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Statistics of Transverse Mode
Turn-On Dynamics in VCSEL's

J. Dellunde, M. C. Torrent, J. M. Sancho, and K. A. Shore

Abstract—The turn-on process of a multimode VCSEL is is to offer a tractable method for describing the transverse
investigated from a statistical point of view. Special attention mode selection process during the laser turn-on regime. The
is paid to quantities such as time jitter and bit error rate. The  55r550h adopted here can be seen to be analogous to that used
single-mode performance of VCSEL'’s during current modulation . - o . e
is compared to that of edge-emitting lasers. in earller. t.reatmer.wts of longitudinal side-mode exmtajuon in

edge emitting semiconductor lasers [11]-[14]. The requirement
is for a methodology which permits an evaluation of a side-
mode suppression ratio (SMSR) (here for transverse modes)
and which, crucially, is also capable of providing an accurate
I. INTRODUCTION estimate of the relevant statistics of the turn-on process. This

N RECENT vyears, quite dramatic improvements have belsy rather a stringent_ requi_rement since it is necessary not
I made in the performance capabilities of vertical-cavitgnly to undertake simulations of the dynamical evolution
surface-emitting lasers (VCSEL's) and consequently seriogb the identified transverse modes but it is also required
consideration can now be given to deploying such devices it Simulations are performed of a large number of turn-
range of practical applications [1], [2]. In this case, it becom&¥ Processes (typically 10000 turn-on events) in order to
necessary to pay attention to relatively detailed aspects of gdract the required statistical information. It is clear that in
device behavior which may impact upon the device operatir‘i’éder to make reasonable demands upon comp_uter resources
characteristics. Of concern in many situations is the detailéfl analytical approach must be adopted for this purpose. It
form of the transverse mode pattern in the device. ConsideralSie™®Cc0gnized that the use of such an analytical approach
attention has been given to elucidating the conditions for tH€vitably implies that some detailed features of the device
selection of low-order transverse modes and laser desigifd1avior may be lost in the modeling process. The technique
have been advanced for the promotion of single-transverégveloped here is, however, sufficiently flexible that further
mode operation [3]-[6]. In the static regime, the predictioﬁeta'_l of the deylce character_lstlcs can be mco_rporated if
of the transverse mode properties is a quite complicat%ql_"red- Essentially, such addlt_|onal feature; are included t_)y
problem requiring account to be taken of details of the devi@lding further terms to a functional expansion over a basis
structure and operating conditions and thus can requireS@- The compromise to be made is then between the relative
rather comprehensive modeling procedure [7]. On the otHEPOrtance of the particular device feature and the additional
hand, it is known that spatial hole burning (SHB) and carri&ffort which is needed to assess its significance in the turn-
diffusion play key roles in transverse mode selection an@f Process. In the results obtained here attention is centered
in turn, these processes depend upon the laser drive cur@nthe influence of SHB and carrier diffusion in determining
[8], [9]. Experiments have been carried out recently showirfgfn-on events. . . .
such effects [10]. Consequently, the excitation of transversel he objective of this paper, therefore, is to describe and
modes when the laser is subject to large excursions in f@Ply a technique for obtaining an analytical description
bias current will be strongly influenced by SHB effects. Thef transverse mode competition effects in a representative
laser turn-on regime is a particularly important situation wheNCSEL structure and, in this way, to facilitate a statistical
transverse mode excitation can be expected to be dependegfttment of mode competition during the turn-on process.
upon relatively large changes in the laser drive current and}e Validity of the analytical approach is established by
moreover, the mode excitation process in that regime neé@nparison with full numerical treatments of the turn-on

to be treated dynamically. The aim of the present contributiyents. The structure of this paper is as follows. In Section
Il, the main features of the dynamical model of the chosen
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) the optical intensities of the lowest order modes is plotted
in Fig. 1. From simple considerations of the local gain distri-
bution in such a device, it would be expected that the;LP
mode, that we call the main mode, should preferentially couple
to the gain profile arising from a disc geometry contact. We
detail explicitly here the case of competition between thg LP
and LR; degenerate modes, labeled by the indexesnd

