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Transient Response of Vertical-Cavity
Surface-Emitting Lasers of Different
Active-Region Diameters
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Abstract—The multimode dynamics of vertical-cavity surface- In this paper, we investigate the transient multimode dy-
emitﬂng Igsers Vgﬁgncgggégrrl‘tdaglt(ie\get;irsglinggg?j;egovgassmiéll;enamics of VCSEL'’s as a function of active-region diameter
surea unaer su - H
duration, 100-ps risetime). The dynamics is characterizeg bypthe (up to 24,:m). The study includes temporally and spectrally
delayed onset of higher order modes which have a turn-on delay reso!ved measprements of the VCSEL output for_ the_ two
that is dependent on the active-region diameter and the excitation dominant polarization states as well as the determination of
parameters. A simple model that can be used to estimate this the relative intensity noise (RIN) levels. Our results show that
turn-on delay for large-area devices is presented. Polarization- higher order modes oscillating within the cavity appear with
resolved measurements show that, under this fast excitation 5 fine delay that can be estimated utilizing a simple model.
condition, both orthogonal polarization states are isomorphic. A correlation of the observed dynamics with low-frequency
The influence of the observed dynamics on the relative intensity ;
noise of these devices is also discussed. RIN measurements showed that larger devices present lower
noise levels, especially when operated at high pumping levels.
In addition, we studied the polarization properties of the
transient response. It had been shown that these devices usually
present a dominant polarization state during dc operation

. INTRODUCTION [14], [15] and that the characteristic time for achieving this

HE RAPID progress achieved in improving the perstate is of the order of a few nanoseconds [16], [17]. Our

formance of vertical-cavity surface-emitting lasers (VCmeasurements complement this knowledge, showing that the
SEL's) now makes possible their use in applications su¢Wo polarization states of all the transverse modes are present
as optica| data communications []_], [2] Transient effec@.]ring subnanosecond excitation and that they evolve with
associated with high-speed data transfer can produce fé same dynamics.
changes on the spatial distribution of the output power of The various experimental setups and procedures utilized to
semiconductor lasers. Therefore, the understanding of thé§&duct the measurements are described in the next section.
effects is essential in applications that include high-speddie results are then presented in Section Ill, which also
current modulation. Previous reports on the fast respori€ludes a discussion of the physical processes behind the
of VCSEL's have shown that the carrier—photon dynanfbserved dynamics. Section IV discusses a simple model to
ics of these devices are essentially different from that €stimate the turn-on delay of the higher order transverse
edge emitters [3]-[11]. These studies concentrated on tf@des.
multitransverse mode dynamics of devices with small active-
region diameters. However, larger VCSEL’s, with active-
region diameters of the order of 2bm, are favored for
short-distance optical links [12], [13]. These wide-area devicesThe lasers used in this study were gain-guided Al-
present more complex multimode dynamics, especially durifgfAs—GaAs multiple-quantum-well (MQW) VCSEL'’s with
fast modulation. cavity mirrors consisting of AlAs—AlGaAs distributed Bragg

reflectors (DBR’s), which had 19 periods for the p-doped
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to the one presented in [8]. The VCSEL’s were prebiased I1l. RESULTS AND DISCUSSION

through a bias tee and then electrically pumped using a fast

pulse generator capable of providing square pulses of 880 Mmyitimode Dynamics

ps in duration with 100-ps risetime. Prebias currents were he VCSEL’ i timode d ics that is d
varied from 40% to 85% of the dc threshold curréty,), d The S present a muitimode dyhamics that IS depen-
while current pulse amplitudesd,) ranging from 0.5 to 10 ent on pumpmg_cono_htlons. At low pumping currents, the
times I;;, were utilized to pump the VCSEL. The pulseao.mput of t_he devices is opserved to be smgle mode.. For a
current amplitudes were measured with a fast induction curréfiYen prgblas, as the amplitude of the pumping pgl@(} 6 .
probe (rise and fall times<100 ps) constructed specificallyra'sed’ higher order transverse modes start to oscillate with a

for this type of measurement. The VCSEL was operat(%%r;:'or.1 d_elayhthat _shc::r_tenf ;N'th mcreas\,}ﬁégsgils tyg_e Ofd
at a repetition rate of 80 MHz and the electrical pulse ehavior is shown in Fig. 1 for an 1gm prebiase

