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Effects of Spatial Hole Burning on Gain Switching
In Vertical-Cavity Surface-Emitting Lasers

Joanne Y. Law and Govind P. Agrawalellow, IEEE

Abstract—We present a numerical study of the effects of car- take into account both the temporal and spatial variations of
rier diffusion and spatial hole-burning in vertical-cavity surface- the carrier density.
emitting lasers under gain switching. Our_mod_el includes spatl_al In this paper, we present the results obtained from a nu-
and temporal dependences of both the optical field and the carrier . L .
density. Results show that spatial hole burning places a limit merical model Capa*?'e of predicting th? 'afge_'S'Q”a' rgsponse
on the minimum achievable pulse width. We demonstrate that Of VCSEL’s under high-speed modulation while including all
spatial hole-burning can be avoided and shorter pulses can be transverse effects such as carrier diffusion and SHB. This
obtained by using an appropriate pumping geometry. We also model, described in Section II, includes the spatial dependence

consider the case in which the laser operates simultaneously in ot poth the optical field and the carrier density under various
two transverse modes and show that transverse-mode competition . . . . .

induced by spatial hole burning leads to period doubling and modulation conditions. It is used in Section Ill to calculate
other interesting nonlinear behavior. the output pulsewidth, frequency shift, and peak power of

output pulses under various modulation conditions. Section
" IV considers the case of a single transverse mode and shows

how the pulse width can be minimized by optimizing the size

of the disc-shaped contact. Section V is devoted to the study

Index Terms—Optical pulse generation, semiconductor lasers
surface-emitting lasers, ultrafast optics.

l. INTRODUCTION of transverse mode competition induced by SHB.
ERTICAL-CAVITY surface-emitting lasers (VCSEL'’s)
have been studied extensively in the past few years be- II. COMPUTER MODEL AND PARAMETERS

cause of several useful characteristics such as a low threshol
current, single-longitudinal-mode operation, circular outputt

beam, and wafer-scale integrability [1], [2]. Since VCSEL'8 . : ) .
are attractive as compact light sources for applications % the device corresponds to the radius of the active region,

optical communications and interconnects, it is important ¥ ich is taken to be 1um. The radius of the circular region

have a thorough understanding of the high-speed modulatQR " which the laser mode is guided through a built-in index

characteristics of these devices. Indeed, dynamic charactsetP-.p IS 4’“L.m' A ring or disc contact §uppllgs current to the.

istics of VCSEL's have been extensively studied [3}-{12f-1V® region- Both the shape and dimension of the metallic
and data transmission at bit rates as high as 10 Gb/s ggntact through which the_ current is injected are adjustab_le
been demonstrated [4]. One important application of higﬁ-rOUgh two parameters in our computer model. Dynamic

speed modulation is the generation of short optical pulses I§PPONSE 1S studied by numerically integrating the carrier and

picosecond durations through gain-switching [7]-[10]. PulsﬂeEId equations. Assuming that the VCSEL can operate in

widths below 20 ps with a very low timing jitter<(100 fs) several transverse modes simultaneously, the electric field is
have been reported [8]. The issue of pulsewidth optimizatioer%(pressed as
has been studied theoretically without consideration of spatial

effects [10]. Since VCSEL'’s have relatively large transverse E(r,¢,z,t) =
dimensions, spatial effects such as spatial hole burning (SHB)

are expected to play an important role, especially becayggere ,, s the total number of transverse modes under
VCSEL'’s often operate in several transverse modes at highqigeration;(r, ¢) is the spatial distribution of theth
injection currents [6]. It has been shown that VCSEL'’s exhib ode, andE; (t), f;, andw; are the amplitude, the propagation
dynamic and static characteristics significantly different fro nstant, and tr71e f7requency of that mode. The polarization unit
those of edge-emitting lasers because of spatial effects [ ctoré; is allowed to be different for different modes.