s, respectively. The continuity equation for the local carrier
density reads

normalized intensity profiles

ON
- =DV2N — BN? Z a;gi (O L; () V3 (r)
radius (microns)
Fig. 1. Normalized radial intensity profiles of the &P (solid line) and + M 3)
degenerate LR (dashed line) modes of the VCSEL structure. ed

where thei index stands for the several modes;, =

In this respect, the model is seen as an extension of earkigf [2rL{¥?)] and

work on VCSEL transverse mode dynamics [8], [9], [15], o0

[16]. The principal components of the dynamical model are (U?) :/ U2 (r)r dr. 4)
a carrier continuity equation and appropriate rate equations 0

for the mode amplitudes. Underlying these equations are sethe modal gains are given by

consistent calculations of steady-state modal properties of the

chosen structure [5], [6]. For definiteness, attention is focused (#) o \Ijg
on a generic VCSEL structure with circular symmetry in 9i( T o \112
which, in general, account is taken of variations in carrier % Ao[ — NyJrdr de (5)

density as a function of radial distance, azimuthal angle, and

time. Such a model is appropriate to VCSEL designs of ttes an overlapping of the optical fields with the carrier profile.

kind studied, for example, by Ogura [17] and Iga [18]. Devic@o complete the formulation of the present model, it is

structural parameters have been chosen in accordance wiglzessary to prescribe the dynamics of the optical intensities as

such device geometries. For the model developed here, the

case of competition between two modes is treated explicitlyiJ, 1

but the method can, if required, be extended to account fory; = {”grgi(t) - T_}Ii

competition between, for example, an arbitrary number of r

transverse modes. Here, the same losses are attributed to all modes through
It is appropriate to utilize a cylindrical coordinate systerthe parameter,,. Of course, differences in modal losses can

(r, ¢, z) to describe the spatial distribution of carriers anbie anticipated in some circumstances, although the present

optical fields in the structure. The current density distributiogalculations are not intended to be exhaustive in regard to

Jo(r, ¢, t) has been chosen to be azimuthally uniform ovexploration of dependencies on all parameters. The last terms

a circular disc so thatjo(r, ¢, t) = jo(t) for » < s and in (6) take into account spontaneous emissigf{t) is a

Jo(r, ¢, t) = 0 otherwise. The active region of the devicgsaussian white noise with zero mean and a time correlation

is taken to be of thicknesg and radiusa. The laser cavity given by (&(¢)¢,;(t')) = 26;;6(t — t'). We refer to/3 as

is defined by two highly reflecting mirrors separated by #ie parameter coupling spontaneous emission to the several

distancel along the longitudinal axis. The dielectric constantgiodes. We note, however, that slightly different values should

of the core and cladding layers are denoted pginde,. In the be attributed to each mode in order to more accurately compare

case of transverse mode competition in a weakly index-guidatth experimental results. The carrier numbé(t) is given by

structure, the appropriate modes for the assumed VCSEL o

structure are conventionally denoted as the,J,Pnodes [19]. Nit)=d / / N(r, ¢, t)r dr dg. 7)

The transverse variation of the field of tiis:, n) mode is

given by

n AN()

Tn

/3N()

+ “&i(t). (6)

Device parameters suitable for the VCSEL structure are given
w) cos me in Table I. The above model was used in [8], [9] to investigate

Yinn(ry @) = I (; Tm(w) Wi(r) cos(m¢) (1) steady-state and transient properties of multimode VCSEL's.