. . . . .at 0.851,,. For I, < 0.61;,, the fundamental Gaussian mode
h h th | pul f the Ti: h oottt TR Sp = tly )
were synchronized with the optical pulses of the Ti:sapp ﬁqo is dominant [Fig. 1(a)], but, when the amplitude of the

referen m. By varying th I ween the electri . - .
eference bea y varying the delay between the elect RUmping current is increased 1021, a higher order mode

ulses and the reference beam, the time evolution of tR8 )
P ' arts to lase after a delay &f; =~ 200 ps [Fig. 1(b)].

VCSEL output was obtained. The zero delay between tﬁ%. i .
. . - is mode competes for the available gain and produces the
reference optical pulse and the electrical excitation pulse

could only be determined within the risetime of the electricajgﬂnfggglt OI];] t:qeo dl'deo thOdien' T\:\i]n;:ifee rg?:eiscr?g:pgzgﬂnh
pump—that is, with a resolution of£100 ps. Therefore, the ppIng 9 g

time delays T;) were determined relative to the onset of IasetP sustain more than one mode, but it can also produce

emission arbitrarily chosen as the time origin in Figs. 1—4. Tﬁémultaneous multimode emission. The characteristic times for

time resolution, limited by the jitter of the pulse generatormOdfa hopping were measured to be between 10 and 100 ps.
o . . At higher pumping currents], = 41, the turn-on delay
the synchronization circuitry, and the VCSEL itself, was g .
. . f the second mode shortens and competition between higher
measured to be<1.5 ps. Spectral resolution was achieve . : ;
rder modes also occurs [Fig. 1(c)]. At even higher pumping

by incorporating a monochromator of half-meter focal Iengt@urrents,wth, almost all the modes are have been present
to select the wavelength of the VCSEL output before suni: L : :

. . : since the beginning of laser action [Fig. 1(d)]. The turn-on
frequency generation. In this way, the different transversge

modes, which have different wavelength emission, can elay of high-order transverse modes is also affected by the

e . . o
time-resolved. The time-integrated beam profile correspondipC np_:)enblgzl.aAsoﬁﬁgc:sga:;ecreaSIng the prebias increases the
to each transverse mode was recorded with a CCD camera y '
placed at the output of the monochromator. ) ) )