[12]. Thus, a realistic study of gain-switched operation should By substituting (1) into the Maxwell equations, the wave

equation can be separated into spatial and temporal parts for
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ﬁihe formalism presented below applies to an index-guided
ructure with a cylindrical (disc-shaped) geometry. The radius
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where V2 is the transverse Laplacian, anrdr,¢) is the TABLE |
dielectric constant of the VCSEL structure considerdd; ¢) DEVICE PARAMETERS UISED IN SMULATIONS
is assumed to be constant in thalirection. If (7, ¢) is also Cavity length L,/ 2 ym
¢ independent, the solutions @f(r, ¢) of (2) correspond to Active-region thickness (3 QWs) 3x8nm
the linearly polarizedLP,,,, modes, which are well known Radius of device , 10 pm
in the context of optical fibers [13]. Consistent with the g?;ll‘;fozf;l:;’:f: ’gmg region §0“ 2
index-guided nature of the structure, the spatial distribution  Nonradiative recombination time 7, 5 ns
of each guided modey,(r, ¢), is assumed to be independent Bimolecular recombination coefficient B | 1 x 107!? ¢cm®~!
of time. Since carrier-induced changes in the refractive index  Refractive indices n1,m, 34,35
are typically two orders of magnitude smaller than the built-in g;‘:f;gs:lsé\ction @ 2'373 f(;rflw cm?
refractive index difference (about 0.1) responsible for index  carrier density at tr‘;nsparency Nrp 9.9 % 1018 ¢m -3
guiding, waveguiding properties of an index-guided VCSEL  Linewidth enhancement factor o 3.0
are not significantly affected by temporal changes in the  Mirror reflectivities Ri, R, 0.995
carrier density. This assumption greatly reduces the amount i“te"?al 1085 cing 20 em™
. . . . . ongitudinal confinement factor I'; 0.012

of computation required, but spatial effects are still taken into  Ngnlinear-gain parameter ey 0.05 % 10-7 em®
account through gain saturation. Modulation frequency fm 2-4 GHz

The evolution of mode amplitudg;(¢) is governed by [15] Bias level Jy/Jw 0.95

dE; 1 .
dt I = i) Gi(t) = i} B ) For gain-switching, the injected current density in (4) is taken

where « is the linewidth enhancement factor, a6d(¢) and to be of the form

~; are the gain and cavity loss for thith mode. J(r,t)
The carrier densityN(r, ¢,t), is obtained by solving [11] {Jb + Jsin@rft) i r, <r <7
~o otherwise
ON J(r,¢) N
— =DVAN4+ 2272 _~ _BN?
or ~PVIN T T ()

] — where J, is the bias current density],, is the modulation
~d ZGIOC&I(T’ SO (4) curent density.f,, is the modulation frequency, and and
=1 r, are the radii of the ring contact over which the current is
The first term on the right side corresponds to carrier diffusiotfijected. For a disc contact, = 0 andr, varies in the range
the second term to current injection, the third term to nonr@-5-4 um. Relevant device parameters used for numerical
diative carrier recombination, the fourth term to spontaneoggnulations are displayed in Table I.
recombination, and the last term to stimulated emissipris Two approximations made above require justification. First,
the carrier lifetime due to nonradiative recombinatifhis the it has been shown that for a quantum-well active region, the
diffusion coefficient,B is the spontaneous recombination cogain is better approximated by a logarithmic than a linear
efficient, andJ(r, ¢) is the injection current density. Equationfunction of the carrier density [16]. We adopt the linear-gain
(4) is written in cylindrical coordinates witi2. representing approximation since its use makes possible the implementation
the transverse Laplacian. The effects of spontaneous emisgia fast numerical algorithm based on the tridiagonalization of
can be included by adding a Langevin-noise source term [1&]matrix representing the carrier equation (discussed below).
to the right side of (3). Its inclusion is essential for studyindo justify its use, the current bias for the laser is chosen close
noise-related effects such as pulse-to-pulse jitter. Since we rdhe threshold so that the total carrier density is expected to
interested only in the average characteristics of gain-switch&nain nearly constant. Second, by setting the injection current
pulses, we ignore spontaneous emission in this study. to zero outside the contact area, our model neglects current
The local gainGioc.) is assumed to be linearly proportionaspreading effects. Such effects must be included for a realistic
to the carrier density. The gain for each mode in (3) is givetpmparison of the numerical results with the experiments.
by the spatial average of local gains weighed by the spatidpwever, the results presented here are not expected to change
distribution of that mode: qualitatively when current spreading is included.
The carrier and field equations [(3) and (4)] are integrated
Gi(t) = (Groca(r; ¢, )|4i(r, §)|* cos(Biz)) (5) numerically using a finite-difference method in both the tem-
([9i(r, §)|? cos?(Biz)) poral and spatial domains. The temporal domain is discretized
f\’/@ uniform steps each of 0.1 ps. To ensure that the transients
ave died out, gain-switched pulse characteristics are obtained
after integrating the rate equations over a temporal window
Glocal(T, ¢, 1) = aguy{N — N }{1 —ent|Ei(H)?}. (6) of 8 ns, which is much larger than the damping time of
relaxation oscillations. The initial conditions can be chosen
Here, N(r,¢,t) is the local carrier densityg, is the gain quite arbitrarily (within reason). In our simulations, for fast
cross sectionNy is the carrier density at transpareney,is convergence to the steady-state pulse-train solution, the initial
the group velocity, andyr, is the nonlinear-gain parametervalues of the field and carrier density correspond to the CW