The spatial dependence of the carrier density, however, does
= W;(r) cos(mep) (2) not allow the calculation of interesting quantities such as

steady-state optical intensities of the several modes or thresh-
for r < @ andr > a, respectively. The numerical values @f old currents. Moreover, numerical simulation of the complete
andw are determined from an eigenvalue equation related iaodel requires much computational time. This fact is an im-
the indexn [5] and J,(x) and K,,(x) are Bessel functions portant drawback in the evaluation of statistical quantities such
of the first and second kinds [20]. The radial variation cis mean turn-on time, time jitter, and side-mode excitation

cos me
Ky (w)

bt =16 (%)
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TABLE | In the above equations, new parameters appear
DEVICE AND MATERIAL PARAMETERS
2 oo 4T
Symbol Numerical val Meani Cj(t) = 2 / jO(Tv t)JO (_)7 dr (11)
y erical value eaning e da? JO (’Yj) o a
€ 12.25 Dielectric constant of the core region . . .
which accounts for the driving current of thiecomponent,
€2 11.56 Dielectric constant of the cladding region resulting from the overlapping with the current density profile.
a 3 um Radius of the core 3 = Bdma?® /47, stands for the modified noise coefficient and
T; IS given b
L 2 pm Cavity length J 9 y
d 0.2 Active layer thick 1 1 i\ 2
.2 pm ctive layer thickness - - +D(_J) . (12)
- T, Tn a
T 0.1 Longitudinal confinement factor
e 1.610-2° C Elementary charge The validity of the expression above relies on the approxima-
) o tion implied by the use of a constant carrier lifetime in place
D 5 em?s7! Ambipolar diffusion coefficient . . . .
of a bimolecular recombination rate. The modal gain of each
B 107¢m3s Bimolecular recombination coefficient modeg;(t) is also simplified in this formalism to
N, 1.3310*%%cm 3 Transparency carrier density
o>
Ay 310 6¢m? Gain coefficient gi(t) =4 Z giij (t) — N (13)
Tp 3 ps Photon lifetimes =0
T 2 ns Carrier lifetime where the constantg;; account for the overlapping of the
s 910-5 Spontaneous emission factor Bessel functions with the optical modess
v 0.8610%ms ! Group velocity 1 °o 2 0714
G 9= [ WO (L) r dr. (14)
(¥7) Jo a

probabilities, because a huge number of turn-on events HePrinciple, the set of Bessel functions could be replaced by
needed to perform averages. any complete set of functions in the interval a). However,

In our case, however, the current is injected through %€ point to the fact that an arbitrary choice of the set does not
disc, and the modes considered are azimuthally independdfd t0 independent dynamics of the carrier componahig)
Accordingly, an expansion of the carrier number, dependéit N (9)- This is mainly due to the circular symmetry of the

only on the radial coordinate and time, can be carried out ¥§SEL- The present approach is applicable to all azimuthally
in [21] so that independent injection current profiles. In spite of its simplicity,

the presented model is able to describe phenomena due to

= ;T carrier diffusion and SHB. As a consequence, it is expected to

N(r, ¢, 1) = Z N;(t)Jo (%) (8) be useful for studying cases of mode %ompetition du?ing both
=0 steady-state and transient evolution. The explicit dependence
where the numbers; satisfy.J; (v;) = 0. Simplification of the on the spatial coordinates has completely .disappeared. In this
equation for the carrier density (3) implies the replacement W@y threshold currents, steady-state optical powers, carrier
the bimolecular recombination terBN2 by a linear term Profiles, and more involved calculations can be carried out

N/, including the mean recombination timg. The Bessel analytically. Numerical simulation_of a huge _number of turn-
functions Jo(v;r/a) form a complete set for all functions ©N events become also computationally available. The results

with vanishing slope in the origin and in = a. The carrier 9iven in the rest of this work deal with the multimode rate

density slope must vanish at the origin when there is azimutffguations (9) and (10).