RIN measurements were performed utilizing a setup sirf- Dependence on the Active-Region Diameter
ilar to the one described in [18]. The VCSEL output was VCSEL's with different active-region diameters showed
modulated by a low-frequency~(l kHz) optical chopper different dynamics, since the boundary conditions of oscil-
and detected using a fast photodetector (100-ps rise- dating modes depend on cavity dimensions. Fig. 2 shows
fall-times). The noise component correlating to the choppghe spectrally and temporally resolved output of VCSEL'’s
frequency was measured with a spectrum analyzer and a loglith different diameters prebiased 8t851;, and excited
in amplifier. The spectrum analyzer was set to the zero-spaith 800-ps pulses with an amplitudg, = 41;;,. The time-
mode in which it acts as a tunable receiver that demodulaiagegrated beam profiles of the different transverse modes
the noise signal at a given frequency. This noise signial these conditions are plotted in Fig. 3. The corresponding
is then measured by the lock-in amplifier locked to theontour maps are also shown to facilitate the identification
chopper frequency. By changing the center frequency of théthe different modes. Multimode operation is observed for
spectrum analyzer, the noise spectrum can be recorded. BHeVCSEL's at this pumping condition, with the number of
average photocurrent was also detected utilizing a lockdasing modes increasing with increasing active-region size.
amplifier (without the spectrum analyzer) with suitable inteSince the beam waist of thegfimode increases with a square
gration constants. The advantage of this technique is to avoidt dependence on the active-region diameter [19], larger
the limitations imposed by the noise of the photodetectionCSEL’s have more gain available in the periphery, easing
system, as only signals correlating to the chopper frequenitye threshold condition of higher order transverse modes.
are detected, while uncorrelated signals (photodetector noiSee wavelength separation between the modes was observed
thermal noise in amplifiers, etc.) are rejected. The VCSEb be inversely proportional to the active region area, in
pumping conditions for the RIN measurements were matchagreement with previous theoretical studies [19], [20]. The
to those of the multimode dynamics to allow comparison of thetal wavelength span of the spectra at the high pumping
results. Consequently, tuning the spectrum analyzer to frequennditions capable of exciting all the modes is given by the
cies related to the excitation pulse repetition rate (80 MHz awgin spectrum and was measured to be of the orderfofd
harmonics) was avoided. To measure the polarization-resohadb diameters (Figs. 2 and 3).
RIN, a broad-band polarizer with a nominal extinction ratio of For the 15zm VCSEL [Fig. 2(a)], a higher order mode
1000: 1 was included. In addition, the VCSEL was tilted witlstarts lasing after a delay; =~ 200 ps and then becomes
respect to the collimation lens to avoid undesirable opticdbminant. This is the result of spatial hole burning of the
feedback that may increase the noise level. carrier density in combination with a strong competition
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Fig. 2. Spectrally and temporally resolved output of VCSEL'’s with an active
region diameter of (a) 1&m, (b) 18 m, (c) 22 um, and (d) 24um. The
ame KPS) devices were prebiased @857, and excited with pulses with an amplitude

() e
’79,;5( 83155
g’ of 4Ly,
(d)
Fig. 1. Time-resolved spectra of a 18 VCSEL prebiased at 0.85, and delay of higher order modes is even shorter, giving rise to

excited with pulses of different amplitudes: @p I, (b) 1.21y,, (c) 41;y, : . :
and (d)91,,. The observed change of the lasing wavelength is due to tlgge simultaneous emission of several modes since the onset

heating produced by the average excitation power. of laser action. It is usually the case that the first mode to
lase is the Gaussian modeyd;l although it was found that
the 22- and 24:m VCSEL's start lasing in a higher order
between the modes. As the field amplitudes of both mOdFrﬁnsverse mo?;e at pumping currents gexceedlif?g Such
have a large overlap, only one mode survives. The onset of&ayior could be a direct consequence of the annular carrier
third m.ode- is also observed aftdf; ~ 600 ps. A similar injection profile which favors the excitation of higher order
dynamics is observed for the }8n VCSEL [Fig. 2(b)], modes at high injection levels, while at current levels close to
although up to three higher order modes were excited withreshold diffraction losses prevent the onset of these modes.
onset delays of 40, 136, and 630 ps, respectively. For theThe contour plots of Fig. 3 also reveal that the emission
22- and 24pm VCSEL’s [Fig. 2(c) and (d)], the turn-on wavelengths present a rapid variation during the rise of the
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Fig. 3. Time-integrated modal beam profile for lasers with various acti
region diameters: (a) 1pm, (b) 18 um, (c) 22 um, and (d) 24um. The
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5 \
S eas0 £y to the carrier density varies betweerl.5 to —5 x 10~2!
& cm?, depending on whether the changes are due to free-carrier
= o8] cd effects (above the bandgap) or bandgap renormalization (close
Y RN 1500 to the bandgap) [21], [22]. Using these values, we obtain chirps
time (ps) of 1-3.5A, in agreement with the experimental results.
(©)
5 " C. Polarization Characteristics
— 8292 | e In cylindrical symmetric VCSEL's, the laser emission has
i/ . been found to be linearly polarized and aligned with the
B 8290 ¢ (011) and (011) crystal axes [14]-[16]. In spite of the lack
. ; of polarization selection, one of these two states is usually
& S dominant during dc operation. It has been shown that the
= o | ,;ff £y Lt characteristic time for establishing a dominant polarization

state is of the order of 2-5 ns for a gain-guided VCSEL
[16]. Polarization switching between these polarized states has
also been reported during slow [15], [23] and fast [24] current
ramp excitations. In our measurements, in which the excitation

