IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 38, NO. 3, MARCH 2002 291

Spatio—Temporal Modeling of the Optical Properties
of VCSELs in the Presence of Polarization Effects

Josep Mulet and Salvador Balle

Abstract—in this paper, we develop an optical dynamical Most studies of polarization dynamics have been concerned
model for vertical-cavity surface-emitting lasers (VCSELs) which  with devices where the spatial degrees of freedom can be
describes, in an unified way, polarization and spatial effects. The yigragarded. A first explanation for the observed polarization

model is based on equations for the lateral dependence of the . . e
slowly-varying amplitudes of the optical field in both circular dyna@mics and instabilities was put forward by Choquette and

polarizations, and equations for the carrier density in both spin coworkers [3], [4]. Their main argument is that, due to residual
orientations. This provides a natural generalization of the Spin cavity anisotropies, linearly polarized modes experience dif-
Flip Model for the description of polarization properties of  ferent net modal gains, so that at threshold the mode with larger

VCSELs extensively used in the literature. In its present form, . . .
the model assumeé/ given functional dependencepof the guidinggam (usually thaF Clpsest to the gain peak) is selected. However,
mechanisms (built-in refractive index and thermal lensing) as well @S the current is increased the temperature of device also

as the spatial dependence of the current density. increases, leading to a redshift of the gain curve relative to the
We investigate the transverse mode behavior of gain-guided, linearly polarized modes that may cause a polarization switch
bottom and top-emitter VCSELs by implementing the model with  from the high-frequency mode to the low-frequency mode.

an analytical approximation to the susceptibility of quantum-well :
semiconductors. We demonstrate that the stronger the thermal This model has been further extended to account for the effects

lens, the stronger the tendency toward multimode operation, ©Of thermallensing, gain-dispersion, and temperature-dependent

which indicates that high lateral uniformity of the tempera- free-carrier absorption [5], [6]. A different kind of explanation

ture is r(equifed in order to mfaintain Silng|e|m0(|je loperatiop ihn for polarization switching in single-mode devices is given

gain-guided VCSELs. We perform analytical calculations of the _ in-Cli inh i

threshold curves in both types of VCSELSs. Also, close-to-threshold by the so Ca".ed _Spln Flip Model (SFM) [7], which is based_
on a generalization of the gas laser theory to the magnetic

numerical simulations show that, depending on the current . .
shape, thermal lensing strength and relative detuning, different Sublevels of the conduction and heavy-hole bands in a quantum

transverse modes can be selected. well (QW). The SFM explains the polarization switching in
Index Terms—Laser modes, modeling, polarization, semicon- VCSELs as the result of an instability of the phase locking
ductor lasers, surface-emitting lasers. among the circularly polarized components of the optical

field that arises from the coupling between amplitude and
phase due to the linewidth enhancement factor. The SFM has
been extensively applied to analyze the polarization selection
ERTICAL-CAVITY surface-emitting lasers (VCSELs) and instabilities: the interplay of linear and nonlinear cavity
are promising devices for many optical applications arghisotropies in polarization switching, the influence of mag-
are particularly of interest because of their single-longitudinaktic fields [2], mode hopping, and the polarization resolved
mode emission, easy integration in 2-D arrays, and narramtensity noise [8]. Recently, the SFM has been justified from
circular output beams. However, relatively large apertures aggnicroscopic point of view [9] and it has also been extended
requwe_d in order to obtain substgntlal optical power, which Ie:_jdr including the frequency-dependence of the carrier-induced
to multitransverse mode behavior of the VCSEL [1]. In addgain and refractive index, showing that the thermal mechanism
tion, the VCSEL's cavity lacks a mechanism effective to pin théiscussed before and that coming from phase instabilities can
polarization of the optical field. Therefore, light-polarizatiorzoexist depending on the VCSEL characteristics [10], [11].
instabilities are often observed when the current is increaseddn the other hand, several methods have been devised recently
[2], as well as excitation of higher order transverse modeg analyze the cavity modes of VCSELSs in a scalar, semi-vecto-
Since many applications require stability in both the emissiqfal, or fully-vectorial description [12]-[16]. These methods are
profile and polarization, it is important to design the VCSElgple to determine the modal frequencies, profiles, and threshold
appropriately. This fact motivates the study, characterizatigins from the distribution of the index of refraction associated
and control of polarization and transverse mode dynamics. with a given device structure. However, they cannot be directly
applied to the study of spatio—temporal dynamics of the system
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increased due to device self-heating through Joule heat dissipa- 5 ‘/YJ\‘ E

tion. Heat is mainly generated close to the cavity axis, soaradial ~ j _12\N, — B N_}.12
profile of temperature develops with higher temperatures close ——

to the cavity axis. As a consequence, besides a global increase E. T E,

of the average index that is responsible for the observed redshift U

of the cavity modes, the refractive index is higher at the center vk v

of the device than in the outer regions, a phenomenon knownas % wﬂw 52

thermal lensing (TL). The effects of TL are usually weak, since
the thermal rate of change inthe index of refraction is of the order

of |9n /AT |\ ~ 5 x 10~* K~*. Nevertheless, TL can stronglyFig. 1. Scheme of the allowed transitions in the spin subbands of a strained
influence the transverse mode properties in weakly index-guid@®, (HH) heavy hole with/. = +3/2, and (CB) conduction bands with, =

. PpRp ; ; /2. Electrons with opposite spin are mixed at rate Emitted photons with
lasers—such as oxidized VCSELs with the oxide Iayer pIac posite circular polarization (E) are coupled through the linear birefringence

close to a field node—or purely gain-guided diode lasers whigh:
do not possess any built-in index waveguide and where lateral

confinement of the optical field occurs only via a combination cif ith perf lindrical i |
gain-guiding and index anti-guiding mechanisms [17], [18]. n a system with perfect cylindrical symmetry, any linearly po-

Inorderto modelthe dynamics of VCSELswith spatialdegreé%rized state of the optical field is allowed. In crystals with cubic

. e symmetry, this rotational invariance is not perfectly preserved.
of freedom, a modal expansion of the electric field is often us ) ) . .
. . . . oreover, the VCSEL cavity has weak optical anisotropies (due
[19], [20], thereby including spatial holeburning effects. How:- . . T . ) .
to either residual strain incorporated during device processing

ever, a drawback of such an approach is that the number and t : ;
of modes considered in the description has to be fixed and detf}éj;? 0 other sources as the elasto-optic [34] or electro-optic ef-

. L .~ fects [35]) that select two preferred orthogonal orientations for
mineda priori, and usually only a few low-order modes are in-

cluded. Inrelativelylarge VCSELsthatsupportseveral transvertgg optical field,z anc_jy, which usually correspond to the unde_r
. R . IyIhg crystallographic axes. We assume that the preferred orien-
modes, some of which may have quite similar frequencies, it fs. . o .
. . : . tations are the same in all epitaxial layers defining the VCSEL
preferable to directly investigate the spatio—temporal dynamics ., . S . e
: . . L ., cavity; hence, the optical susceptibility of the passive cavity is
of the optical field, either considering [21], [22], or not COns'dfjlia onal in the basis of linearly polarized states. However, the
ering [23], [24] the polarization of the optical field. The directin- 9 ypP ) f

clusion of transverse effects in the dynamics of multimode V(gglarlzanon state of the optical field emitted by the VCSEL

