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Nonlinear Dynamics of Vertical-Cavity
Surface-Emitting Lasers

S. F. Yu

Abstract—The dependence of the transient response of atween the spontaneous emission and cavity mode is enhanced
vertical-cavity surface-emitting laser (VCSEL) on its aperture py the quantum electrodynamic effects inside the microcavity,
size is investigated subject to direct current modulation and especially for devices with small aperture size [10]-[12]. To
external optical feedback. It is shown that lasers with small he b f K led id he chaotic behavi
aperture size suppress higher order bifurcations and chaos even the best of our knowledge, no evidence on't _e _C aotic behavior
under large-signal modulation and external optical feedback. Of VCSEL’s has been reported. Therefore, it is expected that
Furthermore, the noise characteristics of VCSEL'’s under the in- the large-signal response of VCSEL's also depends on its
fluence of external optical feedback are studied via the calculation gperture size.
of relative intensity noise. It is found that the level of external The noise characteristics of lasers subject to external optical

optical feedback for the onset of coherence collapse is high for o
devices with small aperture size. On the other hand, the small- feedback are dependent on the energy stored inside the laser

signal response of lasers is also analyzed through the calculationcavity and the coupling of the laser mode to the external field.
of third-order harmonic distortion. It is shown that harmonic It is believed that the transient to coherence collapse can be

distortion is minimized in small devices. Therefore, VCSEL's with  suppressed in VCSEL'’s with small aperture size due to the

small aperture size have better immunity to irregular response high storage of photon density inside the laser cavity [13]-[15].
under direct current modulation and external optical feedback. oo . - o

_ _ _ _ Therefore, it is interesting to study the noise characteristics

_ Index Terms—Bifurcation diagrams, chaos, direct modula- of VCSEL'’s with different aperture sizes subject to external

tion, external optical feedback, semiconductor device modeling, optical feedback.

surface-emitting devices. A number of theoretical models have been developed to

analyze the transient response of VCSEL'’s under the influ-

I. INTRODUCTION ence of external optical feedback [16]-[18]. However, neither

ERTICAL-CAVITY surface-emitting lasers (VCSEL'’s) 'the relative importance of size-dependent parameters nor the

are promising for applications in optical communicatiof'fluénce of direct current modulation has been taken into
and interconnects because of their useful characteristics s@€ReUNt in these calculations. Therefore, the aim of this paper
as low threshold current, single-mode operation, circular odf- [© investigate the dependence of the transient response
put beam, and wafer-scale integration. Recently, studies h&fe® VCSEL on its aperture size subject to direct current

concentrated on the steady state and small-signal respons8'gflulation and external optical feedback. In Section I, a rate-
VCSEL's with different aperture sizes [1][3]. It is found thafduation model is developed with size-dependent parameters

the threshold current and light—current curves of a VCSEL apeCh @s thermal resistance, cavity, and spontaneous emission

determined by its cavity loss and thermal resistance, whif@ftor taken into the calculation. In Sections IIl and 1V,
are size-dependent [1], [2]. Furthermore, small-signal analydi¢ modulation response of VCSEL's subject to large-signal
shows that a VCSEL with a small aperture size exhibits wiggpodulation and external optical feedback is analyzed. In
modulation bandwidth and less second harmonic distortigifCtion V, the correlation between aperture size and the onset
due to its high relaxation oscillation frequencies [2], [3]9f coherence collapse under the influence of external optical

It is believed that higher order harmonic distortion can pgedback is studied. In Section Vi, the dependence of third-
minimized in VCSEL'’s with small aperture size. order harmonic distortion on the aperture size of VCSEL's

Facet emitted lasers under large signal modulation mgyalso evaluated. The results are briefly discussed and the

exhibit various kinds of irregular response such as perig@nclusions are given in Section V.