Sulses had a duration of less than 1 ns, both polarizations

contour maps of the transient response in the conditions of Fig. 2 are aW§re present at the output of the VCSEL’s. The multimode

shown.

dynamics of these two polarization states is discussed next.
In order to record both polarizations, we included a

stronger optical modes and a slower chirp that follows thealf-wave plate after the VCSEL in the setup described in

trailing edge of the electrical pulse. Processes that acco@#ction Il. Because the sum frequency in the nonlinear crystal
for these wavelength variations are self-phase modulation asdpolarization-sensitive, the polarization components of the
the carrier density dependence of the VCSEL cavity lengtlaser output can be detected as the axis of the waveplate
Self-phase modulation accounts for the2-A chirp at the is varied with respect to that of the nonlinear crystal. We
beginning of laser emission [8]. However, the derivative akcorded the two orthogonal polarizatio®s, and P, with

the photon number at the end of the pulse is too small 1, defined as the dominant polarization state during dc
account for the slower chirp, which can be explained bgperation. Fig. 4 shows the evolution of the output spectrum
means of the dependence of the refractive index on carr@ra 244.m VCSEL with an excitation pulse @fly,,. It can be
density. The derivative of the refractive index with respeabserved that not only are an equal number of modes excited
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Area of the 827 Area of higher

TEMOO mode N order modes lasers, as illustrated in Fig. 5(b). At low pumping currents, the
_ _ VCSEL's lase in single-mode or quasi-single-mode operation.
Single Mode Multimode In this case, the periphery of the active region, corresponding
Operation Operation .
to the higher order modes, acts as a large source of spontaneous
®) emission noise. On the other hand, at high pumping currents,

Fig. 5. (a) Dependence of the 200-MHz RIN on pumping current fogimyltaneous multimode operation is achieved and the volume
VCSEL's of different sizes. (b) A diagram of the active region durlngof the spontaneous emission noise source is reduced. Our
single-mode and multimode operation is also included. i P - : s
combined measurements of the multimode dynamics and noise
) o ) levels clearly show that a noise reduction is achieved only
in both polarization states, but they evolve with the samgring simultaneous lasing of the transverse modes.
dynamics. Within experimental error, the modes in the W0 oyr measurements are also consistent with spontaneous
polarization states have the same relative amplitude as Wglhission noise being the main source of low-frequency RIN,
as the same turn-on deIa_ys._Thls behavior was observe_:d '_niﬁ‘”agreement with previous reports [16]. Hopping between
the VCSEL'’s tested and indicates that, during fast excitatiofa t1wo lowest order modes was observed more clearly in

both polarization states are isomorphic. the 15- and 18sm VCSEL's, due to the higher threshold
and the larger wavelength separation of the transverse modes.
D. Mode Dynamics and Noise However, the presence of mode hopping could not be asso-

The presence of higher order transverse modes oscillatfigted with a significant increase in the low-frequency RIN.
in the laser cavity has been observed to limit the minimufifom the spectrally and temporally resolved measurements
attainable RIN during dc operation [25]. Consequently, thowninFig. 1, the 18m VCSEL's present mode hopping at
multimode dynamics discussed in the previous sections wilf = 1.2, but the 200-MHz RIN at this pumping condition
have a strong influence on the noise levels of pulsed v&gmained around the same value found during single-mode
SEL’s. In order to quantify this effect, we performed RINPPeration 10> 1/Hz). Our time-resolved measurements
measurements of the VCSEL output under the fast electriddesented in the previous section show that mode hopping is a
excitation previously described. fast process that takes place<1100 ps and is likely to affect