symmetry and, when the injection current is supplied in a

region near the center of the device, a vanishing slope of the IIl. ANALYTICAL CALCULATIONS
carrier density can be assumed at the boundary of the active

region [22]. The resulting time evolution of the carrier densnx\' Steady States

components is given b
P g Y The steady states are obtained from (9) and (10), making

aNy o N 3 vg9i;9i(t) (9) 280 the time evolution of the variables. For the sake of

a o —~ Lra2J3(v;) " simplicity, noise effects are not taken into account. When
‘ only two modes are considered, four different steady states are
and the time evolution of the optical intensities by possible, depending on the values of the parameters. The first
L 1 corresponds to the off state where the intensities of both modes

g {vgl“gi(t) - _} I + 48 No(t) are zero and the carrier number componentsMye = C;7;.
dt P Two states are available with only one lasing mode. The
+ AP No(t) L& (). (10) intensity of the lasing mode and the corresponding carrier
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number components read this case, the SMSR value is of a few dBs, because the steady-
2 state emission is actually bimodal. Another situation occurs
(15) when the side mode is turned offf,,) is replaced byr,, ,

in (15) and the side-mode mean intensity arises only due to

I, = Lra Y; — Gth
T wgAolgm — Ny X;

N, =7;C; — 7;19“ Yi — gun (16) hoise fluctuations, because the net gain is negative. This mean
J5(v) X value is given by
where
43’ N,
Y; i C L) = ooﬁ ) (23)
i = 9ijTi% g
=0 —v0g40 | > 95N}, — gin
1 =0
gth = = + IV (17) . .
Dvg Aoy which generally renders numerical values of SMSR around 30
=) 2
X, = ’ . 18
jzzzo g [Jo(%)} (18)

B. Bit Error Rate (BER)

The existence of these two steady states is conditioned tcw . . - -
. ) . . . e are now interested in the statistics of the power partition
I;., > 0. The last solution gives a bimodal emission with

. . . between the two modes considered during the switching of
intensities and carrier number components o L i
the laser radiation. At = 0, the injection current is suddenly
I Lra? (Y, — gun)Xi, = (Yi, — gu)W changed from a bias current below threshold to a final value
“ vgAo(gen — Nt) A above it, and the current components are changed iﬁﬁm
(19) to C7™ accordingly. Spontaneous emission noise drives the

T system from an initial state with a very low photon population
N;., =7,C; — =2 [(Ys, — 91.)(9i,; X, — Gis W i . . . o
do TTHIT 200N (5, = 90)(905 %52 = 9023 W) to a final state in which the laser emits coherent radiation.
+ (Yi, = 00) (91 Xiy = GiriW)] (20) Because of spontaneous emission, a random delay exists
. ) ) ) ) between the instant at which the threshold gajpis reached
valid for iy = m, 7 = s andi; = s, iy = m and where and the build-up of the laser radiation. Though the laser usually
0 g begins to oscillate in the main mode, noise can occasionally
W _ . g’nl]gsj . . .
= E T 72y trigger the laser to oscillate on a side mode as well. A
i=0 O(ry]) . . . . . . .
J= qualitative physical explanation of the process is given in
A=X,X, - W2 (21) order to understand this phenomenon. In rare turn-on events,

r%ontaneous emission, which is a random process, has a very

A linear stability analysis reveals the presence of solutio : . )
. . . Iow value at the time the main mode reaches threshold. In this
with two lasing modes. The coexistence of two modes for a . " ; .
.case, the side mode also can have a positive net gain while

B laser is in the off state. As a consequence, the side mode

effects are considered, because it takes into account some . . L
M6 can start lasing depending on the spontaneous emission

flexibility with respect to the carrier number profile. OtherW|seCoupled to each mode.

the carrier number presents a fixed profile that clearly favors %he statistics of the power partition between the two modes

particular mode and does not allow sharing the gain between : . -
different modes. The hole burning effect contained in thWas analyzed in [14] for a DFB laser in terms of the probability

- ! I ) e ensity function (PDF)®(I,,) of the main mode intensity
continuity equation (3) is still present in the simplified modeil_ An analytical expression fob(I,,) was obtained, with

through the carrier number expansion given in (8). Althoug( ; oo .
. L : e use of a linear approximation neglecting the last term
it has little influence during the turn-on process due to smaﬂ

values of the intensity, it is crucial to understand steady-st%?egg)ih\éve ?(?t:/:bilIJitsedthaatSItr::(!arsizzp::])ggg tﬁagbﬁoli; t;nsit
bimodal operation. m) p y y

