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Influence of Anisotropies on Transverse Modes In
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Abstract—We present a comprehensive fully vectorial model all of these mechanisms is still missing due to the complexity
for the cavity eigenmodes of oxide-cofined vertical-cavity sur- of the problem.
face-emitting lasers (VCSELs) with the details of their complex | this paper, we present experimental investigations of the
structure. It includes device-inherent symmetry-breaking mech- L . . .
anisms like noncircular geometries and material anisotropies transverse mode formatlonln OX|de-c0nf|ned.VC-ZSE.Ls with two
related to the elasto-optic and electro-optic effect. The latter is €Xemplary aperture sizes. The VCSELS’ emission is character-
accounted for in the model starting from the material and doping ized by polarization and spectrally resolved nearfield measure-
profiles. We compare these theoretical results with experimental ments. Based on these experimental data, we present a detailed
f|nd|n_gs of speqtrally ar_wd polarlzatlon-r_esolved transverse mode and rigorous vectorial VCSEL model. The problem of com-
nearfields of oxide-confined VCSELs with two different aperture . , . - .
diameters. Within a parametric study of the influence of aperture puting VCSEL's modes is quite tough, due -to their complex.
anisotropies we are able to calcuiate frequencies and gains ofStructures and has been addressed by a variety of papers, with
all transverse mode families, their polarization dependence and different degrees of approximation. Most of them rely on an ap-
their spatial mode profiles which are in good agreement with the - proximate solution of the Helmholtz equation (see, for instance,
experimental findings. the popular method proposed in [10]) that neglects the vectorial

Index Terms—Birefringence, polarization, symmetry-breaking, nature of the electromagnetic field. This can be a reasonable ap-

transverse modes, VCSEL, vectorial fields. proximation in some cases; however, the rigorous vectorial ap-
proach is necessary to analyze the consequences of anisotropies
I. INTRODUCTION on the polarization properties of VCSEL emission. They are

o important both for a better understanding of the basic physics

ERTICAL-CAVITY surface-emitting lasers (VCSELS)[11] and also from the application point of view, where often

~are attractive light sources for numerous technologicglyye||-defined polarization is required. Even if some vectorial
applications due to their particular properties [1]. They &xfqqdels for VCSELS have been proposed (see [12] for a review
hibit good optical beam quality, 2-D array capabilities, highng 5 comparison between different models), our model offers

modulation frequencies, and the potential for cost-effectifgy the first time the capability of including the effects of device
mass-production. The most highly developed VCSELS tod@herent anisotropies in terms of field-induced birefringence and

are oxide-confined devices in which the aperture of a sel&gsncircular oxide-windows in a rigorous vectorial electromag-
tively oxidized layer in the top DBR-mirror provides transversgeic framework. The results of these modeling activities enable
confinement for the injected carriers and the optical field [2], {4 compare and evaluate the strength of the individual effects
As a result record low-threshold currents and high efficiencigs, ine VCSELs transverse mode characteristics and thus offer

have been achieved. The drawback of good transverse optigl herspective to improve the performance of future devices.
guiding is, however, the pronounced multimode emission

already in comparably small devices. In general, a complicated
transverse mode behavior seems to be typical for oxide-con- . o _ .
fined devices [3]. Consequently, considerable work has beenlh€ VCSELs under investigation are omde—cqnﬁned struc-
carried out in order to identify the mechanisms that determifig’®S manufactured at the University of Uim. Their structure is
the transverse mode formation: interaction of cavity structufghematically depicted in Fig. 1 and described in more detail in
and gain medium [4], [5], induced birefringence [6]-[8], and!3]- Basically, they are AlGaAs-VCSELs with cavities op-
noncircular oxide-windows [9] have been found to play impofrating aroundy = 810 nm. The Bragg mirrors consist of Al-
tant roles for the VCSELS’ emission. However, up to now, 88AsA/4 layers with different aluminum content and graded

comprehensive analysis taking into account the interaction igferfaces in terms of material composition. The so-called delta-
doping technique is applied in the top mirror in order to reduce

, . _ the average doping concentration [14], while the bottom mirror
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g Fig. 3. Polarization-resolved nearfield images of the (adand (b) 11xm
e VCSELs at injection currents as indicated.
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° camera. With this setup, the polarization-resolved nearfields
o4L . . 0 are decomposed into their constituting transverse modes [8].
0 5 10 15 200 10 20 30 With this technique, we obtain images as depicted in Fig. 4. The
injection current (mA) modes are discriminated along the horizontal axis according to
(@) (b) their spectral separation, while the fully 2-D resolution of the

Fig. 2. Optical power versus injection current characteristi¢d/¢turves”) individual modes is preserved. The images have been recorded
of VCSELs with (a) 6zm and (b) 11xm aperture diameter for the total powerat the same injection currents as the images in the central
and the power fractions in orthogonal polarization directior’s' ‘@hd “90°.” column of Fig. 3 and, thus, can be directly compared. In this
way it becomes obvious that the donut-shapé&dp6larized