SEL ires t der the f d q f both Iso depends on its interaction with the active region’s mate-
s requires to consider the frequency dependence otbo \f governed by the selection rules of quantum mechanics. In

gain and refractive index of the material that constitutes the ac?’ystals with cubic symmetry, and when the optical field prop-
tive region. In addition, they should also correctly incorporate t ates along the quantizatior,1 axes of the crystaltbie selec-

nonlinear dependence on the carrier density because of the ifla= " o< ¢5+ the transitions impose, among others, the conser-
mogeneous carrier distributionarising fromthe localizedinjected ;)\ of the third component of thé angular mom;entum The
currgnt._The ”.‘OSt natural way t_o mcorporatg t_)_o ththe galn_and B%tical susceptibility of the active region is, therefore, diagonal
fractive index is through the optical susceptibility of the active I3 the basis of circularly polarized states of the optical field;

gion, which C_OUId be obtained in either a microscgpic [251-2 ence, we switch to it due to the resulting simplified description
or mesoscopic framework [30]-{32]. The former gives a very a6t the dynamical interaction with the active material. It is then

curate desqription buF req_uires a huge c_omputational effort; tQ_E;o natural to distinguish between spin-up and spin-down elec-
latter, despite approximations, can provide an accurate descfiy,q and holes, since they couple to optical transitions with op-
tion of the active medium and can be included directly into thg,gjte circular polarization. In addition, spin-up and spin-down

Iaser.dynamic;s [11], [_29]' [33]. ) carriers are coupled among them through spin-flip mechanisms
This paper is organized as follows. In Section II, we presentgy may reverse the particle’s spin [36], and which we shall

detailed description of the optical VCSEL model implementeghqcripe through an effective spin relaxation rate. These pro-
in this paper, which generalizes the SFM in order to includgugges are graphically sketched in Fig. 1 for the case of only one
1) the spatial dependence of both the field and carrier densitigg, ction band for the electrons and one heavy-hole band. In

and 2) a susceptibility tensor that describes the frequency-dgserion |1-A, we discuss the optical part of the model, while in
pendence of the gain and refractive index distributions induced tion 11-B. we treat the evolution of the carrier densities.
by the carriers. In Section Ill, we present an analytical approach ’

to obtain the threshold of transverse modes. In Section 1V, VK

e .
. . : ) . . Optical Model
discuss the results of numerical simulations. Finally, Section'V P _ . . _
is devoted to summarizing and concluding our paper. In this subsection, we detail the procedure outlined above

in order to obtain our dynamical model for the VCSEL taking
into account both the polarization and transverse degrees of
Il. M ODEL freedom. We start from Maxwell's equations in the frequency
domain, and after determining the optical carrier frequency of
In weakly-index guided or purely gain-guided devices, thine VCSEL emission, we return to the time domain in order to
optical field inside the VCSEL cavity can be considered as dlnd the dynamical equations for the slowly varying amplitudes
most totally polarized in the transverse plane to the cavity ax{§VA) of the circularly polarized optical-field components.
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From Maxwell's equations in the frequency domain, the disvhere we have defined

tribution of each linearly polarized component of the optical
field &.(7; w) (with & = £, ) is given by

2
{v‘j + 07 + °;—2 [1+ x5 (7 w)] } Er(7; w)
w? {Pk(ﬁ w)

I €0

—ﬁmw&meM@m>m

whereVi = 97 + 92 andx} (7 w) are the frequency-depen-
dent susceptibility distribution of the passive material filling the
cavity for a field polarized along the-direction, Py (7; w) is

the k-component of the material dipole density due to the ac-
tive material, thus providing both gain and a change in refrac-
tion index, Rw-(z, zo) is the rectangle function, which is 1 if

zo < z < 29 + W and zero otherwise, that specifies the payhere

e 4
,
Fr(z) = - L 5 ®)
—iqpz
/ dz |etans 4+ —
0 1

L
ﬁwﬁw:/’mﬁmwwwaﬁ
0

z0+W
- / dz x§ (7 w) | Fr(2)? (6)

Zo+W
By(7L; w) = / dz Pu(7 W) (2), %

sition of the active region, which we consider to be made of a Fy(z) normalized longitudinal-field profile;

single QW whose thickness . In the case of multiple QWs,

k
we assume that they are all in the same electrical state, so the%%e
r
By,

the total thickness of the active region is scaled by the numbe
of wells.

By considering that due to the short cavity length the
VCSEL supports a single longitudinal mode in the vicinity of
the gain maximum, the optical-field components can be split
into their longitudinal and transverse parts

longitudinal average of the passive material’'s suscep-
tibility;

projection of the active material’s dipole density onto
the corresponding-component of the longitudinal
mode.

As already commented, in our system the selection rules for
the optical transitions impose the conservation of the axial com-

ponent of the angular momentum, hence the interaction with the

—iqLz

&7 w) = <ei(1kZ + ¢ 3 ) A (715 w)
7)1

= fru(2) An(PL; w) @)

where, = (z, y). The longitudinal modes of the VCSEL
cavity are determined by the round-trip condition in the

active material is diagonal in the basis of circularly polarized op-
tical states. Therefore we express the optical fields in the basis
of left- and right-circularly polarized components

A, LA,

A
* V2

(8)

plane-wave approximation. For a linearly polarized wave, Where the optical interaction with the QW-based active region

reads

ripkeiol — 3
where ¢;, stands for the complex propagation constant of the
longitudinal mode linearly polarized along thedirection, with

its real and imaginary parts determining the wavelength and
threshold gain for this mode, addis the physical cavity length
corresponding to the separation between the two Bragg mir-

rors.7% andr4 denote the frequency-dependent amplitude re-

is naturally expressed. Then, (4) reads

2
{v‘j +<
C
w? - 2 -
+ = Sxe(7L; w) — 8¢° | Ax(7L; w)

1+ xe(7L; w)] — q2} Ax(71; w)

2

w .
= —507 Bﬂ:(ﬁ.% w) 9

flectivities of the top and bottom Bragg reflectors. MoreovetVhere we have defined

Bragg mirrors are usually birefringent, displaying polarization-
dependent reflectivitiesf , # r{ ,. This effect provides dif-
ferent propagation constants and, in general, different longitu-
dinal profiles for the two linearly polarized modes.

Upon substitution of (2) into (1) and by projecting onto the
longitudinal modefi(z), the transverse-field distributions in the
cavity section4, (7, ; w) are given by

w? - .
{71+ % Dradtrs o) - ) A o

w2
= —_-— . 7l 4
J Bk(7l7w) (4)

7L w) = xe (7 w) + x¥(7L; w)

el ) (10
Sxe(FLs w) = X2 (FL; w) ; XY(FL; w) a
Ll (12)

2
=% 3 i (13)
By(71; w) = By (s w) £ 4B, (715 w) )

V2
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Given the QW'’s susceptibility components in the circulawhere
basis, Py = eox+(7; w)€4, the linear components of the ma-

terial dipole density can be expressed as /ZOJFW dz| f(2)[?
=22 (21)
) +x . "
Pu(7L, z;w) =€ {% fo(2) A (715 w) / dz|f(2)|?
0
X+

— X= L
T o Ju(2) Ay (715 w)} » (15) isthe longitudinal optical confinement factor that represents the
fraction of the intracavity power that is confined to the QW ac-
P71, 2 w) =€ {X+ 2— X— Fol2)Au(FL; W) t!ve region. As alrea_dy noted, in the case of a mu_lt|ple QW ac-
t tive region, we consider that all the QWs are identical and in the
X+ + Xx- f same state. Hence, we simply scale the single-QW confinement

T u(2) A (713 w)} (18)  factor by the number of wells. Therefore, (9) becomes

. . . . 2
and, upon substituting the above expressions into (7) and (14), {Vi L C;_Q [+ xe (71; )] — qg} AL (7L w)

we obtain

2
d =g 2 =g
By = eo(ALSe + A To) 17) + [g dxe(7L; w) — dq } Az(7L; w)
2
w ~ v -

where = —Fg)(i (w, Ny, N_) AL (715 w). (22)

oW o xe By defining

se= [ | S (R@F £ |RP) } - -

20 14 xe (7L w) = [ne(w) + i (w) + An(7L; w)] (23)
where
Yo — X () f, (2 fo(2)f5(2) Ne(w) effective background refractive index experi-
+ 5 L( M1y2) 13 . enced by the field in the isotropic, homoge-
/ A2 fo(2)]? / A2, ()2 neous cavity;
0 0 @ (w) < n.(w)—determines the effective absorption
(18) in the passive material;

An(7L; w) (small) excessindex distribution responsible for

Z04+W 3 ical fi

B X+ + x— 9 9 the lateral confinement of the optical field.