: . : : larger than that of the main mode when the total intensity
Different treatments have been given in the literature for thé . . . . ;
iS I7. This magnitude is analogous to an error rate in optical

study of multimode semiconductor lasers. The transient behay- S :
cammunlcanon systems. In facb(l, > I,,,) gives an upper

lor of nearly single-mode DFB lasers has been widely mOdeI%ound for the error rate because the main mode can recover

W|thout.conS|der|ng SHB [12]-{14]. Multimode Fabryest during the evolution to the steady state, and the average power
laser diodes have also been analyzed [11], [23], [24]. Th , o
the main mode over a large enough time interval can be

tr_ang\_/erse mode structu_re characteristic of VCSEL's exh'bﬁa]srger than that of the side mode. The value for the BER is
significant differences with respect to those of conventlonf'%IuS estimated as
edge-emitting semiconductor lasers.

The SMSR can be calculated as Ir/2
BER=P(I, > I,,) = / O(Ln)dl,.  (24)
0

SMSR= 10 log;, [%—mﬁ (22)

s The linear approximation is not accurate when the side mode

When both modes are lasingl,,) and (I;) can be safely is highly suppressed and/or the injection current is close to
substituted by the values df,,,, and I ,, given in (19). In threshold. Calculations can be improved by taking into account
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gain saturation for the side mode due to the main mode [12]. ‘ ‘ ‘ \

The PDF®(I,,) can be obtained by using the probability 4 T
current associated with (9) and (10) 3 1.2 .
- 1 é 1.0 LP11”: !
(I, =/ AT Ay 5 08 -
Un) = ), Ta@)@m) ™ ;
o | LM (t) | L) Ir = L) g0
+ S g4l
(Im (1)) (L:(t)) BT
02 ;
Irn IT - Irn:| .
X exp | — - dt (25) ! ‘ L
{ () (L:(2) %% 05 10 15 20 25 30

contact radius (microns)

where the dots stand for time derivatives affgl(t)) is the o _
. 2. Steady-state modal powersd;Rsolid line) and LR (dashed line)

; : : . : i
me_an Intenslty value (_)btamed by tak_lng averages in (10) aE'saa function of the contact radius (15) and (19). The current density is
using the time evolution of the carrier number components x 10" A/m?2.

solved from (9)

Ni(8) = 7,0 4 7(CF — COMYe—t/77, 26 several analytical approximations leading to the expression for
=7 J 7 J J Je (26) the BER (24) are tested by means of numerical simulations of

The steepest descent method has been employed to develoé)r}ﬁétOChaStic rate equations (9) and (10). A convenient number

; o (et turn-on events have been considered in the averaging
integral arising from the calculation§ e (3252 g;;N; () — : -
g ¢ K (X520 0N () | Process in order to guarantee statistical errors lower than 10%.

dt around the threshold time = ¢;,, in whic : . :
‘%t:hc?)o GuNi(t = t,.) = g AS a result Zt}{(t» can be 'N the expansion for the carrier density (8), only terms up to
wri]t?gn Zés I fth ! T j = 3 have been kept in all the calculations and numerical

simulations performed. This simplification is justified by con-
00 sidering the decreasing overlapping of the optical modes with
(L(t)) = {L;,, (1)) exp | Twy Ao Z giTi(CY" — C;m,) the Bessel functions of increasing order. The resulting low
numerical values of the constanis give an almost vanishing

7=0
value of the contribution of thev; component.
x{(t = tiy) = 1 = T/} (27)
A. Contact Geometry
. The disc geometry of the contact clearly favors the appear-
where C;" = N;(t = t;,,)/7; and ance of the main LR mode. This is shown in Fig. 2, where
the modal powers (15) and (19) are plotted as a function of the
2/3/\/%003%1: contact radius. The current density has been kept to a constant
(Liy, (1)) = ——F———{@[Vui(t — ti, )] + 2[Vuitin ]} value of 20x 107 A/m2. Laser emission is monomode up to
N - i
A3 2.1 m. Beyond this value of the contact radius, the secondary
+ — Pl mode LR; mode appears as a consequence of SHB.
i Turn-on events have been considered by suddenly switching
v, A T (C — C8 .
Yo O;QJT’( 7 ) on the current density from a below threshold value of 4

