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Three-dimensional model for vectorial fields in vertical-cavity surface-emitting lasers
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The electromagnetic problem of modeling vertical-cavity surface-emitting lasers with their full three-
dimensional characteristics is analyzed, including oxide confinement, mesa mirrors, metal contacts, and non-
circular geometries. The model is based on the mode expansion of the electromagnetic field in the continuous
basis of cylindrical TE and TM modes of the cavity medium and on coupled mode theory. The full vectorial
treatment of the problem allows a correct analysis of the polarization characteristics of these lasers, which is a
topic of great interest both for the device physics and for many applications. A comparison between the fully
vectorial treatment and the LP scalar approximation is carried out and polarization resolved results for rect-
angular and elliptical structures are presented.
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I. INTRODUCTION electromagnetic treatment of the problem.
Different numerical techniques have up to now been de-

Vertical-cavity surface-emitting laseiVCSEL) devices veloped to compute the laser modes in VCSEL'’s. The vec-
are very attractive light sources due to many of their charactorial problem has been faced with different methods that,
teristics such as good optical beams, array capabilities, higgenerally speaking, can be divided in two main classes: di-
modulation rates, and low costs; the introduction of an oxideect numerical solution of Maxwell equations and mode ex-
window has also led to lower threshold currents and highepansion techniques. The former class, which includes the
efficiencies[1,2]. In order to achieve even lower thresholds finite elements[17] and weighted inde{18] methods or
and a monomode operation the trend is to progressively rdfinite-difference time-domain method49], suffers from at
duce the transverse dimensions of the active region down tleast two problems: the high computer power required and,
the order of the laser wavelength. In these conditions, due teelated to this, the computation of cold cavity modes; more-
the complexity and reduced dimensions of the devices, scalaver, if at any extent the complexity is lowered, the models
approaches[3—-5] are not always suitable to treat real can handle only circularly symmetric geometries.[18] a
VCSEL structures and should be validated by vectorial modhigher numerical efficiency is acquired by applying a sepa-
els that account for their complete three-dimensioi3a) ration of longitudinal and transverse variables in the refrac-
properties. tive indexes but this approximation is not valid for complex

In any case a vectorial approach is necessary to analyzgructures since it leads to constant transverse field profiles.
the polarization properties of VCSEL’s which are very im- On the other hand, the transform matrix approach proposed
portant both for a better understanding of the basic physici [20] and the modal matrix theory developed[l] are
and from the point of view of the applications, where often abased on mode expansion of the fields, in terms of the proper
well-defined polarization is require@sensors, communica- modes of a waveguide in the different layers of the stack. In
tion systems In this sense, due to their circular symmetric [20] only the circular case is considered, whil] is ap-
geometry, VCSEL'’s present a unique opportunity to studyplied also to square shapes, but only for the computation of
the physical mechanisms of polarization selection, for in-the reflection spectra in a passive case. A self-consistent cal-
stance with reference to the San Miguel mop&), and to  culation of the lasing eigenmodes in dielectrically apertured
design lasers with the possibility of polarization contd). lasers with an active cavity has been performel®R] where
A lot of work has been done in the last years on this topicthe oxide aperture and the gain profile, are introduced in an
[6—14] but, generally, modal dichroism and birefringence areidealized way as real and imaginary parts of the complex
taken as parameters in the different models and the quantitausceptibility that defines a thin current sheet in the cavity
tive effect of the various involved phenomena is still notcenter. If this assumption can well fit the perturbation in-
completely analyzed. A theoretical description that not onlyduced by the quantum welQW), it is instead very limiting
preserves the full vectorial character of the electromagnetito describe the influence of the oxide diaphragm since infor-
field but that is also suitable to include the effects of themation is lost on its thickness and position. Recently, a de-
material anisotropy and of the geometrical asymmetries isailed study on the optimized modal performance of oxide-
therefore needed. Moreover, for small devices, the polarizaapertured VCSEL's, related to thickness and position of the
tion of the lasing field is no longer perfectly linear and aoxide window, was performed by23,24], where the vecto-
spatially inhomogeneous polarization has been recently olrial solution of Maxwell equations is expanded on the dis-
served as an inherent characteristic of VCSEL'’s due to theicrete set of modes of the structure embedded in a metallic
transverse confinemeht5]. This effect is common also to cylinder. In this work we present a comprehensive model to
gas laser$16] and its understanding requires a full vectorial compute the VCSEL modes in complex structures, which has
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the advantages of both simple analytical derivation and af-

fordability on a PC-level computer power. It is based on the t Oxide
mode expansion of the vectorial electromagnetic field in layer
terms of the continuous basis of the unperturbed cavity Bragg mirror

modes and all the deviations with respect to the reference — — [, Mete!
unperturbed structure are accounted for by coupled-mode Cavity { et | Insulator
theory. This allows us to put into relation the field in two Active Region

arbitrary sections of the device and the closure of the prob-
lem is obtained by introducing the appropriate boundary con- Sy z
ditions of self-consistency between backward and forward

waves at two particular sections. In this way, the electromag- P
netic problem is reduced to an eigenvalue problem where
eigenvalues are related to the threshold gain and lasing fre-
guency of the modes, while the corresponding eigenvectors FIG. 1. Scheme of a VCSEL device.

allow the reconstruction of the field profiles. Moreover, the

optical response of the QW active material is computed and

self-consistency with the solutions of the electromagnetic E(p,¢,2)=2, Au(2)EL(p, ) Ak, @
problem is provided. .