Ty = /ZO dz 4 (IF=(2)FF F [Fy(2)F) The excess refractive index distributidm (7, ; w) contains all
the waveguiding mechanisms present in the device except the
carrier-induced refractive index, which is included through the

B N * real part ofy. Hence, in the cavity without anisotropies, we
_ X+ T X ‘%(z)fy(z) ‘%(z)fy () . have that the longitudinal mode considered has an optical fre-
/ dz| - (2)]? / dz| f,(2)|? guencys?, determined—from (3), (22), and (23)—by the con-
0 0 dition
(19) 0
~ne(©) = Reg(®) (24)

By splitting the total carrier density inside the QW as

N.: N + N, whereN §tands for the ele_ct_r_on density WithWhere Reg($2) stands for the real part of the propagation
spin up and down,_respectn_/ely, the susceptibility componentsiBnstant of the longitudinal mode considered. The frequency
the circularly polarized basis age: = xx(w, N+(7), N-(7). gependence of stems from the frequency-dependent reflec-
and they depenq on position on_Iy through- the position dEpetﬂflty of the Bragg mirrors, which mainly arises from the
dhence hOf]\é#f'f S.|nce|the hQW th'CanSW IS mugh ﬁmall.er .reflection phases while within the stopband of the reflectors.
than iNe hl usion zngt N 't. caln € assume It at_, 'ns'%‘?nce the indices of the materials forming the passive cavity
the QW, the carrier density Is almost constant aland.e., 5, the Bragg reflectors are temperature dependent, (24)
Ni(r) ~= Nx() = (1/W) [77 dz Nx(r). Moreover, incorporates the thermal shift of the cavity mode.
for weak cavity anlsotrop|_es, t_he_ longitudinal propag{;\tlon Once the longitudinal mode frequendy has been de-
constantsg, and ¢, are quite similar, so we can considetermined, we can tackle the dynamical evolution of the
that the longitudinal mode. profiles are glmost the same, With, (<verse-field profile in the SVA approximation. For the
Jo(2) = fy(2) = f(2). Inthis case, (17) simply reduces to  5qtive VCSEL, the optical field is quasi-monochromatic,
. = . and we take{} as the carrier optical frequency so that
By (715 w) = col'xt (w, N4 (7L), No(7L)) Ax(7Li @) AL (7 w) = EL(7L; v), with v = w — ©, is different from
(20) zero only in the close vicinity of2. Thus, in the time domain,
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the circularly polarized components of the optical field can behich represents the anisotropies that arise from the passive ma-
written as terial filling the cavity, andég?, which arises from the Bragg
‘ mirrors. For simplicity, we consider tha, and~, are constant,
Ax(FL; t) = Ex(FL; t)e™™ + cc. (25) independent of both position and frequency.

. ) . The waveguide operator in (28) reads
whereE (7 ; t) are the SVAs of the circularly polarized com-

ponents of the optical field, which verify thit, £+ | < Q|E4|. . 2 0\ 2
For frequencies) ~ €2, we approximate LBy = oo — Vi + <—> 2n.An(7; Q)| Ex (31)
NeTg c
2
w_2 14 xe(7L; w)] — ¢ since we have assumed weak guidance,Ae(, ; ) < n..
¢ 9 It is worth remarking that does not incorporate the carrier-in-
~ 2 9 neﬁ v+2 <Q> ne [An(7L; Q) + 0y (Q)] duced refractive index, which is included separately through the
¢ ¢ ¢ real part of the susceptibility. However, all other guiding mech-
_ 21'9 neIm g($) (26) anisms and, in particular, thermal effects due to carrier injection
c are, indeed, included id because both the cavity frequency

wheren, = n.(Q) is the effective index at the cavity frequency’? 2nd the excess refractive index distributidm (i, ; £2) are
andn, = |(d/dw)(wn. — cReq)|.q is the corresponding sensitive to the injected current due to device self-heating. The
g — e w= .

group refractive index. By neglecting the frequency dependeneif]gemcu”C_t'ons of are thus the cavity modes corresponding to
of éy. andéq in (22) and transforming it to the time domain,t e eﬁe,c“"e \'/vavegwde,. and "f this gqlde is strong enough, the
(—iv — ), we have that interaction with the carriers will not distort them too strongly.

It is worth remarking that with our definition of, the cavity
modes and modal frequencies are polarization independent. The
linear cavity anisotropies are described througland-y,.
0\ 2 Finally, in (28), two points are worth remarking. In the first
+ {2 <Z> ne [An(7L; Q) + iy (Q2)] place, the optical frequendy is selected by the cavity through
(24). In the second place, a correction to the optical frequency

Q
% = .0 9By (FL; t)
C C

Q R  appears through the “instantaneous frequer@yFL / E4 in
—2 - nIm Q(Q)} Ex (L5 t) x+(Q+1i0,E+/E+, Ny, N_). Such a contribution takes into

02 account the changes in the susceptibility due to the frequency

+ [_253(6(71; Q) — 5(12(9)} E-(71;t) pulling or pushing due to nonlinearities and it also describes

¢ the variations in susceptibility experienced through frequency
®dv ., (Q+v)? chirping during transients. But, more important, it also deter-

=-T / o T2 mines that the carrier-induced gain and refractive index expe-
< rienced by different transverse modes are different due to their

X+ (4w, Ny, NO)EL (P15 v) (27) different modal frequencies.

The right-hand side of (27) does not allow for an exact integrg- Material Model

tion. However, by expanding. to the first order inv, inte- . .
. : . As already discussed, due to the quantum-mechanical selec-
grating term by term and formally resuming the series, we have X . . )
i ' - tjon rules that apply to optical transitions in the QW the interac-
that the temporal evolution of the transverse-field OIISmbuuotrﬂon with the active material is diagonal in the basis of circularl
E_L (7 ; t) is determined by ' g y

polarized states. It is then natural to split the total carrier den-

s T e sity into spin-up and spin-down carrier densities. Each of them

Orby =—rby +iLEy +ig —— on. interacts with only one of the two circularly polarized compo-
O,Es — ! o ' nents of the optical field, but scattering processes that reverse
C X+ <Q +i 5 Ny, N_> By the spins of the carriers couple the two densities. We describe

+ this coupling by means of an effective spin-flip ratethat phe-

— [Fal7L; Q) + &7, (7L; Q)] Ex. (28) nomenologically describes the equalization of the densities of

spin-up and spin-down carriers [2], [36]. The evolution of each
In the above equation, we have defined = (c/n,) ofthe spin-resolved densities can be found from the density ma-

[(€2/c)i(£2) — n ¢(£2)] as the total cavity loss rate, and  trix formalism [38] applied to semiconductor systems, which
leads to [9], [24]