Iy, = 2mA (6 um device) andy;, = 7 mA (11m device) and component of the g:m VCSEL's near field is a superposition
the maximum output power iB,,,.x = 4.8 mW (6 um device) of two orthogonally oriented first-order transverse modes, while
and P, = 5.9 mW (11 xm device), respectively. The powerthe preferred direction in the 9(olarized part is determined
in orthogonal polarization direction *0 and “90°” is almost by strongly excited first- and second-order modes, all vertically
equally split. Both devices exhibit pronounced multi-transversgiented and dominating other higher order modes [Fig. 4(a)].
mode emission already at low injection currents. The situation is similar for the 14m VCSEL's near fields as

In order to investigate the transverse modes properties, depicted in Fig. 4(b). The nearly circular shape of the0lar-
have projected and magnified the top surface of the VCSElzed near field af = 10.5 mA originates from a superposition
onto a CCD-camera, i.e., we have recorded the intensity disof-several transverse modes of high azimuthal order (a third-
bution in the laser near field. The results of these measuremegntsl fourth-order mode are clearly visible in Fig. 4), while the
are shown in Fig. 3 for the 6- and 1im VCSELs. Both VC- elliptically distorted shape of the 90polarized nearfield is
SELs’ nearfields are determined by superpositions of sevecalused by a mode with two bright vertically aligned lobes and
modes. As a general feature, the nearfields in orthogonal peeakly excited higher order modes, which are also aligned
larization directions differ qualitatively: the°(Qoolarized parts along the vertical direction. Moreover, the higher order modes
of the nearfield in both lasers appear with a high degree of rota-the 90 polarization deviate from the circular shape and
tional symmetry at all injection currents, while the’Qiblarized exhibit a rather elliptical distortion.
parts always possess a preferred direction as fixed by the oriTo sum up the experimental findings, we have demonstrated
entation of strongly excited modes with only reflectional synthat the emission of these VCSELSs is divided into orthogonally
metry. This phenomenon has been conclusively described in f@]larized components of similar power. These components
and has been attributed on a phenomenological level to a poe determined by qualitatively different groups of transverse
larization-selective anisotropic optical guiding due to field-inmodes. The physical origin of the particular observed mode
duced birefringence. partition into orthogonal polarizations is probably related to

In order to clarify which particular modes contribute to thdirefringence as an inherent polarization effect, but also other
nearfields of the two VCSELSs, we have spectrally resolvathisotropies can possibly contribute. In the following part,
the nearfields by use of an imaging spectrometer and a C@ will present a vectorial model for the cavity eigenmodes
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Gpm WCEEL odd symmetry, TE or TM, forward and backward wavés:
originates from approximating the integral over the continuous
radial wavevector expansion by a finite sum of terms.

In each layerj of thicknessL, where the structure does
not depend on the longitudinal coordinate the vector
A = {4,Ak} of mode amplitudes satisfies the coupled-mode
equations

dA
dz

= (B+ K;AR)A )

where B describes the free propagation in the reference mate-
rial. It is a diagonal matrix of element),.,, = —is,3,6,.7,
wheres,, = +1 (« = f, bis an index which describes forward
and backward propagation) afgd = /&2 — k? is the longitu-
dinal wavevector component,( = n,w/c, beingn,. the refrac-

tive index of the reference material, the angular frequency,
andc the velocity of light). The coupling between the modes is
introduced by the nondiagonal mati, of elements [9]

W

K v — T 4 dS
(K) Cy /s
(Acts - 2) (Ac- E,),
- {Eut . |:(g : El’,)t - [ AG;,/Z
ok, .
n m(&.]ﬁ}y,)z} (3)

where the subscriptsandz indicate transverse and longitudinal
(b) components of the vectors, respectively, &ridis the power

Fig. 4. Spectrally resolved nearfield images of the (a)6 and (b) 1xm normalization constant. The tensAk describes the perturba-

VCSEL atl;,.; = 7.7 andI;.,; = 10.5 mA, respectively. The upper row tion to the homogeneous and isotropic reference dielectric per-

contains the total nearfields, while the middle and lower rows are orthogona(]lgti - i : il
polarized components of the total nearfields. The number indicate the m tivity ¢.; its tensorial form accounts for the possibility of a

spacing in Gigahertz, relative to the fundamental mode. nonisotropic perturbation related to the material anisotropy. The
information on the device guiding geometry and dimensions is
included in the model by defining, for each transversely inho-

of VCSELs with complex transverse structure that 'nCIUdEF‘ﬁogeneous layer of the structure, the profile of the perturbation

different sources for device-inherent anisotropies and ser\(/ég( 2)
;gr:;\;?ilgste their individual effects on the transverse mo The solution of (2) can be expressed in the form of an expo-

nential matrix and, hence, the mode amplitudes in each layer

are connected by
lll. VCSEL MODEL

The experimental results discussed above highlightthe neces- ~ A(zj41) = ePTAMLIA (7)) = T, A(z)) (4)
sity of a fully vectorial model, capable of including both mate-
rial anisotropies and noncircular symmetric geometries. Sugere the transmission matf has been introduced.
features can be easily included in the calculation of the laserThe closure of the problem is obtained by adding proper
modes following the guidelines given in [9], recalled here fgpoundary conditions, i.e., the consistency of the forward and
completeness. The stationary electromagnetic field is expand@¢kward mode amplitudes at two reference interfaces. It is

on the complete and continuous basis of the TE and TM mod&venient to set these two sections to be the extreme lower
of an infinite reference medium (z = L) and upper £ = 0) layers, beyond which the structure

does not present any transverse perturbation and the geometry

_ is planar. With this choice, since the layers above (below)
E(p, ¢, 2) = Z/dk A (2)Buw (p, ) 2 = 0 (z = L) are multilayer stacks (or even a single medium),
i the chain matrix formalism can be applied to determine their