. The paper is organized as follows. In Sec. Il the theor.et-l-he vectorA={A Ak} of the mode amplitudes is the un-
ical model is developed. The adopted mode EXpansIoNyawn of the electromagnetic problem and is to be deter-

coupled-mode formulation, and_the boundary_conditi_ons A hined as the solution of the coupled-mode equations with
presented. Self-consistency with the material optical re- roper boundary conditions

sponse and far-field expressions are reported and a compaﬁ As can be seen from the scheme reported in Fig. 1, the
son between the fully vectorial treatment and the linearly,~se| device is particularly suitable to be analyzed,by

polarized(LP) scalar approximation is carried out. In Sec. llI means of a coupled-mode approach. It in fact corresponds to

some examples of numerical results are given. In particular, planar multilayer structure that defines the cavity and

a parametric study of the laser threshold properties as fun‘Z?ragg mirrors, with possible modifications of the transverse

Substrate

tions of.the device constrqctlon characteristics IS reporte eometry. These include the gain profile in the active region,
and the influence of the cavity asymmetry on the birefringent, . oxide aperture, the etched top mesa mirror, and the metal

bghawor IS _dlscussed. Sectlon IV contains the .ConCIUS'.On%ontact rings; all of them contribute to define the lateral op-
Finally detailed expressions of the mode coupling matricegica| confinement. The shape and finite dimensions of the

are reported in the Appendix. transverse geometry in each layer of the stack are introduced
as transverse perturbations of well-defined profile in the lat-
erally homogeneous reference medium.
Il. MODEL According to coupled-mode theof26], in each layer of
A. Coupled-mode equations for VCSEL's thicknessl; of the cascade structure, the vector of the mode

. o coefficients is the solution of the equation
The stationary electromagnetic field is expanded on the q

complete and continuous basis of the TE and TM modes of dA
an infinite medium with the characteristics of the passive d_:(B+ KiAK)A, (3
cavity material: z

where Ak is related to the discretization of the transverse
E(p,¢.2)= |2 f dk Acmpl(2)Eimpi(p,#), (1) wave vector.B describes the free propagation in the refer-
«npm ence material and is a diagonal matrix of elemerBy,(,
=—is,B,9,, Wheres,==*1 for forward and backward

_ _ 2 - . .
wherek is the radial component of the wave vector and la-Vave€S ang3=yk; —k= s the longitudinal wave-vector com-
bels the continuous radial variation of the modes; index Ponent withk;=nw/c, n, the refractive index of the refer-
labels the discrete azimuthal mode variation, whilimdi- ~ €NCc€ materialy the angular frequency, arwthe velocity of
cates even and odd modes that differ in the wa8(or light. The coupling between the modes is introduced by the
sin(m¢) angular dependence;labels TE and TM field dis- n°ndiagonal matrix of elements27]
tributions, anda=f,b forward and backward propagating
waves. The explicit expressions of the cylindrical compo-(K) ___f dslE .
nents of the vectorial modés,, can be found irf25] and pu' C.Js mt
are reported in the Appendix.

(Ae-E,

The integral ovek can be numerically discretized and the (A€, 2)(Ae-E,r), E,.-€c
parameter= (k,,m,p,|,a) is introduced to label the mode - A A (AeEug,
amplitudes and mode distributions. In this way, expansion €cT L€z © T
(1) can be rewritten in the compact form: 4
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where the indicesandz indicate transverse and longitudinal where the diagonal matricds, andI',, are the reflectivity
components of the vectors ai@, is the power normaliza- coefficient components at, respectively, the lower and upper
tion constant and is given in the Appendix. The tender interfaces.
describes the perturbation to the homogeneous and isotropic To find a closed form for the problem it is necessary to
reference dielectric permittivitye, . The tensorial form ac- express the boundary conditions in terms of a single un-
counts for the possibility of a nonisotropic perturbation re-known; to this aim we introduce the formal relation between
lated to some material anisotropy, induced, for example, byhe mode amplitudes at the two reference interfaces as a
the electro-optic effect or by strain and thermal gradients ircascade of single-layer solutions of E8),
the structure. The information on the device injection and
guiding geometries and dimensions is included in the model A(L)=TA(0), )
by defining, for each transversely nonhomogeneous layer of . , !
the structure, the profile of the perturbatid;; (p, ¢,2). where the transmission matrixis defined as

With the assumption of an isotropic medium the expres-
sion of the perturbation € reduces to the simple forie T:H e<B+KiAk>Li:H T, (8
=Ae€ |. In this case, the mode-coupling matrix can be split i i

as the sum of a transverse and a longitudinal contribution, . .
K=K,+K,, of elements and the product is carried out on all the layers between the

two considered sections.
iw It is convenient at this point to explicitly consider the
(KO pur=— c A€E;,-E,/dS dependence on the parameterf,b. In this way, matrices
wJS ) B andK can be expressed in the form
K B i €Ae E E..d Bf
( Z)MM’_ C# Ser+AEi zut=zu' S! B= 0 Bb

(€)

Kff be
be Kbb) '

and K=(

where the ternK, applies only for TM modes and explicit where the value o6, in Egs. (A1) and (A5) leads to the
expressions of th&; matrix elements are derived in the Ap- simple relations
pendix. In the case of quasiplanar oxide confined structures,

as the one presented i8], the only two nonvanishing cou- KIT=K!P=—KbPl=—KPP,
pling matrix contributions are related, respectively, to the (10)
oxide diaphragm, and to the active regisg. Kif=—KkP=KbE = —K5P,

When the perturbatiofe is assumed to be a step function
in the transverse plane, and therefore constant on a wellFhe same partition holds for the matfTx
defined surfac&for each layer, calculations are greatly sim- Ho o—th
plified, since the angular integrals in E&) can be analyti- B ™ T
cally performed. If this assumption is quite reasonable to T= Tbf Tbb
describe the dielectric constant perturbation induced by the
oxide window it is clearly very limiting for the description of and when the formal solutiof¥) of the coupled-mode equa-
the gain profile. More realistic injection profiles, which ac- tion is combined with the boundary conditio(®, the com-
count for the carrier diffusion, can, however, be easily in-plete electromagnetic problem is formulated by the equation

cluded in the model by approximating them with a staircase
function. (T +T)AP(0)=Ty(T'T +T™)AR(0). (12

11

Moreover, the very small thickness of the multiple-quantum-

well (MQW) active region (<)) allows a linear expansion
The boundary conditions of the problem are fixed by theof the active-layer contribution t®,

consistency of the forward and backward mode amplitudes at

two reference interfaces. In particular, it is convenient to set To=eBrKatid L K dAKk, (13

these two sections to be the extreme lowaer Q) and upper

(z=L) layer, beyond which the structure does not presentthere the coupling coefficient in the active layiég has

any transverse perturbation and the geometry is planar. 1R€en split as the sum of a constant tery), corresponding

this way, the layers abovébelow) L(0) can be viewed as 10 the losses at zero carriers, and a t&gy that accounts for

laterally homogeneous multilayer stacks and chain transmighe carrier-induced dielectric constant perturbation in the ac-

sion matrix formalism can be applied to determine their retive region. The peak valueie,) of the perturbation is the

flectivity coefficient as a function of the wave vectorThe ~ unknown of the electromagnetic problem and has to be de-