S Q2 Q2 .
=g [T -st@) @ ey -
efg OGNy = 26%’/ ~R,(Ny)+DViNy
Q 02
7l Q) =— Re | — Sy (7L; Q) — §42(Q)| (30 - r 2 L
’YP(7J_7 ) Moy € |:CQ X,(7J_7 ) q ( ):| (30) :F’VJ(N—I—_N—)'FW%/ dZ|f(Z)|2
0

which represent the effective dichroism and birefringence in T [X < OB
g +

gt x 2
the cavity. Anisotropies have two different contributiofg:, Q4 E,’ Ny, N —ﬂ || (32)
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where and one (heavy-hole) valence band, both parabolic and degen-
e absolute value of the electron charge; erated for the two spin orientations, contribute to the gain [see
D in-plane ambipolar diffusion coefficient;  Fig. 1]. This situation is appropriate for describing thin, strained
— — — W where the light-hole band has substantially higher ener
R,,(N1) = ANyt + BNi— total spontaneous re- Q g y g 9y

than the heavy-hole band, so it is not optically active until quite
rhigh carrier densities. By assuming charge neutrality and that
L the spin relaxation rate for the holes is very large [36], the hole
vs(N4—N_) all spin-flip processes that tend to equalizglensity can be eliminated from the VCSEL dynamics. In this
the two carrier densities with opposite spinjimit, we have thatV? ~ N* = (N4 + N_)/2, whereNy
Finally, J(7; t) denotes the distribution of the current flowingand Nt denote the densities of electrons and holes per spin ori-
through the active region, which is assumed to be equally d@natation, respectively. Finally, assuming intraband quasi-equi-
tributed among the two spin orientations. Thus, the total injectéiirium, the analytical expression for the optical susceptibility
currentis] = [ d*7LJ(71; t). reads
Our VCSEL model is given by (28) and (32), which together
o_Ietermine the (_jistr_ibution of the SVA fields an(_j f:arrier den_ski(g +v, Ny, N_) = —xo [ln <1 _ 2Di‘>
ties. However, it still has to be closed by providing a specifi-
cation for the optical susceptibility componens;, that de- tln <1 Dy + D_> n <1 3 L)} (33
scribe the interaction of the optical field and the QW mate- U+ u+1
rial: theirimaginary parts describe the energy exchange (absorp-
tion or stimulated emission) between the circular Componerwgere the first term on the right-hand side I’epl’esents the contri-
of the field and the medium, while their real parts describe thition of the electrons, the second that of the holes, and the third
dispersive effect (refractive index change) accompanying su@presents the susceptibility of the system when no carriers are
a process [39]. Therefore, once the susceptibility componefgiited. In the above equation, we have defined
have been specified, our model naturally includes the effects of _
spatial-hole burning that leads to a reduction in the modal gai o= m|M|? _ hkz, Da — TWh N — Ny
due to a depletion of the carrier density distribution, but also 2Wreoh?’ 2m~y’ * my * Ny
through a change both in the position of the modal frequencies
on the gain spectrum and in the modal profiles. For index-guided “ =
devices, this last effect can be usually neglected and itis enough
to determine the imaginary parts g as a function of the fre- where
quency and the carrier densities. m reduced mass of the electron-hole pair;
Models for calculating the gain and refraction index spectra IV, (total) transparency carrier density;
from the electronic structure of the semiconductor material |[AM|* oscillator strength of the transition, assumed to be

combination of carriers (we neglect Auge
recombination);

A+ % +o(D_+ D)3

have been developed, some neglecting many-body effects [37], constant over the whole band,;
[40]-[46] and some taking them into account [25]-[29], [47], ~ width of the transition, assumed to be constant over
[48]. These microscopic theories describe individual transitions the whole band.

by the occupation of the initial and final electronic states, arthe frequency dependence is incorporated thraugh which
the material polarization by superposing the contributions from = (Q — w,)/+ measures the normalized detuning of the lon-
each transition. A dynamical description of the lasing proceg&udinal mode resonance with respect to the nominal bandgap,
then requires dealing with plenty of two-level-like systemando(D_ + D)3 phenomenologically describes bandgap
coupled among them by carrier scattering processes and byrngormalization due to Coulomb interaction between electrons
optical field. In this way, all physical mechanisms in the mateand holesg being the bandgap renormalization parameter.
rial are accounted for, but the complexity of such a description As discussed in detail in [30], the optical susceptibility given
is so high that it requires intensive numerical computation evel (33) provides a good qualitative description of the character-
without considering spatio—temporal dynamics. istics of both gain and refractive index spectra, including band-
In order to reduce the computational cost and to gain physiddling effects (i.e., the blueshift of the gain peak relative to
insight, it is convenient to use simpler descriptions for the ofhe bandedge as the carrier density is increased) and the non-
tical susceptibility of semiconductor media. One possibility is tinear dependence of the gain and index spectra on the car-
use a semi-analytical approximation for the optical gain (see, fider density. By using this approximation fary. in (28) and
instance, [49] and references therein) and then determine the(82), the spatio—temporal description of the system incorporates
fractive index by Kramers—Kronig relations. Another possibilityhe frequency dependence of both the gain and refractive index
is to use an analytical approximation to the full optical susceptit a simple, although efficient and qualitatively accurate way.
bility [30]-[32], which although less accurate, still captures th&nyway, it should be stressed once again that other approxima-
essential features of the gain and index spectra. For this reagmms for the susceptibility components could be used. In par-
we consider an analytical approximation to the optical suscdjzular, when one wishes to analyze in detail the behavior of a
tibility of the QW, equivalent to that given in [30], but for theparticular device, computational complexity arises because of
circular components of the optical field. We proceed along thiee need for a realistic and accurate modeling of the gain and
lines given in [30], and we consider that only one conductiandex spectra for the device under analysis.
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C. Dimensionless Model TABLE |
. . . DEVICE AND MATERIAL PARAMETERS
As afinal step, for the sake of clarity and numerical purposes,

it is convenient to use a dimensionless version of the VCSEL Symbol Meaning Value Dimensions
model. To this end, we work with the carrier densities normal-  axo. effective gain constant 1.3-10 ns~!
ized to the transparency carrier densiy, = N./N;, and we r longitudinal confinement factor 0.045 —
scale the fields as 5 polarization decay rate 20 ps?
. Ne background refractive index 3.3 —
Ai (TJ‘; t) 12 ng group refractive index 3.5 —
_ 2607‘Lg7‘Le r L d 2 Eu(Fi:t 34 A free-space wavelength 0.85 pm
h W—-Nt 0 % |f(z)| i(7J'7 ) (34) o bandgap shrinkage 0.2 —
b empty band contribution to x 104 e
We also consider that the shape of the transverse current cavity losses 300 s
density distribution is fixed by the structure of the device, so . inear dichroism 05 sl
thatJ (7, ; t) = eWN,C(¥ 1 )u(t), whereC(¥, ) is the current , o .
shape and.(t) its time dependence; hence, the total injected K lfneér birefringence % *
current reads non-radiative recombination rate 1.0 ns!
- B bimolecular recombination rate 10710 cm?® 57!
I(t) = u(t)CNtW // C(fJ_) dQFJ_, (35) N, transparent carrier density 108 cm™?
—oo vy spin flip rate 50 ns~?
Then, the final form for the model is D bimolecular diffusion 04 pm?® ns™

KAL(715t) . . -
. al’ O AL the difference in threshold currents for the different transverse
= —hAgHilAp i xx <9 +i oL Dy, D—) A+ modes provides a rough estimate of the modes that can be ex-
cited for a given current, although above threshold the excitation

= O+ ivp) Az + VBD£ G4 (715 1) (36)  of higher order transverse modes is favored because of spatial
0y Dy (7 ; 1) hole burning. In addition, the modal profiles and frequencies
ut) . ) can be modified, especially for very weak guiding. One of the
=5 CML)=ADy—(BN) Dy F(D+~D-) primary effects of TL is to modify the threshold characteristics

) 9, Ay ) of the VCSEL by changing both the threshold current and the
+DVi Dy +almys <Q+'L o D+ D—) | Ax| mode selected at threshold.