doubling, period quadrupling, and chaos [4]-[9]. However,

these nonlinear characteristics are suppressed in devices with I

large spontaneous emission factorlQ—°) [6], [9]. Hence, a

VCSEL with a small aperture size can have strong immunit

to higher order bifurcations and chaos even under Iarge-sigé&l Laser Structure and Model

modulation due to its inherent large value of spontaneousThe schematic of an index guiding VCSEL used in the anal-

emission factor. This is because the coupling efficiency bgsis is shown in Fig. 1. The device structure is similar to that

given in [2] except for the p-type distributed Bragg reflector,
i ) ) which is surrounded by a cladding layer. The reflectivities of n-
Manuscript received March 25, 1998; revised November 24, 1998.
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Reflector TABLE |
TEMPERATUREINDEPENDENT PARAMETERS OF OPTICAL GAIN
AR M -
a —46963.3cm™"
a 371.56cm 'K
Text 2 ~0.941029¢cm K2

a; 7.99274x10 cm 'K ?
bo 2.723x10%cm™

2w ™ T by —2.417x10"%cm K !
b, 6.4786x10"cm°K

p-type
Bragg reflectors

cladding layer
e where A\q is the lasing wavelengthAX is the full-width

at half-maximum (FWHM) of the emission spectrurk
is Petermann’s astigmatism factaf,, is the longitudinal
-------------------------------- ] confinement factorn.g is the effective refractive index of
: the cavity, V(= nW?2d) is the volume of the active layed,
n-type . . . . . .

Brage is the active region thickness, antd is the core radius. The
reflectors  equivalent optical gair? can be expressed as

active layer

log[(N(#) — 0.41)/No]

G t) = FZCL 7 (7)
Substrate ( ) A 1+¢ P (t)
wheree is the gain compression factor. The parameteys
and N, are assumed to be temperature-dependent and can
be approximated byiy = ag + 17 + a2T?% + a372 and
P,, Ny = by + b, T + bT? (see also Table ).

In the carrier rate equation, the carrier lifetimg can be

Fig. 1. Schematic of an index-guided VCSEL used in the calculation.
expressed as

model of VCSEL's is given by [3] T, = 750 8
- exp(T(0) — T0)/Tons) ©
t 2
ot vg(LG(t) — ) P(t) + SBspN*(t) + Fp(t) wherer, is the carrier lifetime at 300 KT, is the background
+ Ref,(t) (1) temperature, anty,, is the characteristic temperature.
ON(t) L) N(t) In the thermal rate equatiom, is the thermal conductivity
ot v gl GHP(t) — —= + () (2)  andRy, is the thermal resistance. The thermal capacitaiige
; of the device can be expressed as
ar(t) 1 T() - T
7 = C PTV(t) - Ph'n(t) - KR— +FT(t)
th th Cipy = pmCpmW?3d )
(3) !
Ip(t) _ }aHV F%(N(t) — Nun) + Fy(t) + Refy(t) (4) Wherepy, is the mass density and, is the thermal conduc-
ot 2 7 ON tivity. The output powerP,,, of the device is given by
I, =14 + I,,f Sin(27rfmt) (5)
1
whereP is the photon densityly is the carrier concentration, Py = El/ghv(]- — |Ro|*)mW?L . P(t) (10)

T is the effective temperature, and is the phase.Vy,
is the threshold carrier concentrationy is the linewidth wherer is the Planck constant andis the frequency of the
enhancement factor, ar#t7/9N is the differential gain. The lasing mode. The total input electrical pow®ry is defined as
injection current/, is the sum of the dc bias currefj. and
sinusoidal modulation current,.; sin(2x f,,¢). L.y and f,,
are the amplitude and modulation frequencies, respectively, of
the sinusoidal modulation current.

In the photon rate equatior; is the lateral confinement yvhereVF is the voltage across the active layer and is approx-
factor, « is the equivalent cavity lossy, is the group velocity, imated by
and By, is the bimolecular carrier recombination factor. The

1
Pry = SVr(N)I, (11)

dependence of spontaneous emission fadtam the cavity Vi =[Ey + kT -log{(exp(N/N.) — 1)
size can be evaluated by [12] -exp((N/N,) — D} (12)
3 [L.KM : .
B (6) Wherekp is the Boltzmann constant ard, is the energy gap

 24mnlg VAN between the first quantized energy level of conduction and the
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valence bands of the quantum well’'s active lay®r.and N, 7
are the effective conduction and valence edge density of states,
respectively, and can be expressed as 6r
! meastred e
S
Neyy = mt ) kpT/nh? L (13) calculted

S
T

where L. (=80 A) is the thickness of the quantum wells,
h=h/2n, andm:/h(:0.0665/0.331 96) is the effective mass
of electrons/holes.