where the angle brackets denote average over the ac
volume, and
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operation of the laser when pumped two times above threshold. 150 T T .
The carrier equation requires an implicit solution in the radial o~
direction due to coupling introduced by the diffusion term. Fd v 10
To solve for N(r) at any given point in time, the spatial / 1)\
domain is divided evenly intal/ = 100 steps. Our radial
mesh runs fromér to R = Mér, whereér = 0.1 um is

the spatial resolution, an& = 10 pm is the radius of the
device. The point = 0 is excluded because of the singularity
associated with the Laplacian term. The boundary conditions
N(0) = N(é6r) and N(R) = 0 are used. Since the diffusion
term involves a second-order derivative/@fr), eachN(r) is J
coupled only to its nearest neighbad¥gr+4ér) and N (r—6r). ' 1
Therefore, provided that the gain is a linear functiom\afr),

the carrier equation can be put into a tridiagonal matrix form,
which can be easily inverted to obtain a solution f¥fr). (@)
In spite of the matrix inversion involved, the computer code 200
is reasonably fast. A typical run takes less than 5 min on a

Sparc 5 workstation.

Power (mW)
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Ill. EFFECT OFMODULATION CURRENT AND FREQUENCY

We study the effects of modulation frequency and modula-
tion current on characteristics of gain-switched pulses by using
the following procedure. First, the threshold current density
Jin is found by simulating CW operation for a total duration
of 5 ns at various current levels. The current is increased
through steps of 0.1 mA and simulations are repeated until -100 . .
the output power first exceeds AW, which is defined as 8.4 8.5 8.6 8.7 8.8
the threshold condition. Since spontaneous noise has not been Time (ns)
included in our study, the definition of threshold power is (b)
somewhat arbitrary. Obviously, the threshold current deperglg. 1. (a) Pulse shapes and (b) frequency-shift profiles of gain-switched
on the contact geometry as well as the diffusion constant. pulses obtained through 2.5-GHz sinusoidal modulation of a VCSEL biased

Output pulse trains were obtained by settifig./y, = 0.95 Séiﬁ’e/s]gb:m?ﬁi' aDriSir;%?cgrt]:dszgzstct)hga%;\rrt??ut:gugteh;?rpC;'r;ﬁaertlesro CaL*é‘Z
and f,,, = 2.5 GHz in (7) for several values of modulatiorare given in Table I.
indexes J,,/Ji.. We consider the range of values of the

modulation indexJ,,, /Ji;, for which the device produces sta- . . . .
ble, regular gain-switched pulses at the modulation frequenﬁ’l"’lt the optimum bias point occurs slightly below threshold