= Z Ay (2)AKE, (p, ¢) 1) reflectivity coefficient as a function of the wavevectar The

boundary conditions in these two sections explicitly read

where the indexy» labels the characteristics of the basis P y
modes. They are classified according to the continuous radial A’(0) =TpA™(0)
component of the wavevectdr, azimuthal variation, even or AY(L) =T A/ (L) (5)
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where the diagonal matricéy, andl'y are the reflectivity co- the electro-optic effect is unavoidable due to their electrical
efficient components at the lower and upper interfaces, resppomping through the mirrors and can be evaluated starting
tively. from the characteristics of the device, the elasto-optic effect is
By introducing the global transmission matfix = Hj 1; less predictable and can have different sources. In ideal devices,
and considering explicitly its dependence onthe index f, b there should be no strains in the structure; however, residual
(see [9] for further details), the boundary conditions (5) can laed unintentional strains can be due to some of the different
rewritten in the only unknowm.’(0) fabrication steps and, maybe, to the mounting and packaging
bf Bhs A b/ i oy A b techniques. Moreover, strain distributions due to temperature

(I T +T7)A%(0) = To(T7/ I + T77)A’(0)  (6)  gradients above threshold and to the oxide-layer shrinkage in

which imposes the self consistency of backward and forwafefide-confined devices could also play a role. An experimental
waves: a mode is then found when, after a complete rou'myestigation of a bunch of nominally identical devices was
trip, the corresponding expansion coefficients exactly replicaf@"1ed out in [16], where a spreading in the birefringence of

themselves. This condition gives the frequency and the g e .d(.avices was found. Such behavior. has been e_xplained by
needed to fulfill the threshold condition of all the mode&1€ joint contributions of the electro-optic effect (which would

supported by the structure. Following the guidelines of [g,ive the mean value of the b?refringence distribution) and the
eq. (13)~(17)], (6) can be expressed as a standard eigenvA@Sto-0ptic effect (related to its variance).
problem for the wavelengths and gains, if one exploits the smal/<€any;

in the model we account only for those contributions
(compared to the wavelength) active region thickness which are well defined and controlled, so in the following we

will focus on the electro-optic and shape anisotropies.
AA"(0) = MA*(0) @)
A. Electro-Optic Effect
The material anisotropy can be represented by the imperme-
M, =T% —ToT /T + 18T, — ToT, (n=c a). ability tensorAn = A(1/n?) which, for the crystal group of
8) interest {3m), in the contracted index notation is of the form

whereM = M *M,, which in turn are defined as

T. andT, are, respectively, the cold cavity and active contribdd7]

QW permittivity due to carriersX¢,). This is a good approx- U

imation, since the active thicknedsis much smaller than the 1
wavelength. The eigenvalueis then related to the active re- (11)
gion permittivity by

1

tion to the global transmission matrix 0 0 0
_ —1 0 0 0
T=Te+ A T ©) i=1,2...6 0 0 0
S - . A(n)i =7i;€ 4 _ 1.2.3 =1, 0 0

They stem from its linearization with respect to the unknown J=1 3 T41
0 4 0
0 0 T4

wherery; is the corresponding coefficient for the electro-optic
A= ikd Aeq (10) effect, and¢; is the dc electric field in thg direction (1, 2, 3
e correspond ta;, y, z orientations). In the case of interest here,

This relation links the eigenvalues to the active optical responQ§ dc field is in the growth direction (which we will indicate as
and it allows for the threshold carrier density to be evaluateﬁp,; the induced anisotropy is then in the transverse piarend

once its effects orhe, are known. However, since we are mordS 'ePresented byr. If one setg(x, y) = (110, [1 — 10))as
interested in the basic understanding of the particular modal fé€ference system, (i.e., the directions along which the chip is
tures observed experimentally, at this point we should cleaffaved). & diagonal expression for the corresponding transverse
state that we will neither analyze the threshold carrier densiti@§!ECTiC permittivity is recovered as follows:

of the different modes nor pretend to go above threshold and Ay 0
then predict the modal power partition at the different injection Acy = [ 0 A }
currents. Instead, we think that by simply studying the condi-
tions at threshold, we can obtain valuable informations as mhere
gards the modal shapes, polarizations and frequency positions. 4
Therefore, in the following, we will focus mainly on the con- Aeaa(eyy) = +(—)n"raé.. (13)
sequences of material anisotropies and of the deviations fr
circular transverse geometries.