* 37) The threshold current and the transverse mode selection for a

given VCSEL can be determined in a simple way by analyzing
wherea = Q/(n.n,), and the susceptibility is that giventhe linear stability of the “off" state, i.e4+ = 0. We apply
in (33). In addition, we have phenomenologically addel@ the “off’ state a small perturbatiofid. (7", , ¢) in such a
stochastic Langevin terms with zero medéu(z, y; t)) = 0) Way thaF stlmula_t(_ed emission can be neglected in determining
and uncorrelated in both space, time, and polarizati$€ carrier densities. Hence, from (37), we have that the car-
(& (@, w3 DE (', o 1)) = 268, 16(z — 2)o(y — o/ )6(t — '), 1er den5|t|gs in each spin orientation arelequ_ﬁlq_—:. D_ =
with i, j = 4, —) to the equation for each electric field inDS(ﬂ)—smce elggtrons with OpFJOSIte spin orientations are, on
order to model spontaneous emission processes [8]. average, equally injected, and given by
For the sake of simplicity, we assume that the lateral current i

distribution at the active layer is given in terms of explicit func- 0= 5 C(7) — AD, — (BN,)D? + DV3 D,. (38)
tional forms of C(r). We approximate this function by a su-
pergaussian distribution in the case of bottom-emitting devicéhe solutions of (38) in turn determine the inhomogeneous dis-
while a ring-shaped current distribution is taken for top-emittingibution of the optical susceptibility, that in this case is the
devices. In the same way, the radial dependence of the excess#@ne for the two polarization components. The dynamics of
fractive indexAn () that arises from the TL effectis assumed td A (7, ; ¢) is given by
be parabolic. Although the electrical and thermal models have
not been yet implemented, they may be included in our optical 4 .al’ OO0 AL
model in order to self-consistently determine the distribution ﬁ)afl"mi = —rbAx +iloAx +i X <Q T §AL DS)
current density, temperature and optical field. A summary of the .
meaning and numerical values of the device and material param- 0AL — (Yo +ivp)0Ax.  (39)
eters can be found in Table I.

It is natural to expand the perturbation in modes of the wave-
[ll. THRESHOLDANALYSIS guide operator:

A basic step in the characterization and modeling of VC- 54, (7 . ) = Z § A cE VARG (7) Yt (40)
SELs is to determine their threshold properties. In particular,

ml
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where§A4,,; stands for the perturbation’s amplitude akgl; propagation constant®’,, = (kon.)? + (2W,;/¢,)* are ob-
is the perturbation’s eigenvalue in each of these modes. Phaa@ed by imposing the boundary conditionsfat= 1, which
locking among the two circularly polarized component¥at yield a transcendental equation 1f,,,;

0, /2 provides linearly polarized light along tiieandj axes, -
respectively. The cavity modds,,; and the modal frequencies Z na,
wpy are determined by the eigenvalue problem Kiii(Wo)

W'rn
! Kl(Wrnl)

>
n=0
From (31) and (36), the modal frequencies, referred,tan be
written

Q 2

These linearly polarized moddsF,,; are indexed withm = 902 W, 2

1,2, ...andl =0, &1, .... The mode profile hagn—1) zeros Wt = — < e ) . (46)

in the radial direction, wherea®l) zeros are in the angular neng \ ¢

direction.L Py is referred as the fundamental mode&?;; the |nasmuch as,.,,; < 0, it describes the redshift of the modes due

first-order transverse mode, and the remaining as higher or@gthe thermal lensing with respect to the flat index distribution.

transverse modes. An important propertybof; in calculations The greater the TL strength, the larger this redshift, which also
is that represents a complete set of orthogonal eigenfunctionsnlireases as the mode ord@r= (2m +1 — 1) decreases.

is worth recalling that these cavity modes and modal frequenciesupon substituting (40) into (39) and projecting onto a mode

are polarization independent, and that the cavity anisotropie®, ,;, the perturbation’s eigenvalue,; is given by the solution
that may favor one linearly polarized state over the orthogonsfi the implicit equation

one have been included through and-, [see (47) below].
As we have already commented, the refractive index distribdm: = —+ F (Yo +97p)

tion is approximated by a truncated parabolic profile
// (Q -+ wmt + iAoty Do(r; )| @utl® 427

aF

A 1-— if 1
An”(R) {0 nfl[ R? ] :f g ; . (42) / |<I)ml|2 427

(47)

7

with R = 2r/¢,, ¢, being the TL diameter. The modes of suchvhere the sign—(+) corresponds ta:() linearly polarized

a waveguide can be analytically expressed as a series expanbiii. The perturbation’s growth rate Be),,,;, while it oscil-
whenR < 1 and read [50] lates at a frequency shifted yn \,,,; with respect td2 + w;,;.

The integral term on the right-hand side of (47) describes the
modal gain (real part) and the nonlinear frequency shift (imag-
inary part) of the transverse mode under consideration, taking

Z an Rt into account any possible frequency pulling or pushing of the
=0 ifR<1 modal frequencies due to the carrier induced refractive index
e S change.
PR, 0) = e Z n (43) Therefore, the threshold current for every linearly polarized

transverse modePph,,,;, pwn(m, I, £; A)is found from the con-
M if R>1 dition ReA,,,; = 0. Threshold currents for the two linearly po-
( K(Wint) - larized solutiong=+) are slightly different in the presence of
linear anisotropies; hence, we define the threshold for a given
transverse mode as

where K; is a second kind Bessel function of ordeand the
coefficientsa,, in (43) are given by the recursive relations

/’Lth(mv l7 A) = Hii:ll{lith(mv lv :l:7 A)} (48)
ap = arbitrary and the absolute laser threshold is thus determined by
s = _w pen(A) = min{ per (m, I; A)}. (49)
2 (l + 1) [ pregy [ ) by
T ﬁ (VZazn_a— (VE=W2)) a2n_>) It is wor'gh rema_rking that, give_n_the_ car_rier density distribu-
. n(n+l) tion associated with the current injection in (38), the threshold
if n>2 current of transverse modes is determined jointly by the modal
aznt+1 =0 (44) frequencies that establish the material gain, and the overlap of

the modal profile with the carrier distribution. These effects are,
V = 2x /M) (¢,/2)v/2n.Any; is the waveguide parameter. Thdn turn, dependent on both the relative detuning and the thermal
guided modes are those verifyilg< W,,; < V, and their lensing strength. In the next two subsections, we discuss the
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SETT T T T T observe that the threshold discrimination of the first-order
7 E_ _f transverse mode is more noticeable when the cavity resonance
E 3 is located on the blue side of the gain curve, although in this
6 é‘ E case the threshold current increases. For lagg, we observe
= gE = that the threshold differences between the two modes are very
2 g 3 small over the whole range of detunings, thus indicating a
£ 42— —g strong tendency toward multimode emission. An interesting
3§_ 3 aspect is that, when the VCSEL operates on the red side of
g — P, 2 the gain spectrum, the first-order transverse mode has a lower
2E - LPy 3 threshold than the fundamental one.
P This general scenario can be interpreted from (47) as the in-

terplay of two separate aspects. On one hand, the TL wave-
guide establishes the modal profilds,,; and frequencies ;.