The RIN spectra for VCSEL’s of different active-regiorthe noise levels at high frequencies10 GHz).
diameters showed a fairly flat frequency dependence for valueg0 evaluate the importance of the polarization fluctuations
up to 200 MHz. Above that frequency and up to 1.5 GHz, ti8 multimode VCSEL's, we also measured the RIN spec-
RIN level decreases monotonically about one order of maia of the polarized output of the VCSEL's under study
nitude. Consequently, we concentrated on the low-frequer@yd compared them with the results presented previously.
noise. The dependence of the 200-MHz RIN on pumping/hen polarized, the VCSEL's showed an increased low-
current is shown in Fig. 5(a). It can be observed that, at higiequency RIN (Fig. 6). At low pumping currentd,( =
pumping currents [, > 41I,;), the noise levels of the 22- 0.61;}), the polarization-resolved RIN is about 15210~**
and 24pm VCSEL's are similar and are only a factor ofl/Hz for devices of different diameters [Fig. 6(a)], which
two higher than the RIN levels of the smaller devices. Thepresents an increase on the order of 10 times with respect
behavior in the larger lasers can be understood in termstofthe unpolarized RIN of the smaller devices. For the larger
a simplified picture of different modes acting as independeMCSEL'’s, this increase was less important, suggesting that



BUCCAFUSCAet al. TRANSIENT RESPONSE OF VCSEL'S OF DIFFERENT ACTIVE-REGION DIAMETERS 613

the spontaneous emission noise due to the large number of 400
transverse modes in the cavity is far more important than
energy partition between polarization states. On the other
hand, at high pumping currents,(= 61;,), the polarization-
resolved RIN showed a lower RIN for the larger VCSEL'’s
[Fig. 6(b)]. At this pumping condition, several modes are
lasing simultaneously in both polarization states, causing a
reduction of the intensity noise as discussed earlier.

mode 1
mode 2
mode 3

300 4

mode 4

mode 5

200 4

100

turn-on delay (ps)

IV. ESTIMATION OF THE TURN-ON
DELAYS IN LARGE-AREA VCSEL'’s 0 2 4 6 8 10

Inhomogeneities in the device structure and in the in- o7,
jection current cause asymmetries in the output intensi‘%. 7. Calculated turn-on delay of transverse modes in a®2vVCSEL
profile of VCSEL's, especially as the active region size isssuming Hermite-Gaussian modes HThe symbols represent the experi-
increased (see Fig. 3). In spite of this fact, VCSEL's caRental points.
be considered to have a radially symmetric far-field intensity
profile. This allows one to perform a detailed modeling of the
radial distribution of carriers of small VCSEL'’s by using La-approximation to the different transverse modes, we can write
guerre—Gaussian modes to describe the optical field amplitutie ratio of the threshold currents of modeand ; as
[8]. The turn-on dynamics and its influence in jitter and bit- ) .
error rate can also be predicted utilizing statistical methods Lon(0)/ Len(5) = /L. (4)
[26], [27]. However, a simpler approach can be utilized tgsing this result in (2) gives
estimate the delayed oscillation of high-order modes.

In contrast with edge emitters, the different modes in R
VCSEL'’s overlap only partially in the active region. To show Ty(j) = 7o In 1:1,(0) ) (5)
the importance of this effect, we present next a simple model I Lo
that treats each mode as an independent laser. Although crude, In,(0) Ty

this approach reproduces the main features of the observegne evaluation of the confinement factors requires the
behavior. For a more accurate representation and quantitaﬂy@wbdge of the modal beam profiles. The mode profiles can
predictions, important effects neglected in this model, such g§ cajculated from a full wave equation analysis such as that
the_lnjected current profile and spatial hole burning, Shou@‘nployed in [29], but, for the purpose of this calculation, it suf-
be included. _ fices to arbitrarily choose a set of transverse modes. We opted
The turn-on delayl,, of the output of a semiconductorsy, Hermite—Gaussian modeg(;), although similar results
laser as a function of the excitation pulse amplitudednd \yere obtained by using the Laguerre-Gaussian set. First, the