12)

Cyy

He static electric fielct. originates mainly from the doping
needed in the mirrors to make the current flow at low volt-
ages. The doping profile is a quite crucial point to obtain high
wall-plug efficiencies and, therefore, itis the subject of intensive
In this section, we will focus on the symmetry-breakingechnological research [14]. The device under analysis uses the
mechanisms in the device. There are at least two possible mianmproved technology of a carbdhdopedp-mirror. The deter-
contributions, namelynoncircular transverse geometriesxd mination of the dc field distribution requires the Poisson equa-
material anisotropiesthe latter having two different origins: tion and the continuity equation for the current to be solved in a
the elasto-optic and the electro-optic effects. While in VCSELself-consistent way. This itself is a nontrivial problem which, in

IV. SYMMETRY -BREAKING MECHANISMS
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Fig. 5. Static field (left scale, thick lines), refractive index (right scale, thin line) and optical intensity (dashed line, arbitrary unleg fmofive values of
applied bias: 0, 1, 1.5, 2, 2.5 V. The doping levels are12% cm—2C-doping withé-doping at the heterointerfaces for themirror and 210*® cm—2 Si-doping
in the n-mirror. The regions andb are shown in the enlargements on top.

turn, depends on a great number of parameters, that are in straesverse shape (see, e.g., [21], where the result is obtained di-
cases not precisely known. rectly by photolithography), the situation is more complicated

It is not the purpose of this work to go much inside transpoftr the selectively wet-oxidized apertures. In fact, in these de-
models; a quite complete approach to treat carrier transportwioes the shape of the oxide aperture strongly influences its
VCSELs is presented, e.g., in [18] and we refer to it for the delectromagnetic properties and also defines the transverse cur-
tails. By applying this self-consistent model to our structure wittent profile. If the oxidation speed were ideally isotropic, the
6-doping at the>-mirror hetero-interfaces in correspondence taperture shape would be an exact replica of the mesa geometry.
field nodes, we obtain for the static electric field the result dghere are, however, many indications that the oxidation speed
picted in Fig. 5, where the longitudinal refractive index and cors not perfectly isotropic [2], [23]-[25], so that the final oxide
responding optical intensity profile are also presented for refeperture may differ from the mesa transverse geometry, which is
ence. Many significant features can be observed: the static fielccular in our sample and much larger than the oxide aperture.
distribution is a very rapidly varying function of position, which  Such an anisotropic oxidation speed seems to occur also in
displays a multi-peaked behavior in the mirrors. This is relatedir device, as can be already seen from a first look at the spec-
to the band-gap discontinuities and, therefore, it is qualitativelsally resolved nearfield images (Fig. 4). They clearly present
the same also with a constant doping concentration. Moreouiig typical characteristic of an oblong geometry in 4hairec-
the field profile depends on the bias. The dependence is quiten (0° in Figs. 3 and 4). With reference to the smaller oxide
marginal in the mirrors and more effective in the cavity, wher@perture device, the most relevant signatures of this fact are:
however, it saturates rapidly toward small values. Finally, the 1) the two modes with the two spots oriented alang
effect of the delta-doping on the static field is local and located  exhibit the lower frequencies;

at optical intensity nodes as intended by this strategy. 2) the presence of a mode with three spots aligned along
. 1y axis.
B. Non-Circular Structures In the following, we will focus on obtaining further informa-

Itis well known that a circularly symmetric structure exhibitgion about the oxide aperture deformation by means of a para-
a mode degeneracy, i.e., it supports modes with different spaetric study of the mode distributions. For this aim, we have to
tial distributions and polarizations with the same frequencidirst choose an adequate shape, capable of accounting both for
The lifting of this degeneracy can be obtained by introducirthe results of [2], [23], which indicate a higher oxidation speed
a noncircular symmetry in the structure. In VCSELS, this projn [100] with respect to [110] direction, and for the results pub-
erty was already investigated experimentally by different groupished in [24], [25], which evidence an additional difference be-
(see, e.g., [19]-[22]) with interesting results. However, whileveen [110] and [10]. The former anisotropy results in a dia-
within some technologies it seems easy to tailor the VCSELsond shape with smoothed corners, while the latter introduces
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Fig. 6. Examples of possible shapes represented by (14)= 0.05 and
Ay =0, —7.5 and—15% (continuous, dotted and dashed lines respectively).

electrical problems in order to account for the strongly peaked
an oblong deformation of such a diamond geometry. A possik#?@gitumr.]al profile of the anisotropy corresponding to the stgtic
analytical expression that includes all these features is leld .Of Fig. 5 W'th. a reasonal;)le computer effort. After _hav!ng

obtained the static field profile on a very dense longitudinal
grid, we relax this discretization in the VELM-code by aver-
aging the anisotropy in eadhy; layer [see (4)]. In any case, the

where A, gives rise to the diamond shape for values in thtz-dlscretlzatlon represented by the layers must be chosen so

%at the optical field can correctly feel thedependence of the
0/4—R0, i
range of 096-6%, and, controls the stretching. As an exampleé\nisotropy; therefore, they have to be much smaller than the

Fig. 6 depicts the curve (14) in polar coordinates for typIC%ptical wavelength. The longitudinal discretization accounts
values of the two parameters. : - i .
also for the graded index regions, that are fitted by a staircase

approximation [see the refractive index profile in Fig. 5(a)].

