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Transient Response of Vertical-Cavity
Surface-Emitting Lasers of Different

Active-Region Diameters
O. Buccafusca,Member, IEEE,J. L. A. Chilla, J. J. Rocca, P. Brusenbach, and J. Martı́n-Regalado

Abstract—The multimode dynamics of vertical-cavity surface-
emitting lasers with different active-region diameters was mea-
sured under subnanosecond electrical excitation (800-ps pulse
duration, 100-ps risetime). The dynamics is characterized by the
delayed onset of higher order modes which have a turn-on delay
that is dependent on the active-region diameter and the excitation
parameters. A simple model that can be used to estimate this
turn-on delay for large-area devices is presented. Polarization-
resolved measurements show that, under this fast excitation
condition, both orthogonal polarization states are isomorphic.
The influence of the observed dynamics on the relative intensity
noise of these devices is also discussed.

Index Terms—Laser modes, multimode dynamics, semiconduc-
tor lasers, surface-emitting lasers.

I. INTRODUCTION

T HE RAPID progress achieved in improving the per-
formance of vertical-cavity surface-emitting lasers (VC-

SEL’s) now makes possible their use in applications such
as optical data communications [1], [2]. Transient effects
associated with high-speed data transfer can produce fast
changes on the spatial distribution of the output power of
semiconductor lasers. Therefore, the understanding of these
effects is essential in applications that include high-speed
current modulation. Previous reports on the fast response
of VCSEL’s have shown that the carrier–photon dynam-
ics of these devices are essentially different from that of
edge emitters [3]–[11]. These studies concentrated on the
multitransverse mode dynamics of devices with small active-
region diameters. However, larger VCSEL’s, with active-
region diameters of the order of 25m, are favored for
short-distance optical links [12], [13]. These wide-area devices
present more complex multimode dynamics, especially during
fast modulation.
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In this paper, we investigate the transient multimode dy-
namics of VCSEL’s as a function of active-region diameter
(up to 24 m). The study includes temporally and spectrally
resolved measurements of the VCSEL output for the two
dominant polarization states as well as the determination of
the relative intensity noise (RIN) levels. Our results show that
higher order modes oscillating within the cavity appear with
a time delay that can be estimated utilizing a simple model.
A correlation of the observed dynamics with low-frequency
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
[14], [15] and that the characteristic time for achieving this
state is of the order of a few nanoseconds [16], [17]. Our
measurements complement this knowledge, showing that the
two polarization states of all the transverse modes are present
during subnanosecond excitation and that they evolve with
the same dynamics.

The various experimental setups and procedures utilized to
conduct the measurements are described in the next section.
The results are then presented in Section III, which also
includes a discussion of the physical processes behind the
observed dynamics. Section IV discusses a simple model to
estimate the turn-on delay of the higher order transverse
modes.

II. EXPERIMENTAL SETUP

The lasers used in this study were gain-guided Al-
GaAs–GaAs multiple-quantum-well (MQW) VCSEL’s with
cavity mirrors consisting of AlAs–AlGaAs distributed Bragg
reflectors (DBR’s), which had 19 periods for the p-doped
top mirror and 29 periods for the n-doped bottom mirror.
Measurements were performed in cylindrically symmetric
devices with four different active-region diameters: 15, 18,
22, and 24 m and a top contact window diameter of 12, 15,
18, and 20 m, respectively. In this paper, these devices are
identified by their active region size.

To measure the multimode dynamics, the output of the
VCSEL was mixed in a lithium iodate crystal with a reference
train of 100-fs pulses from a Ti : sapphire laser, and the
resulting sum-frequency signal was detected using a photomul-
tiplier and standard lock-in techniques. The setup was similar
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to the one presented in [8]. The VCSEL’s were prebiased
through a bias tee and then electrically pumped using a fast
pulse generator capable of providing square pulses of 800
ps in duration with 100-ps risetime. Prebias currents were
varied from 40% to 85% of the dc threshold current ,
while current pulse amplitudes () ranging from 0.5 to 10
times were utilized to pump the VCSEL. The pulsed
current amplitudes were measured with a fast induction current
probe (rise and fall times 100 ps) constructed specifically
for this type of measurement. The VCSEL was operated
at a repetition rate of 80 MHz and the electrical pulses
were synchronized with the optical pulses of the Ti : sapphire
reference beam. By varying the delay between the electrical
pulses and the reference beam, the time evolution of the
VCSEL output was obtained. The zero delay between the
reference optical pulse and the electrical excitation pulse
could only be determined within the risetime of the electrical
pump—that is, with a resolution of 100 ps. Therefore, the
time delays ( ) were determined relative to the onset of laser
emission arbitrarily chosen as the time origin in Figs. 1–4. The
time resolution, limited by the jitter of the pulse generator,
the synchronization circuitry, and the VCSEL itself, was
measured to be 1.5 ps. Spectral resolution was achieved
by incorporating a monochromator of half-meter focal length
to select the wavelength of the VCSEL output before sum-
frequency generation. In this way, the different transverse
modes, which have different wavelength emission, can be
time-resolved. The time-integrated beam profile corresponding
to each transverse mode was recorded with a CCD camera
placed at the output of the monochromator.