x 10" A/m? to the final value 20x 10" A/m%. The main
- on i mode is turned-on with a probability given B(1,,) (25),
x exp 4 L'vgdo Z 95T (O = Cf™) which is plotted in Fig. 3 as a solid line Whe(n th)e contact
=0 radius is set to 2.3m. 10* turn-on events were considered to
perform the histogram, with a remarkable agreement with the
X [tig, +75(1 = etin/7)] (28) analytical results. This agreement justifies the evaluation of
the BER from the analytical expression (24), plotted in Fig. 4
as a function of the contact radius. The reference value for the
with C% = N;(t = 0)/7;, vi = TvgAo/2 372 9:;(C5™ —  intensity has been set flg: = I,,, + I, = 5487, corresponding
C;m,) and ®(x) is the error function [20]. From (24) andto an output power of 0.1 mW. Stars in that figure indicate
(25), an analytical expression for the BER is obtained. the results of averaged numerical simulations. We would like
to stress the importance of having an analytical expression for
the BER because, otherwise, predictions on the performance of
IV. RESULTS AND DISCUSSION the device during gain-switched operation would be limited to
In this section, the steady-state and transient behavior of BER’s larger than 10* due to the tremendous computational
VCSEL is discussed, considering the geometry and materimhe required.
parameters characteristic of these devices. The analysis ifig. 4 reveals that the BER increases with increasing values
based on the analytical results obtained in Section Ill. Thod the contact radius, due to the fact that monomode emission
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Fig. 3. PDF of the main mode IgP intensity at the laser turn-on Fig. 5. Steady-state modal powersgiRsolid line) and LR (dashed line)

(It = I, + I, = 5487, corresponding to an output power of 0.1 mW)as a function of the current density (15), (19). The contact radius here is 2.3
The histogram performed after 4Gumerically simulated turn-on events ispm.

compared with the analytical calculations (25), plotted as a solid line. Here

the contact radius is 2,8m and the on current density is 30 107 A/m?.

5 b
24
E
g LPO1
o 23]
© o
: o
o T2
2 3
= o
0 "
-1 0
time (ns)
contact radius (microns) Fig. 6. Typical time trace of the modal powers J;P(solid line) and LR,

) ) ) o (dashed line) after a current switchtat 0. The contact radius here is 2u8n.
Fig. 4. BER as a function of the contact radius. The stars indicate numeri-

cally simulated BER’s, with a 10% relative error. The solid line includes the
calculations given in (24). L. . . .
10" A/m2. Monomode emission in the main mode is achieved