For small values of the modulation index, the device cann A. AS Jin/Ju, increases, carrier density builds up faster. As
respond fast enough, and the output power oscillates aft 5esult, the output pulse shortens, and the delay between the
subharmonic of the modulation frequency [17]. By contrastU/Tent pulse and the output pulse decreases. Eventually, the
for large values of the modulation index, multiple relaxatior@€/dy becomes so short that a second relaxation-oscillation
oscillation peaks are excited by a single current pulse. Afak appears, as seen in Fig. 1(a) for/Ju, = 11. There
estimate of the maximum modulation frequency at a givefXists an optimum value o, /Juy, at which the pulse width is
modulation current is provided by the relaxation-oscillatioRtinimum. For the parameters used in Fig. 1(a), the minimum
frequency. For an effective carrier lifetime of 3 ns and photd?HIse width of about 6 ps occurs fof,, /Ju, ~ 10.
lifetime of 2.5 ps, the relaxation-oscillation frequency is cal- Fig. 1(b) shows the frequency shift = —(1/2)(d¢/dt)
culated to be 2.5 GHz near three times above threshold un@ér@ function of time corresponding to the pulse shapes of
CW operation. FotJ,/.Jy, = 0.95, an time-averaged currentig. 1(a), whereg is the optical phase. This frequency shift
of three times above threshold corresponds to a modulati@$ults from a-induced index changes which follow gain
index of J,,/Jiu, = 5. Indeed, numerical simulations showvariations. Therefore, as the pulse width decreases and the
that the range of values ¥ J,,/Jy, < 11 correspond to peak power increases at higher values/gf, the frequency
stable operation at the modulation frequency. shift is expected to increase, since high peak powers and small
The shapes and widths of gain-switched pulses are shopuise widths are associated with a higher rate of change of
in Fig. 1(a) for modulation indexes,,/Ji;, = 8-11 at a photon density. The most noteworthy feature of Fig. 1(b) is a
modulation frequency off,, = 2.5 GHz and a bias of large and sudden changeZ30 GHz) in the carrier frequency
Jy/Jin = 0.95. The current pulse shape is also shown fexccurring near the pulse peak. The magnitude of the jump
comparison by a dashed line. The bias levglJy, is fixed increases with the modulation index. It is this feature that
at 0.95 in all cases, since it has been observed experimentaligadens the pulse spectrum considerably compared with that

Frequency Shift (GHz)
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TABLE 1

OuTpPUT PuLSE CHARACTERISTICS AT DIFFERENT MODULATION FREQUENCIES

Modulation frequency f,, (GHz)

2

3

4

Optimal value of J,,/Jin
Minimum pulse width (ps)

Peak power (mW)

Maximum frequency shift (GHz)

8.0
7.0
111
232

12.4
6.3
138
270

17.8
5.7
173
288

10 r

465

280

260

240

220

200

Pulse Width (ps)

of a transform-limited pulse (about 70 GHz for a pulse with
duration of 6 ps).

Output pulse characteristics fgf,, = 2—4 GHz are shown
in Table Il. The optimal modulation index,,/Ji;, is observed
to increase with modulation frequency, as shown in Table II. s 5 10 12 14 6
This behavior can be understood by noting that the bandwidth Modutation Index J, /J,,
of a VC_SEL IS I'm'te_d by th? I’el""xat'o_n'osc'"at'on_frequencyltig. 2. \Variations of pulse width (bottom traces) and frequency shift (top
which increases with an increase in average Input pow@kces) with modulation index,, /J., for D = 30 cn?-s~' (solid) and
Therefore, higher modulation currents are required at high@r= 1 cnt-s™! (dashed). The modulation frequency is 2.5 GHz.
modulation frequencies. It is also found that as the modulation
frequency increases, the minimum pulse width decreases, and 08
therefore the maximum frequency shift also increases. The
maximum frequency shift is defined as the difference between

(zHD) Hlus Aouenbeu

g o N o ©
T T T T

/

/

the maximum and minimum shifts. i 06 ¢ FAY
For the rest of this paper, we fix the modulation frequency 4

at 2.5 GHz since this value is consistent with the OC-48 level % \

of the SONET and STS-16 level of the SDH. We examine the = 04

effects of carrier diffusion, pumping geometry, and multiple- §

transverse-mode operation. SHB is included in all numerical s

simulations since it is found to affect the gain-switching & 92|

dynamics considerably.

0.0

IV. SINGLE-MODE OPERATION

Radius (um)

We first consider the case in which the VCSEL operates
in a single transverse mode throughout the gain-switchif@. 3. Radial carrier-density profiles fé@ = 30 cn¥-s~' (solid) andD =
process. In practice, this behavior can be realized by USiiqunoz'sil (dashed) at the peak of gain-switched pulses. The valug.gf7;y,