The parameters’p, Fi, Frp, and F are the Langevin
noise sources of photon, carrier, temperature, and phase, 1

Spm

Power (mW)
w
T

[
— T

3.5um

T

respectively. The corresponding Langevin noise sources are sz.S;uln '
given by 00 ’ 5 10 15 20
Current (mA)
_[2P(t)BN(BT. @
Fy(t) = T% (14)

10

2P(t;)BN ()L, 2N (t;

(16)

1 [P()AN@T.
Pl o, At

(17)

where P(t;) and N(¢;) are the photon density and carrier
concentration, respectively, at the start of the time interval

Relaxation Oscillation Frequency (GHz)

At, andzn, zp, 7, andz, are Gaussian distributed random 0 . 1 . 1 . t .
variables with zero mean and unity variance. 0 5 10 15 20
The optical feedback in the rate equations of photon density Current (mA)
and phaseRef, andRefy, are given by ()
i Fig. 2. Comparison of measured and calculated (a) light—current characteris-

Ref,(t) = :;(t VPPt — Texy) cos(8(t))  (18) Iic():szégd:&(.bs), rglnzxagli?:. oscillation frequency of VCSEL'’s with core radii equal
e % sin(6(¢)) (19) the theoretical model using (1)~(3) witRw, and « as the
variable parameters. The values #&f; and « as well as
wheref(t) = ¢(t) — p(t — Text ) +wiLText, we IS the oscillation Other laser parameters used in the calculation can be found in
frequency at thresholdr.; is the external round-trip delay Tables Il and Ill. Fig. 2(a) compares the light-current curves
time, andr, is the round-trip time inside the laser cavity. Th@btained from the theoretical model and the experimental

Refu(t) = —

Tr,

feedback paramete,,; is defined as results [2]. It is noted that the model using (1)—(3) does not
fit well when compared with the model given in [3]. This
kext = n(1 — Ri)\/ Rext /v B (20) indicates that carrier transport and spatial hole burning have

. . _ i a significant influence on the steady-state characteristics of
where R is the external reflectivity ang is the coupling ycse's. Nevertheless, the threshold current, the slope of
between the external mirror and the laser. The relaxati?r‘fb curves, and the peak power calculated from the model
oscillation frequency of VCSEL'Y,. can be written as match with the measured data. Fig. 2(b) compafesfor
1 v,P 1 T.apn VCSEL'’s calculated from the model with that obtained from
gis zWN 21 .
1+eP, N, 21 the experimental results. As we can sgecalculated from the

model is close to the experimental results except for the device
wherer,, = 1/v,a and N, and P, are the steady-state carriefwith W = 2.5 um. This may be attributed to the high photon
concentration and photon density, respectively. density that drives the optical gain toward the saturation level
of the quantum wells which reduces the differential gain and
B. Steady-State Characteristics of VCSEL'’s fr

Fig. 2 shows the measured light—current curves and relax-
ation oscillation frequencieg, of VCSEL's with different IIl. SIMULATION RESULTS—MODULATION RESPONSE
aperture sizéV. The corresponding calculated results are alsoIn this section, the influence o’ on the modulation
plotted on the diagrams. The experimental results match witssponse of VCSEL'’s is analyzed by varying the modula-

2=

472 Tpn
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TABLE I l
Size-DEPENDENT PARAMETERS 0016l =3 5um =
W (um) afem™) Ra (cm ) B > 7
2.5 73 7100 10° § o012 T
3.5 64 4200 5x10™ s -
5 503 2900 10° 2 d
?Z 0.008} g
h-d
TABLE Il %g
PARAMETERS OF DEVICES & 0.00a|