RIN measurements were performed utilizing a setup sim-
ilar to the one described in [18]. The VCSEL output was
modulated by a low-frequency (1 kHz) optical chopper
and detected using a fast photodetector (100-ps rise- and
fall-times). The noise component correlating to the chopper
frequency was measured with a spectrum analyzer and a lock-
in amplifier. The spectrum analyzer was set to the zero-span
mode in which it acts as a tunable receiver that demodulates
the noise signal at a given frequency. This noise signal
is then measured by the lock-in amplifier locked to the
chopper frequency. By changing the center frequency of the
spectrum analyzer, the noise spectrum can be recorded. The
average photocurrent was also detected utilizing a lock-in
amplifier (without the spectrum analyzer) with suitable inte-
gration constants. The advantage of this technique is to avoid
the limitations imposed by the noise of the photodetection
system, as only signals correlating to the chopper frequency
are detected, while uncorrelated signals (photodetector noise,
thermal noise in amplifiers, etc.) are rejected. The VCSEL
pumping conditions for the RIN measurements were matched
to those of the multimode dynamics to allow comparison of the
results. Consequently, tuning the spectrum analyzer to frequen-
cies related to the excitation pulse repetition rate (80 MHz and
harmonics) was avoided. To measure the polarization-resolved
RIN, a broad-band polarizer with a nominal extinction ratio of
1 000 : 1 was included. In addition, the VCSEL was tilted with
respect to the collimation lens to avoid undesirable optical
feedback that may increase the noise level.

III. RESULTS AND DISCUSSION

A. Multimode Dynamics

The VCSEL’s present a multimode dynamics that is depen-
dent on pumping conditions. At low pumping currents, the
output of the devices is observed to be single mode. For a
given prebias, as the amplitude of the pumping pulse () is
raised, higher order transverse modes start to oscillate with a
turn-on delay that shortens with increasing. This type of
behavior is shown in Fig. 1 for an 18-m VCSEL prebiased
at . For , the fundamental Gaussian mode
H is dominant [Fig. 1(a)], but, when the amplitude of the
pumping current is increased to , a higher order mode
starts to lase after a delay of ps [Fig. 1(b)].
This mode competes for the available gain and produces the
extinction of the H mode. Transverse mode competition
can result in mode hopping when the gain is not enough
to sustain more than one mode, but it can also produce
simultaneous multimode emission. The characteristic times for
mode hopping were measured to be between 10 and 100 ps.
At higher pumping currents, , the turn-on delay
of the second mode shortens and competition between higher
order modes also occurs [Fig. 1(c)]. At even higher pumping
currents, , almost all the modes are have been present
since the beginning of laser action [Fig. 1(d)]. The turn-on
delay of high-order transverse modes is also affected by the
dc prebias. As expected, decreasing the prebias increases the
turn-on delay of the modes.

B. Dependence on the Active-Region Diameter

VCSEL’s with different active-region diameters showed
different dynamics, since the boundary conditions of oscil-
lating modes depend on cavity dimensions. Fig. 2 shows
the spectrally and temporally resolved output of VCSEL’s
with different diameters prebiased at and excited
with 800-ps pulses with an amplitude . The time-
integrated beam profiles of the different transverse modes
in these conditions are plotted in Fig. 3. The corresponding
contour maps are also shown to facilitate the identification
of the different modes. Multimode operation is observed for
all VCSEL’s at this pumping condition, with the number of
lasing modes increasing with increasing active-region size.
Since the beam waist of the Hmode increases with a square
root dependence on the active-region diameter [19], larger
VCSEL’s have more gain available in the periphery, easing
the threshold condition of higher order transverse modes.
The wavelength separation between the modes was observed
to be inversely proportional to the active region area, in
agreement with previous theoretical studies [19], [20]. The
total wavelength span of the spectra at the high pumping
conditions capable of exciting all the modes is given by the
gain spectrum and was measured to be of the order of 6Å for
all diameters (Figs. 2 and 3).