B. Boundary conditions

boundary conditions explicitly read termined for each cavity mode as a solution of the mode
threshold conditions while its transverse variation is related
A(0)=TA"(0), to the carrier density profile and therefore vanishes where the
(6)  carriers go to zero.
AP(L)=T,Af(L), By extracting the unknown quantitie, we define
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_Ae, wherek, indicates the carrier transverse momentum compo-
KaghK=—iki— Kz (14 nent. The transition dipole matrix elementd (), the transi-
' tion energies f wy), and the Fermi-Dirac quasiequilibrium
Correspondingly, also matrik can be split as the sum of a distributions in conduction and valence bandg(f,),
passive well-known contribution labeled with 0, and an ac-have been computed from the QW band structure and depend
tive contribution labeled witf, which contains the problem on the QW composition and size. Moreover, the spectral de-

unknown: pendence of the polarization relaxation raigis taken into
L account[30], and Coulomb effects are introduced only as
T=To+A""T,. (15  regards band-gap renormalization.

The requirement that the solutions of the electromagnetic
problem match the QW optical response introduces a self-
consistent mechanism of the selection of the lasing modes.
The frequency at which this requirement is fullfilled, for a
Tx:H TjK;gH T, (16) certain value of carrier density, fixes the modes proper fre-

b t quency (g) and threshold carrier densityN(,) for each
cavity mode

Ty is simply defined as the matrik in the absence of carri-
ers, whileT, is of the form

where the subscriptb andt indicate that the products are
extended to the layers below and above the active region. Ae(wgNyp)
The unknownA €, is related tox by A" Y wo)=—ik.d 2o (21)

r

Ae,

€

N =—ik,d

(17 The self-consistent solutions are now compared to those ob-
tained by the simple requirement IN)EO and the range of

With this definition the boundary conditiofi2) finally re- ~ Vvalidity of this commonly adopted approximation is ana-

sults in an eigenvalue problem f&®°(0) of the form lyzed. We expect the d_iscrepan_c_y between the two r_nethods
to depend on the detuning condition between the cavity reso-
)\Ab(O)zMglMAAb(O), (18) nance and the active material optical response, determined

by the device construction properties and by the operating

where temperature. In Fig. 2 we therefore report the threshold

bb . b S power gains vs lasing wavelengths of the first five radial
Mi=T"-T,T; ['+T; T, T;” (j=0N). (19  modes with no azimuthal variatiofin LP notation 0-1, 0-2,
0-3, 0-4, 0-5 for seven material configurationsa€{g).

The real and imaginary parts of the complex eigenvaluésese are characterized by different values of the map
provide, respectively, the refractive index variation and ma-_ o+ AN, where A\ varies aroundAA=0 which corre-
g )

terial gain for each eigenmode of the problem. Very often i”sponds to the reference optical response, computed for a

the literature, the change of refractive index induced by the_,, | s strained OW with band-aap wavelenath
carriers in the active region is neglected, and the effectivel 1458 o Q Jap g

. . ) 00=0.97um and relaxation ratey,=1.35x10"%s %
lasing modes are selected as the eigenmodes with)IM( Thege results refer to the 3D VCSEL structure described in

—0: the discrete frequencies at which these solutions argec |1 A with a pillar radius of 4um and an oxide aperture
found fix the lasing mode frequencies and the corresponding, yis of 2um. The active section is characterized by a step
imaginary parts of the eigenvalues give the mode threshold, e profile with the size of the oxide window; this results

gains. In the following section the validity of this approxi- in gain (losses inside (outside the active region. The self-
mation will be discussed and results will be compared with

. , , X consistent solutions are directly compared with the results
those provided by a self-consistent method in which the acspyained with the approximate method. With respect to the
tive material optical response is taken into account. Th

; b fnode threshold power gains, the two methods provide only
eigenvectorsA®(0) are complex due to the presence of thegjight differences and a common qualitative behavior is ob-

gain region and, by means of expansidj, they allow the  gereq. The mode threshold gains increase withdue to
reconstruction of the field distributions at=0 for the dif-  he increasing losses in the QW. The self-consistent solution,

ferent modes and, through E@), in any other section. however, provides the additional information of the modes
that can actually reach the lasing condition: To this end in
C. Self-consistent solution Fig. 2 (middle) the maximum gain provided by the QW is

The QW optical response as a function of the frequency also reported so that only the modes with threshold gain
and carrier densit\ is determined by applying the micro- below this value can lase. Moreover, the two methods result

scopic model developed {29] to the particular QW struc- in significant differ_ences as r_egards the mode v_vavelengths
ture of the device. The obtained expression for the compleg!NCe the self-consistent solution shows a dispersive behavior

dielectric constant is of the form for varying AN not included in the approximate approach.
This is related to the change of the refractive index in-
1 ME, [Fei (N) =i (N)] duced by the carrier density and the obserseshaped be-
Aea=—J dke ke —— ® . (200 haviorsin thex-G plane[see Fig. Aup)] indicate the passing
md i (o= @) =iy of the mode wavelength through an extremumAaf. Fi-
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normalization constantsC*=C ", and to common re-

flectivity coefficientsI')"=I";. In this way, the coupled-
mode equation(3) and the associated boundary conditions
(6) do not distinguish between TE and TM polarizations, and
the solutions of the eigenvalue probldas) (ATE,A™) are
found to satisfy the following conditions:

G,, (102cm™)

.
a
9666 9668 967 9738 9874 9742 9775 978 9785

—_ [ ]
E . TE _ o ATM_ ATEM
g 104_§ e — e e — ——— — ——] A/,Li_SA‘ui_Aﬂi )
S os g (23)
£ - R TE _ _ ™ _ A TEM
0103 0-4 oo ?‘1 AM— SAM+_AM+ .
9 P ' ' ' ' ' If the explicit expressiongAl) of the modes are introduced,