In order to check that the VELM code works properly, we

For circular structures without anisotropies, the different azompute the birefringence on the fundamental mode in two dif-
imuthal modes are completely decoupled and one can solve tékent ways: first by applying our VELM code, and second by
problem for a particulap-value [see (A2) in Appendix A for the simpler method proposed in [16]. By the latter method, the
the definition ofu] and find all the corresponding radial modesgnode splitting is computed through perturbation theory, i.e., it
supported by the given structure. As already pointed out in [$yaluates the birefringence by means of the superposition of the
this fails if the angular rotational symmetry is broken or maaormalized optical intensity and the induced anisotropy.
terial anisotropies are included. However, in the present caseThe corresponding results are presented in Fig. 7 for dif-
anisotropy and shape symmetry axes coincide and the geométrgnt biases. The graph represents the cumulative contributions
presents an even angular symmetry. As a consequence, everedmomyy the device, and is, therefore, particularly suitable to put
odd azimuthal moded parameter in (A2)] are always decou-in evidence the regions where the effect is mostly located. The
pled. The same applies also to solutions with even and;oddotal birefringence accumulated in the device can be read from
values, due to the even parity of the oxide-aperture shape. Thise value of the curves at the position of the end of the back
considerations allow the reduction of the computational time bgirror (= = 7.5 pm). The results are obtained by assuming
a factor of 16; the code to compute VCSEL's modes (that wa; = —1.6 1072 V/m for GaAs and—1.1 10~ V/m for
call the VELM code) has been developed with Matlab and &lAs; the values for AlGaAs alloys are computed by linear in-
run on a Pentium lll, 400 MHz. To illustrate its numerical efterpolation of these two values [16], [26]. For our purposes, the
ficiency, we point out that the results presented in Fig. 8 havepresentation of Fig. 7 is much more significant than the static
been computed in about 1-h CPU time. field distribution of Fig. 5. In fact, it accounts for the interaction

As regards the electro-optic effect, we assume the cormgith the optical field which selects only the contributions from
sponding anisotropy to be constant in the whole transveitbe negative peaks of the dc field [see Fig. 5(a)] ingfrairror,
sections, since the static electric field is mostly related to théhile the overall contribution is more or less zero inthmirror
doping profile and this does not exhibit transverse variationsee Fig. 5(b)]. The birefringence is a function of the applied
in this case, the integral (A3) in Appendix A extends tdias, but rapidly saturates above 1.5 V, as the static electric
infinity and gives a Dirac delta-function which selects only théeld in the cavity tends to be zero on average. Therefore, for
diagonal terms in the;, matrices. We discretize the longitu-bias values comparable to those of the experimeat{ above
dinal structure in different ways for the electromagnetic arttireshold), we obtain a birefringence value of about 10 GHz.

r(p) = ro(1l + Az cos(2¢) + Ay cos(dy)) (14)

V. NUMERICAL RESULTS
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By applying the full VELM code, we find the same birefrin-
gence as results from the simpler method illustrated in Fig. 7, 487 3.1 /=
i.e., around 10 GHz at 2-V bias. However, this result does not i =
perfectly match the measured birefringence of the fundamental _ 4o+ #
mode of the smaller device, which is 23 GHz. There are many T& i 0.1
reasons for this discrepancy. First, the measured value account:— '
. . £ 387 ®
for all the phenomena that contribute to the lifting of the mode '3 *
degeneracy and it is very difficult to experimentally separate
the different contributions. However, the shape anisotropy of the 347 L1 21 =)
fundamental mode is rather low for this relatively large device - 00 7 a
(computed by our model to be on the order of 1-2 GHz) and, 30t
thus there is still a difference of about 11-12 GHz between the . . ‘ , , .
experimental and theoretical results. The reasons for this larger 0 200 400 600 800 1000 1200
material anisotropy can be manlfold. Among them: Detuning (GHz)

. . — . Fig. 8. Lower order mode gain versus frequency, with respect to the
1) underestimation of the static field prc?f"e' due to SOMGndamental modes for two structures with the same oxide shape{ —10%
parameters not adequate for the considered structure;and A, = 3%) but different sizer, [see (14)]. The squares refer to

2) lack of knowledge of the exact values far at 810 nm, " = 2.7 pm while th_e stars refers tay = 2.5 pum. The pair of numbers
especially for AlAs, for which the only result we found inInOIICate the mode family.
the literature [26] is indirect;

3) presence of strain in the structure.

G
%
o

The latter effect represents probably the most important col ~ 80.03 0,0 336 2,1 ¢ t} v
tribution to the difference between the computed (taking int 'a ® 33.2 b //“Q/ d
account only the electro-optic contribution) and measured bir¢ = 54 01 a b
fringence. This assumption is also strongly supported by othi'S 32.8
results [27], particularly by those published in [28], where ¢ @
50-GHz birefringence was measured on devices fromUImUn  29.99
versity, similar to the ones under analysis.

Since it is difficult to infer which can be the origin of the
strain in our structure, and in order to have consistency wit
the experiments, we magnify in the following calculations the — 44 C
electro-optic effect by a factor of 2.3 that recovers the exper % b —*y

; o . 42

mentally determined birefringence values of about 23 GHz. Thi %" a7 d
way of proceeding is similar to looking for an equivalent tensile'3 40
strain that gives the missing 13 GHz with respect to the exper a8
36

32.4

0 5 10 15 20 25 560 600 640 680

3,1

38

G

ment, since the tensorial structure of the impermeability induce %
by the electro-optic effect is completely analogous [17], [29]