The latter alone would define the modal gain if the active re-
Fig. 2. Threshold curves for the fundamental (solid lines) and first-ord ion were of infinite extent and injected homogeneously Then
transverse modes (dash lines) as function of the normalized detuning. %e . ) !
thermal lensing strength i&n,; = 10-2(s), Any = 10-%(¥), An,, = the threshold curves for the different modes would follow the
5-1074(m). material gain spectrum and one would, therefore, expect that
the threshold mode would be the one whose frequency is the

threshold behavior of bottom and top emitter VCSELs correfosest to the gain peak. However, due to the finite extent of

1
~
o
-

2

>
w

sponding to different shapes of the injected current. the carrier density distribution, a geometrical correction sets in
o that accounts for the overlap of the carrier density and the mode
A. Bottom-Emitting VCSEL profile. This effect is usually described by means of a lateral

The current distribution across the active region dfonfinement factor that corresponds to the fraction of the modal
bottom-emitting VCSELs is quite homogeneous due f@ower contained in the nucleus of the waveguide. In our case,
their circular p~ contact and the typical high doping leveldiowever, the carrier distribution is inhomogeneous; thus, we de-
of the n-substrate [18], although current crowding at tHée a lateral confinement factor through

aperture edges is observed when the VCSEL diameter is large.

As we have already commented, we consider that for this //I‘szIQS(ﬂ)dQF

device structure the current distribution at the active layer is r,, = (50)
super-GaussiarG(r) = exp[—(2r/¢.)%], with ¢. being the " /@ 2 27

diameter of the active region. The total injected current is then mt !

I(t) = p(t)(r/12)L(1/3)eN,W ¢2, and the exponential tails
of the supergaussian function take into account the curremtere S( ) is a normalized weight function, ranging from
spreading effect [51]. We consider a device with an actiwero to one, that describes the shape of the active region. For
region diametew, = 15 um, and a larger diameter of thesimplicity, we takeS(r) = D.(r)/ max{D,(r)} with D,(r)
thermal lensg, = 18 pum, in order to mimic heat diffusion the steady-state carrier distribution given by (38). When the
across the cavity axis. carrier density in the active region is approximated by a disc
In Fig. 2, we represent the threshold curves obtainer) = ©(¢./2 — r), our definition of the lateral confinement
from (48) for the fundamental (solid lines) and first-ordecoincides with the fraction of modal power within the active
(dashed-dotted lines) transverse modes as function of tiegion. With our choice foiS, the lateral confinement factor
normalized detuningd. We consider different values of thedescribes the degree of overlap of the modal profiles with the
TL refractive index strengtt\n,; = 1072, Any, = 1073, carrier distribution. Note that,,,; does not depend either on the
andAn, = 5 - 10~*. For a fixedAny, the threshold curves modal frequencies or on the cavity detuning. Hence, we are able
for the different modes as a function of the detuning displayta separate the geometrical contributions to the laser threshold
minimum when the modal frequency aligns with the gain peakom those arising from the frequency dependence of the gain
The position of such a minimum depends mainly on the thermalrve.
waveguide, but also on the coupling with the carrier density The lateral confinement as obtained from (50) for the guided
through bandfilling and bandgap shrinkage as includeg.in modes considered above is depicted in Fig. 3. As expected, we
The curves are asymmetric around the minimum threshold withserve a fast decrease of the confinement factors as the TL
a smoother increase toward the blue side of the gain spectrsirength decreases, suddenly dropping to zero when the mode is
as a result of a higher differential gain. For smalh,;, which no longer confined by the TL waveguide. It is clear from Fig. 3
corresponds to an on-axis temperature excess of about 1thgt for strong TL, the confinement factors for the fundamental
we observe that besides the global increase of the threshaidl the first-order transverse modes become very similar and
current, the threshold for the first-order transverse mode is varpse to one. In such a case, the material gain differences arising
large (out of scale in Fig. 2). For moderate,;, the threshold from different modal frequencies may be large enough to over-
of the fundamental mode is sensibly smaller than the first-ordesmpensate for the difference in confinement factors. Hence,
transverse mode, so the laser displays fundamental transvéngedevice can start to lase in the first-order transverse mode in
mode operation for moderate currents above threshold. fgite of being homogeneously pumped. In order to improve the
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Fig. 3. Lateral confinement factor of the modes supported by the Tﬂ—‘i .4. Threshold curves for the successive transverse modes of the top-emitter

waveguide as fun_ction of the TL strength. The carrier distribution correspong SEL. The position of the symbols denote the detuning of operation and its
to the bottom-emitter VCSEL. corresponding threshold current. The thermal lensing strenghnis = 5 -
103,

range of single-mode operation, it is desirable to work below
the cut-off for the first-order transverse mode, which—for a

fixed geometry—can be achieved by reducing the amount of b I I I I
TL through an increase of the device’s lateral heat conductivity. i
For our particular configuration, the TL strength has to be mod- 0.8 LT e —
erate, and our analysis suggests that the on-axis excess temp B Lp /,/ e P ¢~ P 7
ature should be kept below5 K, since in this case, the confine- - s v T b
ment factor for the first-order transverse mode is already only 0.6 ( ,/ | // ]
7% below that of the fundamental mode. However, it must be I'm / ,|| T
noted that the first-order transverse mode could start lasingwel g4 / /' | _
above threshold due to spatial-hole burning in the carrier den WPro iLPy P, SETA .
sity. L / i : ]
02~ | | 7
B. Top-Emitting VCSEL - | | | ]
Top-emitting VCSELs have a top contact of annular shape 0.0 .‘0?5. - ”1,0' = '1f5' - Ig}o‘ = '2?5' - '3_0
that leads to preferential injection in the outer edges of the active Ay [x 109

region both due to the ring contact and to current crowding at the
aperture edges in the case of oxidized VCSELSs. This strongly. 5. Lateral confinement factor of the modes supported by the TL
affects the overlap of the modal profiles with the carrier densityaveguide as function of the TL strength. The carrier distribution corresponds
. . the top-emitter VCSEL.
and thus the mode selection at threshold. In order to illustrate
this effect, we take the radial dependence of the injected current
as:C(p) = e~ e, with p = 2r/¢, in such a way that the whole range of detunings, to the four lobae;, mode. Again,
total injected current in the device I$t) ~ 1.24u(t)eW N;¢2. it can be observed that the range of single-mode operation of
The variation in carrier density from the center to the carri¢he device can be improved by detuning the cavity resonance to
crowding radius is of the order N /N (r = 0) = 25% forthe the blue side of the gain peak. It must be noted, however, that in
actual diffusion coefficient. For simplicity and an easier comnthis case, th& P,» mode is further away from the gain peak than
parison with the bottom-emitting VCSEL, we assume that thraodes of lower order, hence clearly showing the dominance of
thermal lensing profile is unaffected by the ring in the currenhe geometrical effects over the material gain.
distribution, although such an approximation is unrealistic in the The lateral confinement factor defined in (50) is plotted in
case of small radial thermal conductivity and when a marketig. 5 versus the TL strength. Asthe TL strength is increased, we
ring-shaped current distribution is considered. observe that different transverse modes are favored depending
The threshold curves of the transverse modes, for a moderatethe TL conditions. From this purely geometrical point of
value of TL (Any = 5 - 10~2) are shown in Fig. 4. The fun- view, the fundamental modéP;, tends to dominate due to
damental transverse mode is unfavored, with respect the othdvetter overlap with respect to the other modesAar,; <
modes, due to its poor overlap with the carrier density resulting2 - 1072, For1.2 - 10~2 < Any; < 2.7 - 1072, the first-order
from the ring-shaped current injection. For these specific opansverse mod&P;; is favored, while forAn, > 2.7- 1073,
erating conditions, the lowest threshold corresponds, over tihe four-lobed. P, displays the maximum confinement factor.
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the dichroism. The orthogonal component is considerably sup-
pressed in CW, although it appears during the transient fol-
lowing the switch-on. The optical spectrum of the dominant
T o) polarization, under CW operation, displays a dominant peak at
the position of the fundamental transverse mode frequency. The
orthogonal polarization component clearly exhibits the domi-
nance of the first-order transverse mode. It is worth remarking
that the current at which such a mode appears is smaller than
that predicted by the threshold analysis due to the role of the
spatial hole burning, i.e., the steady-state carrier distribution for
200 o this current is no longer super-Gaussian, but displays a hole at
the center due to the increased stimulated recombination in this
Fig. 6. Switch-on dynamics of the bottom emitter VCSEL. Evolution o{eglonf . .
the total intensity near-fields: () = 1.05je; (b) g = 1.10js; and () In view of the above results, one might think to preferen-
1t = 1.25p4,. (d) Temporal evolution of the total intensity at= 1.10p,.  tially excite one of the transverse modes by proper selection of
(e) Optical spectra of both linear polarizations under CW operation fe current profile. To explore this possibility, we perform nu-
#= 1104 merical simulations of the top-emitting VCSEL biased close to
the threshold current. The current is switched on from slightly
IV. NUMERICAL RESULTS below threshold to above threshgld= 1.14;. In Fig. 7(a),