~
T

and relationg23) are taken into account, expansi(#®) be-
comes of the form
a

Srra |
a q gd TEM TEM\f o TEM TEM N
S S .. E= > Jnd (AP +sAEM T &+ (A= sATEM) g 9]
962 964 066 968 970 972 974 976 978 k.Tm, @ + +

Wavelength (nm) (24)

Ny, (108 cm®)
w u
(S eenmmend
o o}

-

FIG. 2. Wavelengths, material threshold gaiopper pait, and o the structure of the coupling matrix given in the Ap-

corresponding carrier densitidlower par} of modes in the 3D endix[see Eq(A15) thereir, it also follows that
VCSEL: continuous lines are the self-consistent solutions, dots arg ' '

the approximate results. Different optical responses with(see

text) from —30 nm(a) to +30 nm(g) with 10-nm steps are con-

sidered. The small upper graphs are expansions of the graph in the

middle, which shows also the maximum gain provided by the QWThe value of the parametsrtherefore selects one particular

in the two limiting detuningsa (continuous ling and g (dashed  polarization direction in E¢(24) and the approximate vecto-

line). rial model becomes equivalent to a scalar model in which the
mode expansion is directly performed on the basis of the

nally, as a result of the self-consistent solution we show ifinearly polarizedP modes

Fig. 2 (down) the corresponding threshold carrier densities.

The minimum for each mode is found at the detuning for

which the mode wavelength matches the material gain peak. E(p,¢>,z):% f dk Beim(2) Paiml(p, &), (26)

A;E_M=A;EM. (25)

D. Approximated scalar model where

Scalar models are very commonly adopted for their lower
complexity; they well describe the laser modes and threshold fim(P)X
properties in the limit of large aperture devices, with radius Iim()Y. @7
a>\, and of small transverse index variations. In these lim-
its, in fact, the wave vectdcis very small and so TE and TM  In order to discuss the range of validity of the LP approxi-
modes can be treated as TEM. In this section we will shownation, the mode threshold properties obtained by the scalar
how the vectorial model presented in this paper reduces to @&proach are compared to those of the fully vectorial model.
simplified one, when the TEM approximation is introduced.In particular, in Fig. 3 we report the threshold gains and
This will lead to a mode expansion directly performed on anlasing wavelengths of the first five radial modes at the azi-

Prim=Im(Kr)x

approximate basis of linearly polarizedP, [25]) modes. muthal orderm=0 for LP and vectorial solutions. As ex-
As a first step it is useful to express the mode expansiopected, the differences on the threshold properties increase
(1) in the following equivalent form: with increasing radial order: for modes 0-1 and 0-2 they are
practically negligible, since the dominant spectral compo-
E= > LATEETE L SATMETM  ATEETE | gATMETMY nents of these modes are peaked arokrdd where the
dma = #- H- ool TR Tl TEM approximation holds. Starting from the third radial or-

(22)  der instead, the approximated scalar approach gives rise to
. . ] relevant errors in evaluating the mode threshold gain and

where the expansion over the indpxhas been explicated, \yayelength and the fully vectorial model is required.
p+={k,I,mx1la} ands==1. In the TEM approximation
the longitudinal field componeti, is set to zero and thi,
contribution to the coupling coefficient matrix, typical of TM
modes, vanishes. Moreovesee Appendix the modal im- The free propagation of the electromagnetic field outside
pedances are set equalF=z™, and give rise to common the cavity is given by

E. Far fields
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E Edp.$,2)=F(p.2) 2 € {fm:1)($)Im:1(kp)
) 03 ’
p=TE_ ,p=TM —
= _ °© X(Agm —Aam )~ fm-11(#)Im-1(kp)
A\ 4
E10} p=TE | Ap=TM
S 0-5 “ XA AL D) (33
oF 0-4
& For p=0, however, the above approximation cannot be used
02 0-1 since the contribution fronk=0 is zero. The far-field ex-
a pression in this case must be numerically evaluated.
3
19 oo 964 966 968 970 972 974 976 978
Wavelength (nm) Ill. NUMERICAL RESULTS
FIG. 3. Material power gains and wavelength for radial modes A. VCSEL structure

with no azimuthal variation; comparison between vectdigacles

The scheme of the device preliminarily analyzed is the

and scalar(squares models. The 3D structure described in Sec.very general one proposed j@8]. Different modeling ap-

Il A is analyzed with a 8um mesa upper mirror and 4m oxide
aperture diameter at a field antinode.

€ 2= 3 [ kAol L)Ean . b1
: 9

proachegsee, for instancd24]) have already been applied
to describe its threshold features and, for this reason, it is
particularly suitable to test the validity of our model. In par-
ticular, a paper comparing the results from different models
is in preparation in the framework of the European project
COST 268.

It is essentially a planar structure in which two infinitely

where B, is the propagation constant in air. Each pointextended Bragg mirrors (4Ga,_,As/GaAs pairs oh/4 lay-
(p,¢,2) inr space is equivalently defined in the sphericalerg define a GaAs cavity, ath =980 nm. The active region

system of coordinates by

1| P

6, =tan” . R=\p?>+7%, ¢. (29

and correspondingly each poinit,3) in k space is defined
by

1

5" ko= Vk2+ B3, (30)
0

Since the far fields are analyzed at a distaree\. from the

Hk: tan

at the cavity center contains a 5-nm QW and the transverse
carrier confinement is achieved by means of a MRD oxi-
dized AlAs window of circular geometry, incorporated into
the first ALGa, _,As layer of the top mirror. The values of
the oxide aperture radissand position of the oxide window

x within the layer, from a node to an antinode position, are
left to be variable parameters in the numerical simulations.
The data on the position, thickness, transverse dimensions,
material composition, and optical properties of the different
structure layers are defined in Table I. Due to the circular
geometry of this structure, the computation of the coupling
coefficients matriceg5) can be carried out analytically in

emission plane, all the contributions to the electric field devgrms of Bessel functions and the modes with different azi-

riving from 6,# 6, cancel out at each poinjp(¢,z). It is
therefore sufficient in Eq(28) to perform the integration

only around the vaEds_(=ksin(6r), and assume\,, con-

stant to its value irk. In this way, expressio28) for the
field becomes

Ep 6.2)= [ dke b S AL (LB, 91

(31

In the above assumptionf,=6,, where iByz+ikp
=ikoR cos@— 6,)=ikoR[1— (6 6,)?], the integration in
the radial component can be analytically performed,