The next step comprises of a systematic study of the influenc 760 780 800 820 840 960 1000 1040 1080
of oxide-aperture shape and dimensions on the modal properti

of the device. The parametex, that determines the diamond 820

shape is fixed to 3% and is not varied. In fact, this is not too im L1 /
portant since it does not introduce any “shape anisotropy,” dLC.‘; 315f

to its angular symmetry, while the key parameter, with respec&

to this, isA,. The results of such an analysis are presented i‘§ b /©d/

the following Figs. 8 and 9. In Fig. 8, we show the computec®d 310}

threshold gains for two devices with same shape but slightl a

different sizes. In analogy to LP notation, the modes are labele o

by two numbers, and related to the azimuthal and radial var 3%

ations of the strongest polarization component. However, sinc 220 260 300 340
the structure is no longer circular, such a notation cannot alwa Detuning (GHz)

provide a precise description of the field profiles. These are dég.9. Lower order mode distribution in the gain-detuning plane for structures
picted in Fig. 10. W|th the same oxide size{ = 2.5 um andA4 = 3%) but different stretchings

—13, —11.5, —10, —8.5, —7, —5, 0%. The arrows point toward the
The oxide-window shape adopted to compute the modes_*ogc = 0% case). The solutions with, = —10% best fit the measurements
Fig. 8 A2 = —10% andA; = 3%) is obtained from the and are shown by magnified symbols. The circles evidence the modes observed

L th t.
results shown in Fig. 9 where, foy = 2.5 um, we varied in the experimen

the stretching of the oxide aperture. To enable a detailed anal-
ysis, we show magnified views of the mode positions in the dexeasurements, all the modes of the family (1,1) are visible, we
tuning-gain plane, by taking\, as a parameter. Since, in thereport these solutions in a larger expansion at the bottom of the
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Fig. 11. Polarization-resolved output field profiles for modes (2,1,a) of Fig. 9
for different oxide-aperture shapes.
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reported for completeness and to emphasize the vectorial na-
ture of the computed optical fields. Furthermore, this represen-
tation should clarify that, strictly speaking, the polarization in
VCSELs is never linear. This aspect has been analyzed in [30],
where the four lobed distribution of the minor component of
the fundamental mode was experimentally observed. However,
since in most devices the ratio between transverse mode com-
ponents is always rather high, it is commonly accepted to have
field “polarized” along a certain direction in that sense that the
main component is addressed.

As already stated, the analysis is based on modes at threshold,
SO0 we are not able to predict exactly which are the lasing modes
and how the power is partitioned among them. Nethertheless,
such an analysis is sufficient to reproduce quite precisely the
modal shapes, frequencies and, to a good extent, the favored
Fig. 10. Polarization-resolved output field profiles for the modes of Fig. 8. FcSPOde within a certain family. This can be clearly seen if one

reference, the oxide window is also depicted. The letters follow the frequené@mpares the polarization-resolved experimental and theoret-
order; gray brackets evidence the experimentally observed modes. ical results in two representative cases.

——

Lk

[EF

i B8 I

* Modes (1,1) display the correct frequency positions, po-
figure. Concentrating attention on these modes and comparing |arization and spatial profiles and, moreover, mode (1,1,c)
theoretical and experimental results, it turns out that good agree-  that theoretically requires a higher threshold gain, also in
ment is found forA, = —10%. This value corresponds to a the experiment displays a lower power.
20% axis ratio, in surprisingly good agreement with [24], where « |n the family (2,1), the lowest gain mode is the mode
by means of a simple parametric study of a rectangular wave- (2,1,a) and this is also the one with the highest detected
guide a3.3 x 4 pm-wide aperture was estimated. Moreover,  power in the corresponding frequency region. Moreover,
it is worth noting that a structure without any stretching (i.e.,  the other detected mode (2,1,c) also has the correct pro-
Ao = 0, which correspond to the arrow points) does not pro-  file, polarization, and frequency position.
vide the correct correspondence between the modes (1,1) in thgyit, respect to the mode (2,1,a), characterized by an un-

experiment and their frequency positions. This is quite evidegd,5| three-spot spatial distribution, it is interesting to consider
if one compares Fig. 4(a) with Figs. 9 and 10). the results presented in Fig. 11. They show the effect of the
Beside the (1,1) family, Fig. 10 also depicts all the otheyxide aperture shape on the corresponding modal profile, which
modes evidenced by the bold bullets of Fig. 9. They are groupexinly motivated us to look for an influence of the anisotropy
on the basis of the membership to the same family (i.e., tbéthe oxidation speed. These results show very clearly the in-
samei, j indices). Except for the mode€$, ;) displayed on fluence of the oblong shape on the modal profile: for a device
top, four solutions exist in each family and are labeled by theith a shape without any direction preference we recover, even
lettersa, b, ¢, d following their proper frequency order. Theywith material anisotropies, what we expect from a (2,1) mode,
correspond to the different azimuthal variations (inflexeven i.e., a four-spot distribution. The material anisotropy in this case
or odd) in the two possible polarizations. Each mode is by dedets to fix the polarization, since in ideally circular structures
inition characterized by three components, of which we giwegithout anisotropies, the power is nearly equally shared by the
only z andy (the longitudinal componenk., which is the two transverse components [29]. A stretching of the symmetric
smallest, is here omitted since its intensity is always negligibédhape pushes more and more together the two spots aligned
for our purposes). In Fig. 10, the minor transverse field comnadong the shorter side, ending up with a three-spot distribution
ponent has been evidenced by a lighter background and dor-axis ratios exceeding 15%—-20%. The presence of an oblong
plified by the factor which appears in the inset. Such a minoxide-window has now gained a strong validation both from the
component is observable only in small devices and it is heirequency distribution of the mode family (1,1) and from the
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reproduced in this case. The dominant mode in the experiment
is now the mode (2,1,a), whose spatial distribution is quite dif-
ferent compared to the one in the smaller aperture device. This
is related to the reduced (but still effective) influence of the
anisotropic oxidation speed, responsible for the preference of
field distributions peaked along the longer axis.