_ _ _ up to 12x 107 A/m? where the secondary mode starts to lase.
is lost. There is a clear tradeoff between the maximum poOwW§haing of the available gain is such that the total power has
attainable and monomode emission in the main mode. 5 jinear dependence with the current density independently of
the nature of the modal emission.
B. SHB Steady-state emission in the secondary modeg, Li® due
The transverse mode structure in the lasing regime ts SHB present at high output powers. Without considering
essentially defined by the relevant modal gains which, these SHB effects, lasing would always occur at the main
turn, are determined both by the mode field distributiomsode, which present the best overlapping with the carrier
and the spatial distribution of the carriers in the devicgrofile in the off state. A typical time trace of the modal
active region. It has been numerically shown [8], [9] thgtowers following a current switch is shown in Fig. 6. The
the interplay between SHB and the modal field distributiotmreshold timet;,, is in all cases shorter for the main mode.
may result in two principal steady-state behaviors. In th&ccordingly, the LB; mode usually starts lasing emission,
first case where the modal fields are spatially separated, iisthe figure shown with three power overshoots. When
found that the modes may effectively share the available gainsignificant number of photons are present in the laser
resulting in multimode operation. On the other hand, wheanicrocavity, a hole is burned in the carrier profile which leads
the modes overlap significantly and thus occupy essentialtythe emission in the secondary mode; LPThe situation can
the same part of the device active region, then there is strdmgclearly visualized in Fig. 7, where the analytical expansions
competition between the modes which may result in just oii@) for the carrier number are plotted in the initial and final
mode dominating. Which of the two modes dominates &eady states. With the final carrier profile, both modes are
determined simply by which has the highest modal gain. In oable to lase by sharing the available gain.
case, the modes P and LP,; (see Fig. 1) present a spatial In DFB lasers, monomode emission during steady state is
overlapping that is not enough to prevent multimode emissianrequirement for monomode emission during large signal
during steady-state operation. This is illustrated in Fig. 5 asodulation or gain-switching. Usually a SMSR larger than
a function of the current density supplied to the VCSEL (th80 dB is needed in order to guarantee single mode during
contact radius here is 2,an). The threshold current is at’6 the transient, with a BER lower than 19 We have shown
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Fig. 7. Normalized carrier number before (dashed line) and after (solid ling)y g, Steady-state modal powersd;R(solid line) and LR; (dashed line)
the laser switch-on (8), where the SHB is clearly appreciated. The contael, function of the diffusion coefficient (15) and (19). The current density is
radius here is 2.3:m. 20x 10" A/m? and the contact radius 2,3m.
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Fig. 8. BER (24) as a function of the SMSR (22) at different current ) o . )

densities, for a contact radius of 23n. BER's as low as 10° are possible Fig. 10. BER (24) as a function of the diffusion coefficieht In this plot,

with poor SMSR’s of 9 dBs. a strong sensitivity with respect to diffusive effects can be appreciated during
the laser turn-on.

that, in VCSEL's, multimode steady-state emission appegjgj e of the diffusion parameter lead to important changes, of
after a monomode turn-on due to SHB. As a result, very 10¥syeral orders of magnitude, in the BER.

BER'’s can be achieved even with poor SMSR’s in the on The multimode rate equations (9) and (10) derived in

state. This remarkable result points to an optimal performanggtion |11 allow for a discussion of the role played by carrier
of VCSEL's as modulated optical emitters in fiber opligyittysion. The diffusion parameter contributes to modify the
communication systems working at high bit rates. NUmericg,merical value ofr, (12), to give different recombination
examples are given in Fig. 8, where thg contact radius es for the carrier componen§; (). An expansion of (26)
been set to 2.3:m and the current density value has beepygais that the time evolution of the carrier components,
scanned. BER's lower than 18 are easily achieved eveny,q consequently the threshold times, are not modified in a
with SMSR’s as poor as 10 dB. first-order approximation by changes . Accordingly, we

attribute the large sensitivity of BER to carrier diffusion to
C. Carrier Diffusion different initial carrier profiles and thus modal gains.

Another physical effect that is expected to modify the per- o

formance of the VCSEL is carrier diffusion. Carrier diffusiorP: SPontaneous Emission

is responsible for the carrier profile both during the off and During steady-state operation, spontaneous emission noise
on steady states. It was shown in [9] that this effect helfps known to increase power and frequency fluctuations, and
to maintain modal discrimination and increase the threshaddso the relative intensity noise figure. It is also responsible
currents. This observation is illustrated in Fig. 9, where tHer triggering the turn-on process of solitary lasers. Long time
density current is 20« 10° A/m? and the contact radius istails appear in the PDF of turn-on times due to the randomness
2.3 um. The diffusion parameter of 5 céfs characteristic of the seeding process. There is a delay between the time taken
of the particular VCSEL structure permits multimode lasindyy the two modes to reach the threshold gain. Usually, the
but larger values of this parameter, beyond 92fmonly noise is able to trigger the oscillation in the main mode (the
allow monomode emission in the main mode. Carrier diffusidirst to reach the threshold gain) before the secondary mode
drastically modifies the transient multimode operation of thexperiences a positive net gain. In rare turn-on events lying in
laser, as can be seen in Fig. 10. Slight changes in the numertbal long time tails of the PDF, however, laser emission can
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