) . 2wk )
F(p,Z)If dk e 'Pozmikp— | = % cosh, e koR,

(32

Asymptotically, for (p,z—0o0), for instancekE, is given by

muthal variationm do not couple, so that one can solve the
eigenvalue problem for different fixed values. The numeri-

cal simulations will then be extended to describe more com-
plex and realistic 3D VCSEL structures as the one depicted
in Fig. 1. In particular, we consider a device derived from the
one described in Table | but with a mesa upper mirror and
cavity. The structure is then cladded by a 300-nm insulator
layer and covered with a 100-nm metallization. The effect of
different structure elements, such as the metallization, the
dimensions of the top mesa mirror and the asymmetric shape
of the oxide aperturé¢for example, elliptical or rectangular

will be separately analyzed. The only drawback in dealing
with noncircular geometries is that the azimuthal modes are
now coupled together and the coupling coefficients matrices
(5) have to be computed numerically. The numerical com-
plexity of the problem is determined by the number of azi-
muthal harmonics that are to be included, and therefore
strongly depends on the degree of asymmetry of the structure
under analysis.
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TABLE |. Quasiplanar VCSEL structure as proposed28]. 18
Thickness 9807
(nm) Material Index T 979
Air Air 1 =1 < o78
5 £
24 pair 69.49  GaAs 3.53 2 o977
DBR 79.63  Al-Ga_,-As 3.08 o § 976
4 i ©
Oxide 69.49  GaAs 353 0 Radius z 975
window 974
63.71-7o, Al-Ga_,-As 3.08 o73
15.93 AlAs 2.95 r<a 3 ’
AlOX 1.60 r>a T2 3 4 s 1 2 3 4 5
Zox Al -Ga,_-As 3.08 Oxide position Oxide position
Lambda 136.49 GaAs 3.53 FIG. 4. Fundamental mode material power gaifeft) and
cavity wavelengths(right) vs oxide position(1: node; 5: antinodefor
5.00 QW 3.5Fing, r<a different oxide aperture radiia=0.5, 1, 1.5, 2, and «m). The
353-i001 r>a VCSEL structure is described in Table I. Continugdstted lines
136.49 GaAs 353 refer to the vectoria(scalaj model.
29.5 pair 7963 AkFGa_As 3.08 present in all devices and gives rise to a monotonically in-
DBR 69.49 GaAs 3.53 creasing wavelength detuning.
Substrate GaAs 353 The results obtained by applying the full vectorial model

(which provides two degenerate solutions indicated by the
continuous lingare directly compared with those obtained in
the scalar linearly polarized approximatitotted ling. The

In this section we investigate the effects of the oxide dia-observed differences between the two approaches are almost
phragm on the mode optical confinement by performing anegligible, and only slightly increase in the cases of the
parametric study of the laser threshold properties uporsmallest aperture dimensions. This result confirms that for
changing the longitudinal position and the radius of the apthe fundamental mode, as already shown in Fig. 3, the scalar
erture. Referring to the quasiplanar structure defined in Tablapproach can be applied on a wide range of structure param-
[, in Fig. 4 we report the threshold gaitteft) and lasing eters.
wavelength(right) of the fundamental mode for five values  In the same way, in Fig. 5 the threshold properties of the
of the aperture radius and five values of the oxide positiorfirst-order transverse mode are studied. The behavior of the
within the AL Ga, _,As layer. As expected, the mode thresh- gains and wavelengths for the smallest device are almost
old gain and the detuning of the lasing wavelength with re-constant and with very high values, since the confinement is
spect to the designed cavity values=980 nm, are decreas- very poor wherever the oxide is positioned. It must here be
ing functions of the aperture radius, for each fixed position ofunderlined that in these results the QW optical response is
the oxide diaphragm. The threshold gain asymptoticallynot accounted for. So gains on the order of10¢° cm™!
tends, for large radii, to its planar limit; in the particular caseare not realistic since the maximum gain provided by a QW
where the oxide layer is at the antinode of the electromagis on the order of 1bcm ™. Instead, for the other aperture
netic field (position 5 this condition is recovered already for values, the behavior is similar to the fundamental mode case,
very small radii @=1.5um) due to the strong index guiding but higher values of the threshold gain and wavelength de-
effect. Similarly, for each fixed size of the oxide aperture, thetuning are found. Only for radii greater than 1:6n and
mode confinement increases as the oxide is moved awayxide position 3, 4, and 5 the gain difference becomes
from the field node position, and the threshold gain is asmaller and mode competition can arise. The vectorial treat-
monotonically decreasing function with a minimum in the ment results in two nondegenerate solutions that cannot be
field antinode configuration. As regards the wavelength deresolved by the scalar approach: the two orthogonally polar-
tuning instead, the progressive change of the oxide positioized fields correspond to a purely TE and purely TM mode
from a node to an antinode of the field gives rise to twoand the degeneracy is therefore lifted by the different modal
competing effects that can well explain the nonmonotonidmpedances, mirror reflectivities, and coupling coefficients.
behavior observed in Fig. @ight): the increasing transverse- The results presented in Figs. 4 and 5 are in very good agree-
mode confinement and the increasing longitudinal overlagnent with those reported ir24] for the 4.um-diam aperture
between the optical field and the oxide layer. The first resultstructure.
in a decreasing wavelength detuning due to the reduced The effect of the metal contact ring on the laser perfor-
transverse overlap of the field with the oxide layer and is amances is now discussed by comparing the threshold prop-
relevant effect only in the case of reduced aperture radierties and the emitted field distributions. In particular, in Fig.
where the mode is weakly confined. The second instead i€ we report the field profiles of modes 0-1 and 0-2 inside the