In order to give more specific evidences of the interplay afile represent the evolution of the total intensity accompanied
TL and the shape of the gain distribution, we perform numely the near-field images at different stages. In the “off” state,
ical simulations of (33), (36), and (37). In a first instance, wthe spontaneous emission near field displays a hole at the center
discuss the switch-on dynamics of bottom- and top-emittiras a result of the ring-shaped carrier distribution. As soon as the
VCSELs when they operate close to threshold. In a second laser switches on, we observe that a transverse mode with four
stance, we analyze the response to a short current pulse gditmes is selected. Nevertheless, the orientation of the mode is
from below to well above threshold. In particular, we analyzeot fixed and starts to rotate, alternating between odd and even
the spectral properties of these devices when the thermal lensing » modes. The polarization-resolved optical spectra, com-
strength changes. Some guidelines about the numerical integnated under CW operation [see Fig. 7(b)] reveals that the device

m Increasing further the injection current, we find that this last
s stage ignites the appearance of the first-order transverse mode
< as can be clearly seen in Fig. 6(c). As is commonly observed,
v} . . .

2 the first-order transverse mode switches on in the orthogonal
polarization of the lasing one. We note that this result is not a
direct consequence of the threshold analysis presented in Sec-

@ 3 tion II, but a nonlinear competition between transverse and po-

‘::3 ~ larization degrees of freedom. The total intensity evolves ac-

E - cordingly to Fig. 6(d) When t_he current is = 1.1044,. The_

- = VCSEL emits preferentially in the lower frequency polariza-

g 3 tion component§-LP), being selected by the actual value of

a ]

2

o

Optical spectra [arb. units]

tion scheme can be found in the Appendix. exhibits nearly single-mode operation with a predominant peak
_ that corresponds to the four-lob&d; » mode. However, a daisy
A. Laser Switch-On mode with six lobes is weakly excited-¢0 dB of side-mode

In this section, we assume that the nominal detuniny is  Suppression ratio). The four-lobed structure of fh¥é,» mode
0.25, chosen to achieve operation near the gain peak, and Rkns a hole in the carrier distribution along the angular direc-
take a moderate value for the TL strengtha, = 5 - 1072, tion that induces the rotation of the mode, and this yields the
In these conditions, the threshold analysis presented in the pkgak excitation of the daisy mode. We also note reminiscent
vious section shows that the mode with the lowest thresholdAgaks, with much lower power, at the frequency positions of the
the fundamental one, withpolarization. In Fig. 6, we show the fundamental and first-order transverse modes.
dynamics of the bottom-emitting VCSEL when it is biased close
to threshold. The evolution of the total intensity near fields 18- Response to a Current Pulse
shown in panels Fig. 6(a)—(c) for three different currents ranginglIn this second example, the cavity detuning is kephat
from p = 1.05u4, Up top = 1.2544,. Near-field images are 0.25 and the VCSEL is subject to an electrical excitation that
plotted with an inverted gray-scale scheme using maximum caonsists in a current pulse of 1 ns in duration and 50 ps of
trast. Therefore, comparison of the relative intensity betweeise and fall times. The current is switched ontat 0 from
images is not possible. For the lower injection current, we obtgip = 0.85., to well above threshold,,,, = 44:,5,. Under these
stable fundamental mode operation in a well-established polaonditions, the thermal profile in the VCSEL is kept constant
ization. When the current is slightly increased, the near field dgiring the current pulse since the typical time scales for the
still Gaussian, but its position changes from image to imagiermal response are of the orderpf~ 1 us. In addition,
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Fig. 7. Higher-order transverse mode selection for the top-emitter VCSEL.

(a) Close-to-threshold temporal evolution of the total intensify at 1.104,y, .

(b) Corresponding optical spectra in both polarizations under CW operation.
Near-field images are obtained using the maximum contrast of an inverted ?

gray-scale scheme. “:'_. i I “|- i : : {ay 4
100 & | L'" li: ,: ;1 Lt

the effective value of the TL strength is determined by the op- & A :!i | '
erating bias current. 10 1, lli il :f :I.‘ .: ‘ * l
We consider in the first place the transient response of [ bl [ i r 1 11 4 & l
the bottom-emitter VCSEL for three different TL strengths: 1'3"'1-__,1' 'l.," ].J i L._,i 1,_,1" L_,L_.L,_____I

Anyg = 1072, Any = 5-107%, andAny = 5-107% In
Fig. 8, we represent snapshots of the power distribution in the ¥ i
two linear components. When analyzing the spatio—temporal 1
response to the current pulse, we observe that laser switches-c 'E .
in the fundamental transverse mode followed by the successives W
excitation of higher-order transverse modes. The weaker the .
TL, the smaller the number of excited modes with much longer & ™ '
turn-on times. In Fig. 9, we show the polarization-resolved &

CE= Ty

I L i
R
m | 1 I'?]ai" t '
; ] Ly
optical spectra corresponding to the previous dynamics. Both & ' _,____._..-;' 'K |

linear polarizationst LP andg-LP are depicted by solid and = iid al

dashed lines, respectively. We find that the frequency separatiot o

between successive transverse modes, which is approximatel
constant for a parabolic waveguide, depends drastically on 0|
the TL properties. We obtain a frequency separation betweer _
the fundamental and first-order transverse mode of 120, 80, ___z|
and 54 GHz (Fig. 9(a)—(c), respectively). For the first two _
cases, these frequency differences agree quite well with thos: 4
predicted by (46)(w11 — w1g)/(27) = 118 GHz and 83 GHz,
respectively. However, this is not so in Fig. 9(c), where (46) 108
predicts a frequency difference of 23 GHz. This is because the
waveguide distortion caused by the carrier-induced refractive
index strongly modifies the modal profiles and frequencies.

v [GHz)

In this case. the analysis performed in Section Il is no |Oﬂg€i9- 9. Polarization resolved optical spectra of the bottom-emitter VCSEL,

valid, and alternative methods that take into account th

z-LP (solid lines) and theg-LP (dashed lines). The thermal lensing strengths
e&?respond to those used in Fig. 8. Near-field images depict the time averaged

effects are required for its calculation [52]. In addition, weower distribution in both linear polarization components.
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@ ) ) ] ] ] ) variations that reflect themselves in the much broader peaks of
Sy | - BN | e | ar | wfs |t B the optical spectrum as compared with the case of CW opera-
X| %t | o | - il L ’ " tion. This effect is usually described by means of the linewidth
—Nraermr " enhancement factor, but in our model, the inclusion of the full