a disc contact of 2—34n radius such that current is injecte i
only over a small central part of the VCSEL top area. The
LP,; mode is then preferentially excited. 30 cn?-s~!, whereas a deep spatial hole appears when carrier
diffusion is negligible( D = 1 cn?.s~1). This feature suggests
that the well-known phenomenon of SHB affects the gain-
witching dynamics. The deep spatial hole for the case of
=1 cn?-s~! reduces the overlap between the fundamental
and 1 crd-s!, respectively. A disc contact of 2m radius LPo; modg and the ca}rrier prqfile. Conseq_uen_tly, the mode
is used. The injected current follows (7) with = 0, r, = sees effectively less gain at a given modulatlon_lndexDOt_
2 um, Jy/Ja = 0.95 andf,, = 2.5 GHz. The changes in 1 thz_an forD = 30_ cm?_-s—l. Thl_s feature explains _the shift
the pulsewidth and the frequency shift with modulation inde® higher modulation indexes in the former relative to the
Jum /ey are plotted in Fig. 2. Results are shown for the rand%tter case. It-also illustrates that spatllal and temporal effet;ts
of modulation indexes which corresponds to the regime 8f¢ coupled in VCSEL's through gain saturation, and this
stable, regular output pulse trains (one pulse per modulatigpatio-temporal coupling plays an important role in VCSEL
cycle), as discussed in the previous section. It is found tH&¢namics.
the main effect of diffusion is to shift the optimal modulation Because of the importance of carrier diffusion, the size
index to lower values. In fact, for a given value 8f,/Jiy,, of the disc contact is likely to be important. Devices with
shorter pulses are obtained when carrier diffusion is taken irfftsc-contact radii ranging from 0.5 to 3;6n were simulated
account. In short, diffusion facilitates pulsing operation. ~ to answer this question. In all cases, the modulation index

To understand the physical origin of this somewhat suis optimized to produce the shortest pulse. The minimum
prising result, the carrier-density profiles at the peaks of tla¢tainable pulsewidth and the corresponding frequency shift
gain-switched pulses are plotted in Fig. 3 for= 1 (dashed) are plotted in Fig. 4 as a function of the disc-contact radius.
and 30 cmM-s~! (solid). No spatial hole is observed f@ = A shallow minimum occurs for contact radius in the range

A. Disc Contact

The effect of carrier diffusion is studied by comparing th
results obtained by using diffusion constants of 30 em'
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270 TABLE I
COMPARISON OF OUTPUT PULSE CHARACTERISTICS FOR THE
~a MopesLPg; AND LP1; UNDER SINGLE-MODE OPERATION

- < 1 250

—————
-
-

Parameter LPg; LP;
Pumping geometry 0-2 pm disc | 2-4 pm ring
Optimal value of Jn,/Jin 104 8.2
Minimum pulse width (ps) 6.4 9.3

Peak power (mW) 132 104
Maximum frequency shift (GHz) | 2564 181

1 230

4 210

Pulse Width (ps)
[o0]

by maximizing the overlap between the mode and carrier-
density profiles, the shortest possible pulses are obtained from
VCSEL's.

(zHD) HIyS Adusnbal4 wnwixe

0 1 2 3 4
Disc-contact Radius (um)

B. Ring Contact

0. et of ulsewih, (ol . weduercy Shit Gashed) wih (A ring contact is often used in pracice to faciltate the
the shortest pulse. emission of laser output from the top mirror. However, its
use excites higher order modes which saturate the gain dif-
ferently, resulting in a different spatial profile for the carrier
density. This section discusses how gain-switching dynamics
is affected by the use of a ring contact.

A ring contact of an inner radius of 2m and an outer
radius of 4 um is used in numerical calculations. Such a
contact preferentially excites the first-order transverse mode.
The modulation index is optimized to give the shortest pulse in
both cases. Table Ill compares the pulse characteristics such
as the minimum width, the corresponding peak power, and
frequency shift for the two cases of disc and ring contacts,
which correspond to the excitation b, andLP;; modes,
respectively. The main feature is that the minimum pulse width
is larger by about 50% when tHeP,; mode is the dominant

Radius (um) VCSEL mode.
. . . . . o The two transverse modes show significantly different gain-
Fig. 5. Radial carrier-density profiles at the peak of thegain-switched pulse . g L N
for several disc-contact radii (shown jam) The dashed line correspondsSW|tChed output characteristics. This is due to a combination
to the spatialdistribution of th&Po; mode. The modulation parameters are0f spatial effects introduced through different pumping geome-
fm =25 GHz,J,/Jin = 0.95, and/y. / Jun = 10. tries (contact areas) and different spatial distributions of the
two modes. To understand the difference, the carrier-density