B. Quasiplanar structures
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FIG. 5. Same as in Fig. 4, but for first-order mode; in this ) )
particular case there are two vectorial solutions: (EBntinuous FIG. 7. Power gains and wavelengthsif_, modes in the 3D
lines and TM (continuous lines with dos VCSEL (see Sec. Il A for different pillar radii: 3 (stars, 4

(crosses and 5um (circles. The quasiplanar case with metaliza-

. . . tion (black squaresis also reported for comparison.
cavity and externally emitted, in the presence and absence o? ( quares P P

the metal contact. These results are obtained by adopting the . _ . . .
approximated scalar approach since, as shown in Fig. 3, thfﬁ”g inner radu_;s are kept f'Xed. tom’ Wh'.le the radius of

is a good approximation for these first two modes. The effec® p!llar IS vaned in the numerical simulations. The effect of
of the metal ring, practically negligible on the internal fields, the plll_ar dimensions on the Iqser performance IS well undgr-
provides instead a cut and a distortion on the profile of th tood if the threshold_propertl_es are ar_1a|yzed In connec_tlon
emitted field. Moreover, the corresponding threshold gaing0 the corresponding field proﬂles. In this case the numerical
and lasing wavelengths of the two modes in the two cases at fort du_e to the compleery Of. th.e structure s r_educed_by
reported for comparison. The presence of the addition ||ntroducmg the LP approximation; anyway the differencies
metal layer introduces an absorption effect in the top mirror etween the .LP anq vec.torlal mOdel have already been out-
clearly stronger for the less confined mode; the effect on thgneOI when discussing Fig. 3. In Fig. 7 the threshold gains

lasing wavelength is very small and wavelengths of the first four cavity modes are reported
' for three values of the pillar radius. Correspondingly, in Figs.
C. 3D struciures 8(A)-8(C) we report the cuts of the circularly symmetric

field profiles of these modes in correspondence of the QW.
We now consider the more realistic 3D device describedrhe fundamental mod®,_, is completely confined within

in Sec. lll A with an etched top mesa mirror of circular ge- the oxide aperture and its threshold gain has a weak depen-
ometry and metal ring contact. The oxide aperture and metalence on the pillar dimensions: the solutions are nearly co-
incident with the quasiplanar cavity solution. The modes of

higher radial orders instead start to spread out beyond the

Gy.= 1275 cmt

1.0 Go.4= 1336 cmt injected region, as can be seen in Fig. 8, and the strongly
A o= 9782 nm A oq=978.2 nm
G, =2907 cm- Goo= 3435 cm'!
0.8
Moo= 9741 nm A o= 974.1 nm —~1
— 3 & B
=] 05 8
< N_g il
o Wi ,r-\‘ pillar
W o4 - o f\\l
6 0 2 4 6
p (um)
0.2
0.0 \\“‘»
0 1 2 3 0 1 2 3
p (um) p (um)
FIG. 6. Normalized field intensity of the first two radial modes 5 5
with zero azimuthal order at the cavity centeontinuous linesand
at the outputdotted lineg. We consider the 4sm oxide diameter
aperture quasiplanar structure of Tabl@efft) and a similar device FIG. 8. Intensity field profiles at the cavity center of the modes
(right), but with a 100-nm metalization on top with an output win- of Fig. 7; A, B, C correspond to the three pillar radii, respectively.
dow the same as that in the oxide. The graph D is the output corresponding to B.
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A2 IEyl?

1
EOI
- .

1.5x10+

15,10+

FIG. 9. Far-field distributions at 10 cm from the output section
corresponding to the near fields of FigD8; the image side is 20
cm.

reduced transverse confinement explains the significant in-
crease in the threshold gain observed in Fig. 7. The possible FIG. 10. Fundamental mode intensity distributions related to the
nonmonotonic gain increase with radial ordérird mode is guasiplanar structure with the oxide in position(d@tinode; the
related to a sort of “pillar mode,” as can be clearly seen inactive region and oxide aperture are taken either rectangular or
Figs. §B) and 8C) (dashed lines where a strong field is elliptical with a smaller axis set to #gm and 1.5 axis ratio.

located in the pillar ring outside the active region. The same . .
phenomenon was already found in the results presented pent is strongly_ dominant over the.others of at Ie_ast four
Fig. 3. When the confinement effect provided by the pi"arorder_s of magr_ntude and the two fields can pract!cally be
becomes dominant the threshold properties are strongly d 9n5|dered as Imear]y poIan;ed along orthogonal 'd|rect|ons.
pendent on its dimensions: the mode threshold gain increas éfferznces n ﬁlhe f'elt?] proflleks of the two tSOI'“.'t'g.nS’t Ott)r-1 ‘
and the wavelength detuning decreases for increasing pill erved especially on the weaker components, indicate tha
radius. In Fig. 8D) we also report the near-field profiles of the degeneracy petyveen the two orthogo_nally_ polanzeq S0
the four modes, externally emitted from the VCSEL Thelutlons, characteristic of circular geometries, is here lifted
results refer to the structure with pillar radiugush. The cut due to the asymmetry Of. the structure.

and the field distortion provided by the metal ring can be. The threshold properties of these wo orthogonally polar-

observed and, in the case of weakly confined higher-orde'?ed modes are analyzed in detail in the following figures,

modes, the field distribution emerges beyond the metal ringWIth particular attention to the influence of oxide position,

»” ' P aperture size, and asymmetffgllipse axis ratip on the di-
E;(r?]rg?]lgzrzfeflzrglizlt(rjibpurggilesso?rgié(eé)orted in Fig. 9 for thechroism and birefringence. In Fig. 11 the threshold gain and

