —zf N
the radiation modes in cylindrical ARROW can be reduced to £ Il
N(Nefr) = ta1 + jPataa =0 (4) o
wherety; andtys are the elements of matrik. This proposed 1o}
transfer matrix method has used an effective index approxime N
tion, and hence, the modal behavior may deviate from the actui 5| AN ~1.7 om””
three-dimensional VCSEL modes obtained from exact calcula \B v
tion [3], even though the error is very small. . . R e s

lll. RESULTS AND DISCUSSION ] o
Fig. 2. Modal radiation losses of the two lowest loss modés{Mode 4 and

It can be shown that [1, Fig. 5] can be reproduced by planar—Mode 7) of ARROW-type VCSEL versuswith d, /2 = d, = 4 pm and
consideration and the result is given in Fig. 2(a). Our more exz?r(‘:freos-glfsﬂ T/é;ai)nc[‘imlgi‘“eg] U(Sg;‘gcgﬁnﬁie%pﬁg?:imé}gog ;”ddtp;ﬁggf‘:ngg?x
calculation using trans_fer matrix is also shown in Fig. 2(b). It Ir?';\.ethod. Thg value cﬁfbr r'?ﬁnirﬁum radiagon loss ofgth% flfndamental mode is
observed that the radiation loss calculated by planar approind to be 1.3 and 1.26m for the cases computed by planar approximation
mation (i.e., [1, Fig. 5]) is lower than that obtained from ouand transfer matrix method, respectively.
more exact solution. However, the optimal valuesabtained
from the planar approximation is valid as it is only different byhe optimum value ofis is about 4um but our more exact cal-
4% (i.e., 0.05:m) when compared with our more exact calculaculation requireg, to be about 2.6%xm. This is because of the
tion. This indicated that the planar approximation used in [1] ionuniform periodicity of the Bessel function. Inside the core
a good estimation of; even the corresponding radiation losseegion (i.e.,;1 < r < r3) of the cylindrical ARROW, the phase
are underestimated. of the fundamental mode, which can be calculated from the first

In the design of the circular ARROW, the planar approximaeot of Jy({1) = 0, is found to be(; = 2.403. However, the
tion is usually used to deduceandd,. It is suggested that, planar approximation give§ = = /2, which can be obtained
(= dq1/2) ands should be aboud;/4 and3\;/4 [4], respec- from the first root ofcos(¢1) = 0. Inside the second-cladding
tively, in order to obtain standing wave profile with nodesat region (i.e.;3 < r < r4), itis noted that both Bessel and cosine
andrs. A1 and)\] are the lateral wavelength at the regitlasing  functions give; = /2 as the period of(z) is close tacos(z)
refractive indexes ofi; andns, respectively. Hence, the anal-for a large value of.. Hence, the value af; should be shorter
ysisin [1] givess ~ 1.3um andd»(= d;/2) ~ 4 um. However, thand; /2 by a factor of 1.53% 2.403/7/2). If d1/2 = 4 um,
our calculation shows thak, ~ 4 um is far away from the op- d, should about.53~! x d; /2 = 2.61 um, which is quite close
timal value and will not be tolerated in the design of cylindricaib our numerical value. For the cylindrical ARROW, it is noted
ARROW. Fig. 3 shows the computed radiation losses of the futirat for a fixed value ofi;, there should has a combination of
damental mode using both planar approximation and our marandd, for minimum radiation loss. Fig. 4 plots the minimum
exact transfer matrix method with as the variable. The otherradiation losses with different combinations ©ofind d; for a
parameters used in the calculation are shown in the figure calevice withd; = 8 um. It is observed that when increases
tion. In the calculation, the planar approximation suggested tHiedm 0.95 to 1.4um andd, reduces from~ 3 to ~ 2.62 um.
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Fig. 3. Modal radiation losses of the fundamental mode of ARROW-type
VCSELs versusi, computed by planar approximation and transfer matrix
method. In the calculationi; = 8 gm, A = 0.98 um, ands is set to 1.3 and

1.25;¢m_ for the cases using planar approximation and transfe“r thrlx meth?—ﬁ‘g. 5. Flowchart of the iterative technique to calculate the exact dimensions
respectively. It is shown that the optimal value &f (labeled “0") is~ 4 f the cylindrical ARROW with minimal radiation losses.

and~ 2.65um for the cases computed by planar approximation and transf2r
matrix method, respectively.

iteration process stops when the absolute value8f/or

and E5 are both less tham0—°. This algorithm deduces the
values ofr3 andr, according to the positions of antinode and
node of the electric field. This is because minimum radiation
loss occurs when the antinode and node of the electric field are
coincided withrz andr,, respectively. Using the algorithm, itis
found thats ~ 1.25 um andds ~ 2.65 um, for the cylindrical
ARROW with d; = 8 um, which are consistent with Fig. 4.
The corresponding computational time is less than a second
when the MATLAB program runs on a Pentium 11l 500-MHz
personal computer.
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IV. CONCLUSION
Fig. 4. \Variation of optimall, and radiation losses versuf a cylindrical

ARROW withd, = 8 um. The other parameters used in the calculation are the A simple transfer matrix method is proposed to calculate the
same as in Fig. 3. radiation losses of a cylindrical ARROW. An iteration technique
is also suggested to optimize the dimension of ARROW-type
The reduction ofi, is required in order to maintain the node oVCSELs for minimum radiation losses in a more effective
the electric field at, for minimum radiation losses. The radia-manner. The main advantage of the transfer matrix method
tion loss has a global minimum, which occurssat 1.25 um is that the nonuniform distribution of refractive index inside
anddy ~ 2.65 um. the cylindrical ARROW can also be analyzed. Hence, this
A more rigorous design method is also developed, usimgethod can be applied to study the nonuniform distribution of
an iteration technique to incorporate with the transfer matrigefractive index inside the active layer of VCSELSs arisen from
method, to calculate the optimal dimensions of the cylindricapatial-hole-burning or thermal lensing.
ARROW in a more effective manner. Fig. 5 illustrates the
calculation process of the iteration technique. At the beginning
of the calculation)\, d;, and the refractive indexes to n, are 1]
the parameters to be given by the users. In addition, the Valueg flecting optical waveguide-type vertical cavity surface emitting lasers,”
of s andd- are estimated by a guesseg: of the ARROW. Al IEEE J. Quantum Electronvol. 38, pp. 1599-1606, Dec. 2002.
the parameters are then substituted into the transfer matrix t&2] J- Chilwella_nd . Hodgkinsqn,“Thin filmsfiv_eld-transfe_r matrix theory of
solve for a newn.g, which will then be used to find the value ﬁ!gg:ﬂ?“g:ft'_agﬁg’vﬁmgr_“f/gf if‘ﬂfg‘?g&@ggﬂggfgg’fded waveg-
of 0E,/0r atrs and E3 atry. If the value ofOE,/0r < 0 [3] T. W. Lee, S. C. Hagness, D. Zhou, and L. J. Mawst, “Modal charac-
(B3 < 0), r3 (ry) will be reduced by a small amounfe). terr]istics cT>f AI‘I?nIT)IO\II_V(-::?y%? vlesrtical %%\QWﬁt;rfice egggilng lasetEEE
However, fOE,/or > 0 (E5 > 0)'.T3 (r4) will be mcreased [4] El\%o}gﬁbiﬁg, “A r.igozous-deéigr?.method for aﬁg;esonént reflecting op-
by a small amount(¢). After the adjustment;; andr, will be
substituted back into the transfer matrix for anothg¢. The
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