1-2 um. The optimum range of the contact radius is likely t§nd mode-intensity profiles are plotted in Fig. 6 for each of
depend on the size of the index-guiding region, which contrdide two cases. The optimal modulation index is used in each
the mode diameter. case. Clearly, thé.Py; mode has a much better overlap with

To understand the origin of the pulsewidth minimum sedf€ carrier-density profile than tieP,, mode. This results in
in Fig. 4, the carrier-density profiles at the peak of the gai&in-switched pulses with a much shorter pulsewidth.
switched pulse are calculated and plotted in Fig. 5 for contact
radii 0.5-3.5um. The results show that the size of the V. MULTI-MODE OPERATION
spatial hole burnt in the carrier-density distribution through Since VCSEL’s can operate in several transverse modes
gain saturation can be controlled by the size of the distmultaneously when a wide disc-shaped contact is used, it
contact. Indeed, there iso spatial hole for contact radii 1-2 s interesting to study how the dynamics of gain-switching is
p#m, the range that corresponds to the regime of minimuaffected by mode competition induced by SHB. We investigate
pulse widths in Fig. 4. The spatial distribution of tlh&’y; gain-switching under the two-mode operation at a modulation
mode is illustrated by the dashed line in Fig. 5. Clearlfrequency of 2.5 GHz. The pump current is supplied through
the spatial overlap between the mode and the carrier-dengitdisc contact of radius Am, which is equal to the radius of
profiles is maximized for a contact radius of abouiufn. the index-step region. The two transverse modes excited are
Consequently, carriers are utilized most efficiently, and gaibdy; andLP;;. Results using a disc contact of radiug.&
switching produces the shortest pulse. Although there is mdll also be presented for comparison.
spatial hole forr, < 1 um, the pulsewidth increases because Consider first the case of 2m-radius disc contact so that
of a reduction in overlap. the VCSEL operates in a single transverse mbitg;. Fig. 7

To conclude, the above results suggest that by reducisigows the gain-switched pulse trains obtained.fr/J.;, =
the disc-contact area, the effect of SHB is reduced. Furth&f), 12, and 15. A regular periodic pulse train is observed

Normalized Carrier Density/ Mode Profile
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12
B L e

8.0 104 11.2 12.0

Fig. 6. Radial carrier-density profiles (bold lines) and spatial intensity dis- Time (ns)

tributions (lighter lines) of the modes. The solid lines correspond to the case . . . . N . .

of a 2:m radius disc contact, and the dashed lines correspond to that ofi§- 8. Gain-switched pulse trains under operating conditions identical to

2-um ring contact with inner and outer radii of 2 andudn. The optimal those of Fig. 7 except for a Am disc contact so that the VCSEL operates in

value of modulation index is used in each case. two transverse modes simultaneously. The solid and dotted lines correspond
to theLPy; and LP;; modes, respectively.

Normalized Carrier Density/ Mode Profiles
Normalized Power

. LPo; mode has little power, which is an evidence of strong
mode competition. This behavior is sometimes referred to
15 as the antiphase dynamics. Significant SHB in the region
L L where the two transverse modes overlap leads to strong mode
competition. Indeed, transverse mode competition has been
observed experimentally under pulsed operation [7], and chaos
12 has been observed experimentally in VCSEL'’s operating in
L l L\ two transverse modes under dc excitation [18]. We have also
studied the impact of nonlinear gain on gain switching by
varying ey, in the range 0-2x 10717 cm?. Although the
10 single-mode results shown in Figs. 1-6 remain qualitatively
the same, the pulse trains shown in Figs. 7 and 8 change
considerably witheyr. In particular, the period-doubling
behavior disappears wheny;; exceeds a critical value of

_ o _ _ 0.1 x 10717 cm? [19].
Fig. 7. Gain-switched pulse trains when the VCSEL operates in the funda-
mentalLPo; mode. The values of,,, / Ji1 are indicated on the right margin.
A disc contact of radius 2:m is used. Other modulation parameters are VI
fm = 2.5 GHz andJ,/J,, = 0.95.