lasing wavelength of the fundamental modes are studied for
varying axis ratio in the elliptical and rectangular structures
described above. Decreasing threshold gains and wavelength
In the last set of results, the mode threshold properties andetunings from the nominal cavity wavelend®80 nm are
field distributions are investigated for VCSEL devices with obtained at increasing axis ratio due to the corresponding
noncircular oxide apertures and the influence of shape asynincreased aperture area. For the same reason at equal axis
metry on polarization and mode selection is discussedatio the values of the rectangular structure are smaller with
[13,31]. In particular, computations have been performed byrespect to the elliptical structure. Moreover, as expected, in
using the fully vectorial model on rectangular and elliptical the limit of circular devicequnity axis ratig, the orthogo-
structures with variable size and axis ratio. Results will benally polarized solutions become degenerate in gain and fre-
reported for the fundamental and first-order mode because @fuency. In order, however, to better investigate the gain and
their particular interest with respect to switching and bista-wavelength differences between orthogonally polarized
bility mechanisms in VCSEL'$9-12). modes arising from the structure asymmetry, which are not
In Fig. 10 the near-field components of the fundamentakvident in the adopted scale, the values of dichroism and
mode are reported for an elliptical and rectangular structurehirefringence are directly reported in the following plots. In
thex coordinate is aligned with the longer axis and the whiteparticular, we will now refer to the results obtained for the
lines represent the oxide aperture. In both cases, all vectorialliptical structure.
solutions are characterized by the three components of the In Fig. 12 (upper plot$ the oxide position is set at the
electric field which give rise to an inhomogeneous polariza-antinode position 5 and the percentage gain difference and
tion state/ 15]; however, for the considered size, one compo-birefringence between the two orthogonal polarizations of

D. Noncircular structures
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FIG. 11. Fundamental mode power gaifeft) and wavelengths FIG. 13. Similar to Fig. 12, but vs the axis ratio for aufa
(right) vs axis ratio for the structures of Fig. 10. The continuous andminor axis.
dashed lines indicate, respectively, thandy polarizations.

) devices. The degree of asymmetry that can be introduced in
the fundamental mode are analyzed as a function of the efwajistic structures is, however, limited by the requirement of
lipse minor axis for three different values of the axis ratio. circularly symmetric beam profiles, desirable in many appli-
Both dichroism and birefringence are decreasing functions °<f:ations, and/a=2 can be taken as a reasonable upper limit
the aperture size and become very small for values of thg) the axis ratio.
minor axis above Gum. On the contrary, for reduced aper- |5 Fig. 12 (lower plotg the axis ratio is kept fixed at 1.5
turg dlmensmns the values of birefringence and dichroisnyng we vary the oxide position. The dependence on minor
rapidly increase and become of comparable order to thosgyis is similar to the case of the upper plots. As regards the
typlcally induced by other effects, such as material anisotropenavior vs the oxide position, the gain difference is larger
pies related to straifi32] and electro-optic effedt33]. The  he stronger the confinement whereas the birefringence pre-
contribution of shape asymmetry to polarization competitionsents more complicated features, which can also be seen in
can therefore play a crucial role in the case of small aperturgig 13 where we vary the axis ratio, for two positions of the
devices. In addition, the effect is enhanced for increasingyige. The highest birefringences are achieved for the more
axis ratio and a strong polarization control is expected to b@jistorted spatial field distributions; these depend both on the
achieved with high degrees of asymmetry in small apefth%perture shape and the field transverse confinement. For
small axis ratios the oxide position 3 provides a poor con-
finement, and so a lower birefringence. For higher axis ra-
\ tios, the strong confinement of the oxide in position 5 pre-
vents the field from following the aperture shape, while this
is still possible for the lower confinement structure: this re-
sults in an inversion of the birefringence characteristics.

In Fig. 14 the near-field distributions of the first higher-
order mode are reported for the elliptical structure. Four non-
degenerate solutions are found, the dominant components of
which describe two orthogonally oriented two-lobed distri-
butions, each linearly polarized along two orthogonal direc-
= tions. The threshold properties as well as the gain and wave-

] length differences between these different solutions are
analyzed in Fig. 15 for varying axis ratio. In the upper plot of
Fig. 15 wavelength and threshold gains of the four nonde-
generate modes are reported: continuous and dotted lines de-
scribe, respectivelyx andy polarization while the different
spatial distributions are indicated with the schematic draw-
ings in the plot. Modes with the orthogonal polarization and

555 g different field distributions are degenerate in the limit of cir-
1 2 Min:raxi:[ ]5 8 L M,3 ax,‘* 5 &6 cular structures, and then show increasing dicroism and bi-
- o &xs fhmd refringence for increasing axis ratio. The very high values

FIG. 12. Parametric study of birefringence and gain difference0bserved indicate that the effect of shape asymmetry on the
induced on the fundamental mode by an elliptical shape of th&€lection of the field spatial distribution is very strong. On
active region and oxide aperture. Effect of the axis ratio for thethe other hand, birefringence and dichroism between or-
oxide window in position Supper part and of the oxide position thogonally polarized modes with the same spatial distribu-
for an axis ratio of 1.5upper pant vs minor axis. tions are reported in the lower plots of Fig. 15 where the

0 5
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FIG. 15. First higher-order mode characteristics of the elliptical
VCSEL vs axis ratio for a 4sm minor axis and oxide position 5.
Upper part, wavelengths and threshold gains; lower part, corre-

FIG. 14. First higher-order field distributions related to the qua-sponding bireferingence and percentage gain difference.
siplanar structure with the oxide in position&ntinode; the active
region and oxide aperture are elliptical with un smaller axis  properties has been studied and interesting results have been
and 1.4 axis ratio. obtained for the fundamental and first-order mode by chang-

. . . . ing the position and size of the oxide window, metallization,
continuous and dashed lines indicate, respectively, the horlsny nesa dimensions. Particular attention was given to non-

zontally and V(_artically oriented twp-lobed field distributions. circular devices and their effect on birefringence and dichro-
For these particular modes, solutions are purely TE and TMsm was studied

in the limit of unitary axis ratio and a percentage gain dif-
ference(0.04% and a slight birefringencé€0.4 GH2 are
found. These increase with the axis ratio, with opposite sign

for the two orthogonal spatial distributions. The mode that The activity reported has been carried out in the frame-

fills the ellipse in the direction of major axis is more sensiblework of VISTA (HPRN network and MADESS II(Progetto
to variations of the ellipticity and a higher variation of bire- Finalizzato of Italian CNR

fringence and dichroism with the aperture asymmetry is ob-

served.
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APPENDIX: COUPLING COEFFICIENTS