Parameter Symbol Value /
lasing wavelength Ao 980nm ) . ) .
FWHM of emission spectrum AX 370m 0 1 2 3 4 B
effective refractive index of cavity Nefr 33 modulation index (m)
Petermann’s astigmatism factor K 1 (@)
thickness of active region d 0.1x10"cm
group velocity Ve 0.81x10"cm/s 0.016F
lateral confinement factor r 1.0 ool ™3
longitudinal optical confinement factor I, 0.07 )
gain suppression factor € 1x10"7em’ »0012
carrier lifetime in active layer Te 2.7ns %
background temperature To 300°K ?, o0
characteristic temperature Toss 30°K :g 0.008
bimolecular recombination coefficient By 1x107" cm®s™! 3
mass density Om 5.36g/cm’ ‘g 0008
specific heat Cy 035Ig'C’! g ool
thermal conductivity K 0.45Wem'C”!
linewidth broadening factor oy 4.8 0.002|
laser to fiber coupling efficiency n 0.4 0 L
reflectivity of n-type Bragg reflector R¢ 0.997 240 242 244 248 248 250
reflectivity of p-type Bragg reflector R; 0.99 time (ns)
laser cavity round trip delay T 0.15ps (b)
exmr,nal round trip delay time Text 2ns Fig. 3. Modulation response of VCSEL wii" = 3.5 um and f,,, = 4
relative phase of reflected field Dot Text 2nxinteger GHz. (a) Bifurcation diagram of normalized peak photon density versus

modulation index. (b) Transient response of normalized photon density at
m = 3.

tion indexm(=I,;/1,.). Furthermore, the influence of size-
dependent parameters suchias f, 4, and the self-heating observed that the device exhibits single-period oscillation for

effect on the bifurcation diagrams is investigated. In t & whole range ofn. (i.e., 0 < m < 5). The corresponding
following calculation, it is assumed that the steady-state OUtRUL " ciont behavior of. Hormalize?j p.hoton densify,

power of the laser is maintained at 0.32 mW. The modulatntgb — P/P,) atm = 3 is shown in Fig. 3(b). Furthermore
I[]equegcy:f m |sTshet to é ?TZ which is com;faclarable o for e nifurcation diagram oF,pcax Versusm for a device with
ese devices. 1he modu'ation reSponses ol 1asers are recorged pm is shown in Fig. 4(a). It is observed that, for the

after the modulation current was applied for 200 ns in order ange ofm between 0.5 and 1.6, period doubling is excited

eliminate the influence of initial transients. Furthermore, the?nd the corresponding transient behavioPgg,.., is shown in

Langevin noise sources are set 10 zero in order to Obse'ﬁ’ia 4(b). Two sets of pulse trains, one with a relatively low

the f|ne_ stru_cture of the b|furc_at|on d'agrams' In fact, t_hgnd the other with relatively high peak photon density, are
bifurcation diagrams are only slightly thickened by the NOISS carved. Fol.6 < m < 2.2 period quadrupling is excited

sources and the entire profile of the bifurcation diagrams hgﬁd the corresponding transient behaviorRf,, is shown
less deviation from the quiet solutions. It can be shown th tFig 4(c). However, further increases in wilinEJring back
devices with largé? exhibit period doubling as well as period . ) i

: . period doubling and then single-period oscillation.
quadrupling due to the size-dependent parameters of VCSEL SFrom the above, it is observed that the bifurcation behavior

of VCSEL's is dependent oi¥. In fact, the modulation
response of VCSEL's also depends on the size-dependent
parameters such a3, f., 3, and the self-heating effect.