the prebias currentl() is given by [28] waist size of the lower order mode ¢J is determined from
the VCSEL structure within the paraxial approximation, con-
I-1, =Y ) ) Ay o
T = Ter In <I 7 ) (1) sidering the hard mirror representation and “gain-aperturing
— 4th

effect described in [19]. The injection current density was

wherer.g is the effective differential carrier lifetime. Consid_assumed _to be uniform. This.type of current distribution creates
ering a similar dependence on current of the turn-on delay %parabollc temperature profile .[30]. that tranglates to thermglly
the higher order modes, we find that the turn-on delay of moljiduced changes in the refractive index. This thermal lensing

j with respect to the fundamental transverse moide () is: effect [31] was estimated from the prebias power. Due to the
slow response of thermal effects-Z ;S) compared to the

I 1 duration of the pulse and the small duty cycle of the pulsed
) ) I,(0) N excitation (~6%), only the dc portion of the input power was
Ta(9) = Ton(j) = Ton(0) = 7ent In T Im(j) |~ considered. From the resultingbimode diameter, the spatial

In(0) T I (0) distributions of the higher order modes and the confinement
' ' factors are determined.

The threshold current, assuming a small transparency carriebtilizing (5), the turn-on delays of the different transverse

density, can be approximated as modes were calculated. Fig. 7 shows the calculated delays for
the first eight higher order modes of the 2& VCSEL as
Iin ~ q(l“grrp)*l (3) a function of pumping amplitud€,. The calculations were

performed considering an effective differential carrier lifetime
where ¢ is the electron charger and 7, are the carrier of 1 ns and a dissipated power of 20 mW (the measured
and photon lifetimesg is the gain coefficient, and’ is dc power at threshold). It should be noted that modks,
the transverse confinement factor calculated as the overlapwhich the sum of the subindexeis+ j has the same
integral of the gain area with the beam profile. Extending thiglue, also have the same wavelength and are plotted with
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the same line style in the figure. Fig. 7 also includes the

experimental points for different transverse modes. As the g]
modes were determined from their wavelength, they wer
numbered according to the valie j of the theoretical results.

In this way, experimental mode 3 corresponds to the calculat%g]
modes Hy and H,.

Although this model utilizes mode profiles not completely
accurate and assumes that the first mode to lase is always t[g]e
Hgo mode, it can be used to estimate the turn-on delay of th
higher order modes in large-area VCSEL'’s. The agreement
with experiment in VCSEL’s with active-region diameters [©!
greater than 1&m is within 30%. For the 1%m VCSEL'’s,
the calculations underestimated the turn-on delays by a factoi
of ~4. This discrepancy is probably due to the fact that the,
overlap of the transverse modes is larger in smaller devices
and our approximation of independent lasing modes is less
accurate. [9]

V. SUMMARY
[10]

We investigated the multimode response of VCSEL'’s with
active-region diameters ranging from 15 to 2¢h under sub-
nanosecond electrical excitation. In all devices, the multimogsg;
dynamics exhibited a common feature of a delayed onset
for the higher order modes that depends on the excitation
conditions. This behavior is qualitatively different from thag;)
of edge emitters and is caused by the partial overlap of the
different transverse modes in the active region. Due to thi
characteristic, a crude approximation of different transverse
modes acting as independent lasers can be utilized to esti-
mate the turn-on delay of higher order modes in large-ar
VCSEL's (diameter> 18 um). As expected, the number
of modes excited increases with pumping power and, undé?l
similar conditions, is greater for larger VCSEL’s. The richer
multimode dynamics observed in the larger lasers correlate[ie]
a reduction of the noise characteristics of polarized and unpo-
larized devices. The simultaneous lasing of several transve 8
modes reduced the RIN in the larger VCSEL'’s and made them
less sensitive to energy partition between polarization states.
In addition, the two polarization states are present durirfgg]
subnanosecond excitation and evolve with the same dynami[cig].
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