IV. CONCLUSIONS In this appendix the matrix elements of the coupling co-

. _ efficient matrix,K!", are computed. To this aim it is useful
In this work we have proposed a comprehensive methog, report the expression of the expansion mods
to model VCSEL devices accounting for their complete 3D

geometries and preserving the full vectorial character of the

electromagnetic field. The model is based on the expansioh:=

of the field in the continuous basis of the cylindrical TE and

TM modes of the cavity region, and on the application of m

coupled mode theory. The electromagnetic problem, deterE¢:[(1—sp)k—Jm(kp)+(1+sp)\]r'n(kp)}gml((p), (A1)

mined by the self-consistency relation between forward and p

backward waves at the mirror discontinuities, is in this way

reduced to an eigenvalue problem which can be easil =s.(1-5 )iEJ (kp)foi(b)

handled. The complex eigenvalues determine the required” ¢ p)l g om P T miL )y

mode gain, lasing frequency, and carrier threshold density,

while the eigenvectors give the field distribution inside thewheres,=*1 for TE and TM modes, respectively, asg

resonator and, consequently, the radiated field. ==+1 for forward and backward waves. The mode radial
The validity of a scalar approach was discussed by comdependence is described in terms of Bessel functions of the

paring it with the fully vectorial model and we found a good first kind, J,,, and of their derivatives with respect to the

agreement only for low-order modes. The influence of theargumentJ;,. The azimuthal variation is instead described

device construction characteristics on the laser threshollly the functionsy,, andf ., of the form

<1+sp>%Jm<kp>+(1—sp>%(kp> frn( ),
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cogme¢) |=even

fm'(¢):[ sinm¢) |=odd,
(A2)

—sin(m¢) |=even

gm'(d)):[ cosm¢) |=odd.

The z component of the electric field is nonzero in the
case of TM modes; it depends dnand is therefore very

small.

The mode basis is orthonormal in the following sense:

f S{Zp EkmD|Ek’m ot EkmplEk’m p’l'}
:Cgmmg(k_k,)ﬁmm/ 5pp/ 5”/ y (A3)
where the modal impedance is defined as
K
E, p=TE mode
ZP= %x 8 (A4)
o p=TM mode

and e= e,n?. The power normalization consta@f;,, is

8mn
C(k%mpI: Sa(ZP) =

- (A5)

where

2, m=0

1, m#0. (A6)

Ny=

The coupling coefficients are computed by explicitly in-

troducing the expressions of the mode distributioAs) in

the definition (5). Recalling the characteristic relations of

Bessel functions,

Im(2)= [Jm 1(2)+Im1(2)],

(A7)
In(D=2[In-1(2) = In+1(2)],

and inserting Eq(A7) in Eq. (5), one obtains

(KM

o

iw 1 2m
rZ—C—AGZ fo d¢fm|fmr|r
p($)
Xfo pdp(Sme++Jm7)(sper:r+JmL)
2 p(¢)
+.f0 do gmlgm’I’J‘0 Pdp(‘]m,_SmeJ

X(Jm’__sp’\]m;_)}a (A8)

PHYSICAL REVIEW A63 023816

where the compact notationd;,.=Jy.1(kp) and Jn

=J+1(k'p) have been introduced. In expressi¢A8)

p(¢) represents the surface where a step discontinuity of the
dielectric constant introduces the perturbation in the layer
under analysis. In the case of elliptical geometries

1+tarf(¢)

a 2
:
wherea andb are, respectively, the major and minor axes of
the ellipse and the angl¢ taken with reference to the minor
axis. In order to get more insight in expressioh8) and
reduce the complexity of the numerical computations, it is
convenient to invert the order in which the integrals over the
radial and angular variable are performed. In the particular

case of the ellipse, for example, wherés a periodic func-
tion of ¢ with period 7, we obtain

o [ b (n+ 17— (p)
J J pdp= depE fn— "dg.
=0 Jnm+g(p)
(A10)

p(p)=a (A9)

1+tarf(¢)

The extreme of integratiorg(p), is obtained by inversion of
the relationp(¢) (A9) on the angular intervdl0,=/2],

0, p<a
#(p)= : _1( [1—(pla)?
AN Npyr—1)

The integral over the angular variabde which appears in
Eqg. (A8) can be analytically performed and is of the form

(A11)
<p<b.

1 _
S [T (@) (916
n=0 Jnw+¢(p)
:[‘/’mfm’(P)_FSI ¢m+m’(p)]5ll’ ) (A].Z)
where
e (9)= | N o (mEm)plde (ALY
b(p)
and
B 1, I=even
57121 1=odd. (A14)

The other contribution in Eq(A8), obtained by performing
the angular integration on the functiag, g,/ , is very
similar: on the basis of definitiofA2), it differs from Eq.
(A12) only for a change of sign i . It is clear that Eq.
(A13) is different from zero only whem=m’ is an even
number, that is, the system couples only the modes with
same azimuthal parity. Moreover, the tedip indicates that
the modes with opposite polarization are completely un-
coupled by the system: the odd angular dependence of the
kind cosg¢)sin(m’ ¢»), which would derive froml=#1',
gives rise in Eq.(A12) to a vanishing contribution. These
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features, which stem from the even periodicity of the geom-The integral in the radial component must at this point be
etry under analysis, reduce the numerical complexity of thenumerically evaluated. Only in the limit case of circular ap-
problem allowing us to solve separate eigenvalue problemsrtures, in whichy is a constant function o, the integral
each of lower order. The rectangular and elliptical structuregan be performed analytically.

obviously fulfill these conditions, which are, however, far |n the case of the LP approximatigqsee Sec. Il [ the
more general and include other different aperture shapes. mode normalization constant is found to be the same as Eq.

In fEO”CWSiO”' inserting expressiod12) in Eq. (A8),  (as), while theK!" matrix elements are now of the simpler
theK;" matrix elements reduce to integrals in the radial vari-f5

able and are of the form

i iw 1 b
(Kt )M,=—C—Ae§5”,f p dp{¢m—m(p)
’ 0 K= e ™ p Aol s (0
1= — < A€ ’ puap AvY
><[\]m’_\]m7"'Spsp’Jm;\]mJ"'Sllr//erm’(P) v C,u t 0 mem

X[SmeLJm++Sp"]m;Jm,]}- (A15) +S1¥m-—m (p) Im(Kp) I (K'p).  (A16)
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