A. Influence of Aperture Size on the Modulation
Response of VCSEL's

The modulation response of VCSEL's with different )
aperture sizedV may demonstrate dissimilar characteristics: nfluence of Photon Density on the
even with the same output power and modulation conditio¢0dulation Response of VCSEL'’s
Fig. 3(a) shows the variation of normalized peak photon It must be noted that the values Bf are equal to 2.410%°
density Pupeak (Papeak = Ppear/Pn Where Poeqy is the and 1.2<10"> cm™2 for devices withW = 3.5 and 5 pum,
peak photon density anf, = 10'® cm™2 is a normalizing respectively. Therefore, it is expected that the bifurcation
parameter) versus: for a device withiW = 3.5 um. It is behavior of VCSEL'’s is affected by’. Fig. 5 plots the
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modulation index (m) modulation index (m)
@ Fig. 5. Influence of photon density’s on the bifurcation diagram of a
5 VCSEL with W = 3.5 um and f,, = 4 GHz. Ps is varied between
x 10 i . , i 1.2x10'" and 2.4¢10'% cm3.
m=1

2]

bifurcations are more likely to be excited in large devices due
to small f.. However, small devices can maintain a stable
single oscillation period even under large signal modulation
due to its highf..

S 23

©w

normalized photon density

C. Influence of Modulation Frequency on the

N

Modulation Response of VCSEL'’s
1 4
\ALIJHUJL}JUMMIJJJJMMWUJ UJ\/JLJ It must be noted that the bifurcation and chaotic behavior of
% 242 242 245 248 50 facet-emitting lasers is enhanced ffy, > f,. but suppressed
time (ns) for f,. < f. [B]. Therefore, it is interesting to know whether
(b) VCSEL'’s also exhibit similar characteristics to that for facet-

emitting devices.

Fig. 6 repeats the calculation in Fig. 4 but with, varied
0.011 ] betweer.65f,. and1.63f,.. It is observed that a single-period
oscillation is maintained forf,, less than 0.7, but period
doubling as well as period quadrupling are excited fqr
greater thanf.. It is noted that period doubling starts at
m = 0.49 for f,, = 1.02f. and shifts tom = 1.55 for
fm = 1.63f.. Hence, the modulation response of VCSEL's
with a large value ofi¥ is similar to that of facet-emitting

o

o

o

&
T

0.006

o

=]

R
T

normalized photon density

0.002} lasers [5]. However, for devices with smadl” (i.e., 3.5um)
AJ J l M and the same output powef,, has a negligible influence
9 Bl MM N Al on the bifurcation behavior of lasers and only a single-
240 242 244 248 248 250 . e ] = ; >
time () period oscillation is observed. This is not consistent with the
(c) above observation and implies that the bifurcation behavior of

Fig. 4. Modulation response of VCSEL will” = 5 um andf,, = 4 GHz. YCSEL’s may also depend on other size-dependent parameters

(a) Bifurcation diagram of normalized peak photon density versus modulatishiCh asg.
index. (b), (c) Transient responses of normalized photon density at 1
and 2, respectively. L.
D. Influence of Spontaneous Emission Factor on

the Modulation Response of VCSEL'’s

It is noted that the value ¢f is dependent on the value Bf
s i S i cLor a VCSEL. Therefore, it is interesting to know whether the
2.4x10% cm™3. It |_s observed that period _doub_lmg _|s excite ependence of on W has any influence on the modulation
due to the reduction of’,. The results given in Fig. 5 aré egphonse of VCSEL's. Fig. 7 shows the bifurcation diagram
consistent with our previous analysis because a large devjﬁepmpeak versusm for the device withW = 3.5 um, and
(i.e., 5pm) with low P, enhances higher order bifurcations. the value ofg is changed deliberately fromx8.0~* to 10-5.

On the other hand, it is noted from (21) thBs is directly |t is observed that period doubling is excited féress than
proportional to f,. such that the bifurcation behavior of the5x10~*. Further reduction ofs increases the range ot for
devices is also dependent gn If f,,, is the same for VCSEL'’s period doubling. Fig. 7(b) shows the bifurcation diagram of
with large and small aperture sizes, double or higher ord&,... versusm for the device for which3 equals 10°®.

bifurcation diagrams ofF,e.i versusm for a device with
W = 3.5 um and the value ofP, varies from 1.%10" to



YU: NONLINEAR DYNAMICS OF VERTICAL-CAVITY SURFACE-EMITTING LASERS 337
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Fig. 6. Influence of modulation frequendy, on the bifurcation diagram of Fig. 8. Influence of the self-heating effect on the bifurcation diagram of

VCSEL'’s with W = 5 um. f,,, is varied betwee.65 f. to 1.63f.