- | & -~ - fiv: | = . susceptibility into the VCSEL dynamics already accounts for it.

t|ns] V. SUMMARY AND DISCUSSION
A T e i B T Y PR
10 T T T

L i We have developed an optical model for the large-signal dy-
o] ' namics of multimode VCSELSs that incorporates both spatial and
' b ' polarization degrees of freedom simultaneously. We have as-
i sumed that the lateral current distribution at the active layer is a
[ II-'. J (%) Wy known, explicit functional form that depends only on the struc-

NEH) ! | ture of the device. We have approximated these functions by a
TR 1 i i w3 I supergaussian in the case of bottom-emitting devices, while a
. i 1 l ring-shaped current distribution has been taken for top-emitting
| —SN s { devices. Similarly, the radial dependence of the excess refrac-
- 1 tive index An(r) has been assumed to be parabolic, allowing
e o T _:':{- o the effects of the_rmal lensing in the device to be analyzed. AI—

though the electrical and thermal models have not been yet im-
plemented, they might be included in our optical model in order

Fig.10. Responsetoa current pulse of the top-emitter VCBEL: 0,851, to self-consistently dgterm_ine the distribution in current Qerjsity,
andji... = 4. (a) Snapshots of the near-field power distributionsin t€Mperature and optical field. The threshold characteristics of
and § polarization components. (b) Optical spectra and near-field imagé8p- and bottom-emitting VCSELSs have been analyzed by using
correspo_nding to the time-a_veraged inpensity _distribution in each linegh analytical approximation to the optical susceptibility of the
polarization. The thermal lensing strengths,; = 5 - 1072, . .

QW media that allows a frequency-dependent gain and refrac-

tive index spectra to be incorporated into the VCSEL dynamics.
can see that both polarizations are active during the transienThe threshold behavior, threshold current, and mode se-
regime displaying similar dynamics. Their spectra show laction of the transverse modes have been systematically
birefringence splitting of 10 GHz that correspondsig/#. discussed in a semi-analytical way for both devices, for dif-
The near-field images in this figure depict the time-averagéerent thermal lensing strengths and detunings. The interplay
power distribution in each linear polarization. As consequencoéthe lateral confinement factor and material gain spectrum in
of the number of modes excited by the current pulse, we gjte selection mechanisms have been explored in detail. Low
from complex near fields resulting from the superposition db moderate values of the thermal lensing are required in order
several transverse modes Fig. 9(a) to simpler ones Fig. 9(c).to maintain single-mode operation since, for strong thermal

The spatio—temporal response of the top-emitting VCSEL tensing, the confinement of all the modes increases while their
the same current pulse, ftr = 0.25 andAn,; = 5-1073,isde- frequency spacing is not so affected, hence leading to poor
picted in Fig. 10(a). In contrast with the bottom-emitter VCSELmode discrimination at threshold. VCSELs with homogeneous
the laser onsetis initiated in a higher order transverse mode. Tuerent injection select the fundamental transverse mode at
corresponding optical spectra are shown in Fig. 10(b). First, waeshold unless the cavity resonance is strongly detuned to
note that the high current pulse induces the excitation of salie red side of the gain peak. However, VCSELs with ring
eral transverse modes, certainly more than in Fig. 7(b). We adltaped current profiles allow for selecting different transverse
serve that the dominant peak in the optical spectrum now cormedes depending on the strength of the thermal lens. In this
sponds to the daisy mode, instead of {8, mode, although case, the overlap of the mode profile with the ring-shaped
this is the mode that is favored in CW operation as discussealrier density dominates for the mode selection at threshold.
before. The dominance of the daisy mode is confirmed by tiidhese semi-analytical predictions have been corroborated by
time-averaged near-field power distributions, which display thdose-to-threshold numerical simulations of the spatially-ex-
preference for the emission in the daisy mode in both linear pended VCSEL. The evolution of the near fields has been
larizations. Nevertheless, many other modes carry substantidlowed, demonstrating that the laser onset of a top emitting
power during this transient, during which the side-mode sup’CSEL may be initiated from a higher-order transverse mode.
pression ratio of the emission is strongly degraded. The readdareover, from our results we infer the validity and usefulness
is that, after the application of the current pulse and until tref a modal expansion in terms of modal profiles and frequen-
switch-on occurs, the carrier density increases well above digs, demonstrating that in the limit of very weak guidance the
threshold value. This effect induces a blueshift of the gain pea#trrier-induced gain and refractive index strongly modify the
that provides transient extra gain to all the modes, preferentiathode characteristics. Finally, we have analyzed the dynamical
to higher order ones, which can then start to lase during a sh@sponse of the VCSEL to a current pulse of short duration. This
period. Associated with this relatively large variation of carriesipproach has simplified considerably the analysis because the
density, the carrier-induced refractive index also exhibits largemperature distribution is approximately stationary during the

Olpticall specha [arh. Lnks]
o
Lt
|
.
-
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pulse. By analyzing the response of VCSELSs to a current pulsesing an Euler method. The diffusion terms in (37), involving
we have demonstrated a clear tendency toward multimotems likeV2 D, are calculated in the Fourier space.

emission even in the case of very weak TL, which may affect
the performance of the device in data-transmission applications
because of an enhanced pulse dispersion, but that lowers the
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enhance single-mode operation, cavity detunings on the blue
side of the gain peak would be recommended, although in this
case there would be an increase in threshold current. Moreover,
the thermal shift of the cavity mode as the current is increased?]
would reduce the operating range through thermal rolloff.

(2

The equations (36) are integrated by implementing a spectral
method that treats the linear terms exactly, while the nonlinear®!
terms are integrated to within an accuragyt). Formally, (36)
can be expressed

AL, t) = MAL + N (7L, t) + /BDx €x(71; 1)
M=ot C 2
-n 2Qn.n, L

APPENDIX

[4]

(5]

(51)
[6]

M being a position and time-independent linear operator and
N(7L, t) containing the remaining terms of (36). One starts
the numerical integration from initial conditions fdr. (', , 0),
taken as spontaneous emission distributions, Bnd+,, 0)

that corresponds to the “off” state [see (38)]. The next step is
to self-consistently obtain the operation “frequeney{+, , 0),

with z4 (7, t) = d: AL /AL. From (36), we have

tal’ . .
Zr =kt x+(Q+ize, Dy, Do)+ G(7L, t)

(71

(8]

[9]

S 1 1.4 , [10]
GF1,1)= 4 [i£4s — (a +im)Az] (52)
At each spatial point, for known values of, (¥, , ¢) and [11]

D, (7, t), (52) has to be solved using Newton—Raphson itera-
tion to obtain>(+, , ¢). From this procedure, we have perfect
knowledge of the nonlinear terav(+,, t) of the right-hand
side of (52). Following the approach used in [53], the field
variables are updated one time step in the Fourier space

12

- Ar T 1— C—(yQAt ~ [13]
At +At) = e A 4 (¢t - - t
x(t+ A =c () + o Nz (1) w
(1 —e2 Reant) . )
5 Rea ot (t) +o(AF?) (53)  [15]
q
where g = (qu, qy). Agx, g = & — ic?/(2neng)g?, 1O

andV 4 (t) represent the discrete Fourier components (FFT) of
Ag (7L, 1), M, andN (7, t) respectively¥ . (¢) represents
a white noise contribution at a transverse wavevegtitained
by Fourier transforming in space

Us(r) = FFT {VDlo, 0&x(Fis 1)}

Once the field variables have been updated, the carrier equ!il—g]
tions, being the slow variables in the problem, are integrated

(17]

[18]
(54)
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