Finally, it is interesting to compare the consequences of ma-
terial anisotropy and noncircular oxide window shape from a
general viewpoint. We find that it is difficult to draw a conclu-
sion valid for all the modes. In fact the shape anisotropy has

different influence on different modes, see e.g., the modes (0,0)
and (1,1) of Fig. 9, where in the first case, the dominant effect is
the material anisotropy, while in the latter, the shape anisotropy
dominates by far. Nevertheless, as a general feature of mate-
rial anisotropy, the presence of two directions with a higher
and lower refractive indices induces a splitting of the modes in
the different families, where the lower frequency modes always
have their major field component oriented in the direction of the
higher refractive index.

0 100 200 300 400 500 600
Detuning (GHz)

Fig. 12. As in Fig. 8 but for the larger device,(= 5.5 pm). Squares (stars)
refer to fields with a dominating (y) polarization; only the modes detected in
the experiment are labeled by letters and denoted by full symbols.

(2,0d) 0,0,k 43, 1.d) [4,1.4)
VI. CONCLUSION

IE, A detailed joint experimental and theoretical analysis
of transverse modes in oxide-confined VCSELs has been

* carried out. The experimentally detected mode profiles and
[E,F frequencies of two multimode devices with different sizes
show clear evidence of both material and shape anisotropies

(2.1.a 3. 1.a] (4.1,a) in the devices. In order to rigorously handle these effects, we

presented a numerically efficient vectorial model that, starting
from the basic structural design of the devices, is capable,
for the first time, to include on the same level all the relevant
anisotropies in VCSEL devices and then to make possible
detailed comparisons with the experiments. As a result, our
treatment serves to distinguish the individual signatures of the
two effects in the mode profiles and their frequency spacings
$3und in the experiment. A parametric study of theiB-device
concentrating on the effects of a noncircular oxide-window,
i , . due to the nonisotropic oxidation speed, results in estimation of
field p“’f"e of mode (2’1’3).; our parametric study allows ON50% deformation with respect to the circular aperture device.
to quan_tlfy such a deformation df, - —10% that _S|multane- The use of this deduced shape allows the experimental results
ously gives all the features_detected in the experiment. . for the larger device also to be reproduced. In both cases, the
As a further demonstration that the parameters we Obtal%%s‘ﬁ: effect of shape anisotropy and electro-optic effect due
o]

Fig. 13. Polarization-resolved field profiles corresponding to the mod
indicated by the letters in Fig. 12

are consistent, we considered the_ larger aperture.dewc_e etero-interfaces and doping -profiles underestimate the
computed the lower order modes gains and frequencies (Fig. unt of measured birefringence by about 10 GHz. Thus, our

an_d_ profﬁ:ﬁs (Fig. '13)I. Accor?lng t?] the mterprefagotr; of t:“é‘mlelysis evidences that the electro-optic effect can hardly ex-
Of”in Ot € nonct|rfcu ?hr afpe; tjr:et?hap?‘f' wte ?‘;ﬁe . etva {5i8in the measured birefringence and our results give valuable
of A2, 4 to accountior the tact that the eftect ol the aniSoropig, - ations for a contribution also from the elasto-optic effect.

oxidation speed is inversely proportional to the diameter of the.l.he excellent agreement obtained between experimental and

flnaé apequr(re]. In Elg.'1t2,dt'heF.Iettle:rasIIattrJ:.aI only the obtservqﬂ oretical modal frequencies, gains, and spatial mode profiles
modes, which are depictedin Fig. L. In Ihis case, we geta gooq, e considered as a conclusive proof that vectorial models

matching between theory and experiment with respect to t required in order to describe VCSEL's modes with high re-

modal profiles; the corresponding detunings reported in Fig. bility and, thus, to possibly improve the understanding and
are, however, slightly mismatched, even if the polarization splii- ' ’

. . : . erformance of future devices.
tings fit well. This fact can have many causes, among which we
recall the less precise measurement of the fundamental mode
frequency (since this mode is highly suppressed) and a possible
deviation from the nominal oxide-aperture size. Some influence
can originate also from the combined role of thermal and car-The coupling coefficient in presence of material anisotropies

rier effects. Nevertheless, most of the characteristics are atsm be computed by means of (4) and (12) and by writing the