0.022

0.018}

normalized peak photon density

0.002

0.035

00141

0.011

0.006

W=3.5pm

0.03}

normalized peak photon density

0.025+

0.02

0.015}

0.01F

W=3.5pm
p=10"

0005} .7

Fig. 7. Influence of the spontaneous emission fa¢toon the bifurcation
diagram of a VCSEL withW = 3.5 pm and f,,, = 4 GHz. (a) 3 varies

medulation index (m)

(b)

from 10~* to 107°. (b) 3 is set to 10°8.

It is observed that single period oscillation, higher Ord%spectively
bifurcations, and chaos are excited with an increasenof behavior of,P

VCSEL's with W = 5 pm and f,,, = 4 GHz.

of the dependence of the differential gain fn on the self-
heating temperature. Fig. 8 shows the bifurcation diagrams
Pupear versusm for devices with and without the self-heating
effect taken into consideration. The self-heating effect can be
ignored in the calculation by setting (3) to zero and the steady-
state effective temperature to 300 K for the whole range:of

In the calculation, a device with = 5 um is used andP,

is set to 1.%10' cm~2 (i.e., 0.32 mW). It is observed that
the entire bifurcation diagram shifts to the right-hand side if
the self-heating effect is neglected in the calculation. This is
because the differential gain as well #sare overestimated

in the calculation.

As we can see, although the influence of the self-heating
effect is less important than the size-dependent paramgters
and f,., the bifurcation diagram also changes significantly. In
this case, period doubling may not be observedrfor 1 if
the self-heating effect is neglected in the calculation.

IV. SIMULATION RESULTS—MODULATION
AND OPTICAL FEEDBACK

In this section, the modulation response of VCSEL’s under
large-signal modulation and external optical feedback is stud-
ied. The influence o and R.,; on the chaotic behavior of
VCSEL'’s is investigated. It is assumed that the steady-state
output power and,, of lasers are set to 0.32 mW and 4 GHz,
respectively. The Langevin noise sources are also considered
in the calculation. It can be shown that devices with sriall
suppress higher order bifurcations and chaos even under the
influence of external optical feedback.

Fig. 9(a) shows the bifurcation diagram &%,eax versus
m. The values ofW and R are set to 3.5:m and 103,
in the calculation. The corresponding transient
worm @t m = 4 is shown in Fig. 9(b). It is

Hence, it is shown that the bifurcations and chaotic beha"ior%served that only a single period oscillation is excited for
VCSEL's are also dependent on the valugiofn addition, the e \whole range ofn, but this bifurcation diagram is slightly

chaotic behavior of VCSEL'’s under large-signal modulatio
can be suppressed by using a large valug fe., >5x1074).

E. Influence of Self-Heating Temperature on
the Modulation Response of VCSEL'’s

It is expected that the self-heating effect may have da period-doubling bifurcation((6 < m < 3.2) and then to
influence on the modulation response of VCSEL's becauskaos fn > 3.2). The influence ofR..; on the bifurcation

thickened due to the noise and external optical feedback.
Fig. 10 shows the bifurcation diagramBf,e.x versusm for a
device withW and R.; equal to 5:m and 102, respectively.
It is observed that, as: increases, the transient response of
the laser evolves from a single period oscillatien & 0.6)
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0.015

0.0161

g
o
=
N

0011

0.005}

normalized peak photon density
o
normalized peak photon density

E

0 1 2 3 4 5

moduiation index (m) modulation index {m)
@ Fig. 11. Bifurcation diagram of normalized peak photon density versus
modulation index for a VCSEL withV = 5 um, f,, = 4 GHz, and
0.018f ' ' ' ' ] Rewt = 5 x 1072,
ootef ™74
20014y chaotic characteristics. Therefore, the corresponding analysis
Soomn is not repeated in this section. Hence, it is shown that devices
£ Lol with small W suppress high order bifurcations and chaos even
go_m_ with external optical feedback.
g 0.006H
2 V. SIMULATION RESULTS—NOISE CHARACTERISTICS
0.004 H
0002 In this section, the dependence of relative intensity noise
. | (RIN) on W of VCSEL'’s under external optical feedbasl
240 242 244 ( )246 28 250 is studied. RIN is defined as
time (ns;
2 2
() RIN = (6P7)/(P) (22)