Normalized Power

|
|
|

8. 8.8 9.6

Time {ns)

. CONCLUSION

We have studied spatial effects in gain-switched VCSEL'’s
. - . using a computer model which incorporates spatial depen-
for Jin/Jn of up to 10, beyond which a transition to penod;ences of both the optical field and the carrier density. The

doubling occurs. The trace fo#,,/J;, = 12 shows this . . . . .
o : . effects investigated include modulation current, modulation
transition clearly. Interestingly enough, the period-one stateE]s

restored for/,, /.Ju, > 14 although the pulses have a two-pea requency, carrier diffusion, pumping geometry, and multi-

ruct No t ion to ch is ob q ode operation.
structure. No transition 10 chaos IS observed. It is found that output pulse characteristics depend critically

The dynamical behavior becomes much more interesting ., jation conditions. In particular, there exists an optimal
when a 4pm-wide disc contact is used so that the VCSEl,qqyjation indexJ,, /J,;, where the pulse width is minimum.
operates in theLPo, and LP;, transverse modes simulta-—rypical pulse widths are about 6 ps for the device parameters
neously. Fig. 8 shows the gain-switched pulse trains undg{own in Table I. The optimal modulation condition is found
identical conditions of Fig. 7 except for a widendn contact. {5 pe affected by the modulation frequency and pumping
Solid and dotted traces correspond to thBy; and LP;; geometry.
modes, respectively. At different values 8f,/Ji,, various — The disc-contact area is shown to have a significant effect
kinds of nonlinear behaviors are possible, such as periash gain-switching characteristics. Spatial holes in the carrier
two oscillations {,/Jy, = 15), and “chaotic” behavior profile are responsible for the deterioration of device per-
(J/m/Jiw = 10 and 12). Although regimes of chaos ar¢ormance. With a disc-contact radius of smaller thaprg,
found, no clear route to chaos could be identified. Howevegpatial holes are eliminated. However, we find that the shortest
the two modes exhibit mode competition at all values gfulses are obtained for disc-contact radii of J+8, the range
modulation currents. Th&P;; mode peaks only when thethat corresponds to maximum overlap between the spatial
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distributions of the lasing mode and the carrier density. It {$2] A. valle, J. Sarma, and K. A. Shore, “Spatial holeburning effects on
also found that the process of diffusion effectively increases the dynamics of vertical-cavity surface-emitting laser diodéSEE J.

the

. - . . . . Quantum Electron.vol. 31, pp. 1423-1431, 1995.
optimal modulation index. Since diffusion smoothes o3 p." Marcuse, Theory of Dielectric Optical WaveguidesNew York:

spatial inhomogeneities in the carrier profile, it improves the Academic, 1991, p. 73. _ S
spatial overlap between the mode and carrier-density profilgdl K. Y. Lau, “Gain switching of semiconductor injection laser#ppl.

Phys. Lett. vol. 52, pp. 257-259, 1988.

at a given modulation index, which results in more efficients) c.p. Agrawal and N. K. DuttaSemiconductor Lasergnd ed. New
utilization of carriers. York: Van Nostrand Reinhold, 1993, ch. 6.

Pumping geometry also plays a critical role. It is showh®

T. Makino, “Analytical formulas for the optical gain of quantum wells,”
IEEE J. Quantum Electronvol. 32, pp. 493-501 1995.

that a ring contact excites a higher order transverse mo@&] W.F. Ngai and H. F. Liu, “Observation of period doubling, and period
which produces different gain-switched characteristics simply quadrupling in a directly modulated 1.5%n InGaP distributed feedback

laser diode,”Appl. Phys. Letf.vol. 62, pp. 2611-2613, 1993.

because the spatial overlap between the mode and carri@f D. A. Richie, T. Zhang, K. D. Choguette, R. E. Lebenguth, J. C.
density profile is altered. For the case of a disc contact of Zachman, and N. Tabatabaie, “Chaotic dynamics of mode competition
4 pm two-mode operation results. Anticorrelated periodic in a vertical-cavity surface-emitting laser diode under dc excitation,”

IEEE J. Quantum Electronvol. 30, pp. 2500-2506, 1994.

oscillations are observed for all values.ff / J1, investigated. [19] G. P. Agrawal, “Effect of gain nonlinearities on period doubling and
Mode competition induced through SHB leads to quite inter- chaos in directly modulated semiconductor lasefspl. Phys. Lett.

esting nonlinear dynamics. This behavior is a consequence of

vol. 49, pp. 1013-1015, 1986.

spatio-temporal coupling.
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