APPENDIX A
COUPLING COEFFICIENTS FORMATERIAL ANISOTROPY
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TABLE |
STRUCTURE OF THECOUPLING COEFFICIENT MATRIX
TE ™ TE ™
iL—r @ 2 4 0 2 4 f 0 2 4 0 2 4
Ak, Ax 0
0 o Ax S Ax, 0| © 0 0
—Ax, -Ax, Ak, Arx,
0 —-2Ax
TE 9 Ak 0 Ax, —-AKyi 0 Ak, 2 2%, 0 Ax, - 1l Ak,
4 Ax, —-Ax, 4 Ak, - Ax,
I=evern|
Ax, Ax, f=odd ~ Ak, - Ak,
—-Ax - Ax 0 ! 0 !
0 —AXO 0 —AKD [} 0 0 0
) 0 -2Ax
™ 3 Aky | 0 |—Ak, | |—AKe| 0 |-AK,| o 25m 0 | -Ax, 5 40 |-ax,
4 Ax, ' - Ak, ] 4 Ak, - Ak,
a b
mode basis (in [9, Al]) in Cartesian components. In this way, APPENDIX B
one gets [29] COUPLING COEFFICIENTS FORNON-CIRCULAR TRANSVERSE
GEOMETRIES
(K{")w = —C—/ dS{Aerz (S, fuy +5pdu_fu) The guidelines to compute the coupling coefficient in
wls the presence of noncircular structures are presented in [9,
) (Ju; fu; + spdur ) Appendix] to which we refer for more details. There, explicit
+ Acyy (s Gy + 5pdu_gu_) expressions are given f_or an elliptical g(_aometry. In the present
(G, + 5p g )} (A1) case, we have to consider the shape given by (14) and follow

the same steps of [9], which we recall here for completeness.
where the compact notation,. f,. = J,x1(kp)f.., and The surface integral (4) to compute the coupling coefficient
T fu = Juxi(k'p)fs1 have been introduced, = +1 elements is, in this case, related to the perturbateidefined
wydpl — - - . .
for TE and TM modes and the azimuthal dependence are giv¥h the area specified by(,)] and is more conveniently

by rewritten as
cos(pp), —sin(pp) 1 =even iw
sz(w),ng(w)z{ , (A2) (K]0 =—— Ac
! ! sin(pp), +cos(pug) [ =odd. Lo Cy
2 ()
I_t follows that the coupling coeﬁiciehts related to the X F(p) d<p/ pdp(spdu, +J, )
anisotropy, apart from the common termiwZ?k/2 (see [9, 0 0
(A5)]), have the form illustrated in Table I, where we have set 27 r(¢)
A = Ae,, — Ae,, and the submatrices, are defined by spr )+ ; 9(¥) d<P/0 pdp
Iiﬂ(kv k/) = /']H-I-l(kp)’]ﬂ-l-l(k/p)p dp. (A3) . (JM_ - SPJF“r)(J/L,— - Sp,JM;)} (Bl)
P

The anisotropy couples neighbor modes of the same azimutWiere we se#(G) = fufu v (gug,v) and we used the same
parity ;¢ in a sort of a banded arrangement (see the structurdptations of (A1). The preceding integral is efficiently evaluated
the Table). For modes with = 1, 3, . .. the matrix structure of by first analytically integrating over the angular variable. Only
Table I(a) holds, while Table I(b) refers jo= 0, 2, ... The the last integration over the radial coordinate must be carried out
differences in the corresponding matrix structures arise from thgmerically, i.e.

peculiarities of modeg = 0, 1 and are, therefore, related to the

upper left corners of the four submatrices in the tables (which ) ) ]

account for TE-TM couplings). Conversely, all the modes in/ N d /7 ¥ RUVE (o do — /"“‘”‘ R(o)WU d

the basis with: > 1 are instead insensitive to azimuthal spatial /, ? 0 () F(e)p dp o ()2 (o) p-
variations (A2). (B2)



DEBERNARDI et al: INFLUENCE OF ANISOTROPIES ON TRANSVERSE MODES IN OXIDE-CONFINED VCSELs

R(p) is related to Bessel functions through the preceding equais]
tion while ¥ is the angular integration of (G)

\Ijuu’(p) =/ ( )]:(g) do = W’H—M’(p) + Sﬂ/}u+u’(p)] Sur (7]
wip
(B3) 8]
where thet refers toF /G, s; = 1/—1 (I = even/odd) and
9
Putp (p) = / cos((p £ 1)) dep. ®4) O
@ (p)
The angular domain of integrati@f) () is obtained by inverting [0]
the relationr(¢). For example, in the interval [G;/2], we ob-  [11]
tain
— 07 7T/2 0< P < Tmin (12]
el ={ ", (85)
Ccos @z Tmin < 1Y < Tmax

which represents a continuous angular domain in the inner re-
gion and a piecewise-dependent domain in the outer part,

where the integration limits are obtained by [13]

[14]
1 A,

P
9i=3 20,

Ay + 7‘/7‘0 -1
244

A
A2

+ (B6)

[15]
The preceding relation gives one or two solutions, depending
on the parameters (only values wijth;| <= 1 must be consid-
ered).

The coupling of modes with different occurs in the outer
region, sincel = W,/ (p)6,,s for p < rumin. Moreover, due [17]
to the even angular symmetry of the oxide aperture, (B4) dif-
fers from zero only whep =+ 1/ is an even number. That is, the [18]
system couples only the modes with same azimuthal parity; sim-
ilarly modes with different angular variatidnare completely — [19]
decoupled. These features, which stem from the even period-
icity of the geometry under analysis, reduce the numerical conzo]
plexity of the problem, allowing separate eigenvalue problems
of lower order to be solved.

[16]
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