Fig. 9. Modulation response of VCSEL with” = 5 um, f,, = 4 GHz, here (P)(=P,(t)) is the average photon density at steady
andR.., = 10~3. (a) Bifurcation diagram of normalized peak photon densi

versus modulation index. (b) Transient response of normalized photon der%l@te. andSP_: Po(t) - <P> LangeV|r_1 noise sources are also
atm = 4. considered in the following calculation. It can be shown that

devices with smallW suppress the onset of coherence collapse
ootz ; S due to a highP,.

e oE Fig. 12 shows the RIN of VCSEL'’s versug.; for devices
with W = 3.5 and 5 um. The steady-state output power in
both cases is set to 0.32 mW. It is observed that, for a small
value of R (i.e., <1072), flat floors of RIN are observed for
both devices. This is due to the domination of Langevin noise
which is a nonchaotic behavior of lasers. On the other hand, a
jump in RIN is observed aR.. = 10~2 and10~! for devices
with W equal to 5 and 3.5:m, respectively. Fig. 13(a) and
(b) shows the bifurcation diagram @f,eai VErsusiey; and
the transient response #,..., at R, = 107}, respectively,
for a device withW = 5 ym. It is observed that the sudden

, . o _ _ jump of RIN is due to the onset of coherence collapse by the
Fig. 10. Bilurcation diagram of normalized 2;&," fih0;0n4 dgﬂi"tyar‘]’grs‘é&ternal optical feedback. Furthermore, it can be shown that
Rewi = 1073, the transient response of devices with smll(i.e., 3.5um)

is similar to that given in Fig. 13 but the magnitude@f;e.x
diagram of P,pca VErsusm is also analyzed. Fig. 11 showsis much smaller than that with larg& (i.e., 5um), especially
the bifurcation diagramP,peax Versusm for devices with inside the chaotic regime. Hence, a device with srifalhas
W =5 um andRe, = 5 x 1072, It is found that the output better immunity to the onset of coherence collapse.

o
o

[=]
o
8

normalized peak photon density
o o
o =)
2 8

o

[

[
T

modulation index (m)

power goes to chaos at a smaller valuenof(m > 2.8). In In order to study the influence oV on the onset of
addition, the magnitude aFy,...x is larger than that given in coherence collapse, the dependence of RINPpand 3 is in-
Fig. 10. vestigated. Fig. 14(a) shows the dependence of RINPofor

Furthermore, it is noted that the influence of size-dependentievice withiW = 5 um. P, is allowed to vary from & 10'*
parameters such &g, f., and# on the bifurcation diagramsto 1.2x10'> cm™3. It is observed that the increase M,
with external optical feedback is similar to that given inncreases the value d@t.,; for the onset of coherence collapse
Section Il except that the introduction dR... enhances but reduces the value of RIN. Fig. 14(b) shows the dependence
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Fig. 12. RIN versus external reflectivitif+ for a VCSEL withW equal (a)

to 3.5 and 5um.
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(@) Fig. 14. RIN versus external reflectivitfexs for VCSEL with W equal to

5 um. (a) Photon density’; varies from 8<10'* to 2.4x10'> cm~*. (b)
Spontaneous emission fact@rvaries from 1073 to 107°.

VI. SIMULATION RESULTS—THIRD HARMONIC DISTORTION

The chaotic behavior of VCSEL's under large-signal mod-
ulation is studied extensively in the above sections. It is
found that devices with smaW have better immunity to
higher order bifurcations and chaos. On the other hand, it
is noted that VCSEL's with smallW have better small-
signal characteristics such as wider AM bandwidth and lower
second harmonic distortion than those with a large value of
W [3]. In addition, third-order harmonic distortion (THD) is
i > o T " 0 an important factor in determining the performance of analog

time (ns) communication systems. In order to complete the picture
(b) on the small-signal modulation response of VCSEL's, the
Fig. 13. The transient response of a VCSEL with = 5 gm under the dependence of THD oi” is studied in this section.

influence of external optical reflection. (a) Bifurcation diagram of normalized The THD of VCSEL's is defined as
peak photon density versus external reflectivity. (b) Transient response of )
normalized photon density @ex, = 107!, THD = 10 - log; o( Penird/ Prirst) (23)

where Pyt and Piiq are the first and third harmonic
of RIN versusR.; on the variation of3 (between 16> and components of the output power signal. In the calculation, it
1073) for a device withW = 5 um. It is noted that the large is assumed that the steady-state power of lasers is maintained
value of 3 enhances RIN but has a negligible influence on treound 0.32 mW withf,,, varying between 2 and 5 GHz.
onset of coherence collapse. Therefore, the onset of cohereRgg; and F;.;.q can be calculated by Fourier transform of
collapse in VCSEL'’s is mainly due t&; (which is a function the modulated output power signal. Fig. 15 shows the THD
of W) but is independent off. Therefore, we can concludeversusrm for devices withW = 3.5 and5 pm. It is observed
that VCSEL'’s with smalliW will have better immunity to the that, for small-signal modulation (i.em < 0.05), devices
onset of coherence collapse due to the high valu®,of with small W have a lower THD than those for larg& for
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Fig. 15. THD versus modulation index for devices withiW equal to 3.5
and 5um at different modulation frequencies.

all f,,. In fact, using small-signal analysis [3], one can shovJZ]
analytically that THD is inversely proportional tf). as well

as P,. Therefore, small devices have lower THD due to the[s]
high value of f. and P;. However, for largen (i.e., >0.05),

the value of THD depends oW as well asm.

The modulation response of VCSEL'’s will’ = 2.5 um

(4]

VII. DiscussiON AND CONCLUSIONS

(5]

is not shown in the above analysis. This is becaiisds
overestimated by the rate-equation model due to the existenféf
of the gain saturation effect and the modulation response of
VCSEL's may deviate from the real solution. If the gain
saturation effect is omitted in the calculation, it can be ShOWIIIY]
that the device exhibits stable single-period oscillation even
under large-signal modulation and external optical feedbaclfs]
The influence of the gain saturation effect can be estimated ap-
proximately by increasing the magnitudesofo an unrealistic

large value (e.g., 210-16 cm?) such that the calculated value

of f,. can be closer to the experimental result. In this case,
higher order bifurcations and chaos are excited under largé&d!
signal modulation. Nevertheless, the gain saturation effect can
be neglected in the calculation for devices with laigfedue
to the relatively low value of’,. Therefore, the above analysisi11]
is applicable to VCSEL's with¥ > 3.5 um.

In conclusion, the influence o on the modulation re- [12]
sponse of VCSEL'’s is investigated using a single-mode rate-
equation model. The following results are found.

¢ VCSEL's with small W (i.e., 3.5 zm) exhibit strong

[13]
immunity to higher order bifurcations and chaos even un-
der large-signal modulation and external optical feedbadk4]

This is because the nonlinear response is suppressed by

high f, as well asP, in VCSEL's. In addition, a large [15)
value of 3 acts as a damping factor in the rate equations
to suppress any unstable performance of lasers [6]. There-
fore, devices with smalV maintain a linear response un-[16]
der large-signal modulation and external optical feedback.
The noise properties of VCSEL's subject to extern?!m
optical feedback are studied via the calculation of RIN. It
is found that the level oRR.,; for the onset of coherence 1e]
collapse increases with the reduction16f but 3 has a
negligible influence on the transition to chaos. This is

because a high value @, in small devices suppresses
the onset of coherence collapse.

The small-signal modulation response (ia. < 0.05) of
VCSEL's is also analyzed through the study of THD. It
is shown that VCSEL's with a smal¥’ have lower THD
than devices with larg@’. This is becausg, is inversely
proportional to THD and devices with smalV have a
higher f,. than those with a large one.

Hence, VCSEL's with smallW have strong immunity
to any instability which arises from small- or large-signal
modulation as well as external optical feedback.
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