For the 15- m VCSEL [Fig. 2(a)], a higher order mode
starts lasing after a delay ps and then becomes
dominant. This is the result of spatial hole burning of the
carrier density in combination with a strong competition



610 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 35, NO. 4, APRIL 1999

(a)

(b)

(c)

(d)

Fig. 1. Time-resolved spectra of a 18-�m VCSEL prebiased at 0.85Ith and
excited with pulses of different amplitudes: (a)0:6Ith, (b) 1:2Ith, (c) 4Ith,
and (d)9Ith. The observed change of the lasing wavelength is due to the
heating produced by the average excitation power.

between the modes. As the field amplitudes of both modes
have a large overlap, only one mode survives. The onset of a
third mode is also observed after ps. A similar
dynamics is observed for the 18-m VCSEL [Fig. 2(b)],
although up to three higher order modes were excited with
onset delays of 40, 136, and 630 ps, respectively. For the
22- and 24- m VCSEL’s [Fig. 2(c) and (d)], the turn-on

(a)

(b)

(c)

(d)

Fig. 2. Spectrally and temporally resolved output of VCSEL’s with an active
region diameter of (a) 15�m, (b) 18�m, (c) 22�m, and (d) 24�m. The
devices were prebiased at0:85Ith and excited with pulses with an amplitude
of 4Ith.

delay of higher order modes is even shorter, giving rise to
the simultaneous emission of several modes since the onset
of laser action. It is usually the case that the first mode to
lase is the Gaussian mode H, although it was found that
the 22- and 24-m VCSEL’s start lasing in a higher order
transverse mode at pumping currents exceeding. Such
behavior could be a direct consequence of the annular carrier
injection profile which favors the excitation of higher order
modes at high injection levels, while at current levels close to
threshold diffraction losses prevent the onset of these modes.

The contour plots of Fig. 3 also reveal that the emission
wavelengths present a rapid variation during the rise of the
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(a)

(b)

(c)

(d)

Fig. 3. Time-integrated modal beam profile for lasers with various active
region diameters: (a) 15�m, (b) 18�m, (c) 22�m, and (d) 24�m. The
contour maps of the transient response in the conditions of Fig. 2 are also
shown.

stronger optical modes and a slower chirp that follows the
trailing edge of the electrical pulse. Processes that account
for these wavelength variations are self-phase modulation and
the carrier density dependence of the VCSEL cavity length.
Self-phase modulation accounts for the2-Å chirp at the
beginning of laser emission [8]. However, the derivative of
the photon number at the end of the pulse is too small to
account for the slower chirp, which can be explained by
means of the dependence of the refractive index on carrier
density. The derivative of the refractive index with respect

(a)

(b)

Fig. 4. Evolution of the output spectra of pulsed VCSEL’s. (a) Parallel and
(b) perpendicular polarization.

to the carrier density varies between1.5 to 5 10
cm , depending on whether the changes are due to free-carrier
effects (above the bandgap) or bandgap renormalization (close
to the bandgap) [21], [22]. Using these values, we obtain chirps
of 1–3.5Å, in agreement with the experimental results.

C. Polarization Characteristics

In cylindrical symmetric VCSEL’s, the laser emission has
been found to be linearly polarized and aligned with the

and crystal axes [14]–[16]. In spite of the lack
of polarization selection, one of these two states is usually
dominant during dc operation. It has been shown that the
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
pulses had a duration of less than 1 ns, both polarizations
were present at the output of the VCSEL’s. The multimode
dynamics of these two polarization states is discussed next.

In order to record both polarizations, we included a
half-wave plate after the VCSEL in the setup described in
Section II. Because the sum frequency in the nonlinear crystal
is polarization-sensitive, the polarization components of the
laser output can be detected as the axis of the waveplate
is varied with respect to that of the nonlinear crystal. We
recorded the two orthogonal polarizations and , with

defined as the dominant polarization state during dc
operation. Fig. 4 shows the evolution of the output spectrum
of a 24- m VCSEL with an excitation pulse of . It can be
observed that not only are an equal number of modes excited
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(a)

(b)

Fig. 5. (a) Dependence of the 200-MHz RIN on pumping current for
VCSEL’s of different sizes. (b) A diagram of the active region during
single-mode and multimode operation is also included.

in both polarization states, but they evolve with the same
dynamics. Within experimental error, the modes in the two
polarization states have the same relative amplitude as well
as the same turn-on delays. This behavior was observed in all
the VCSEL’s tested and indicates that, during fast excitation,
both polarization states are isomorphic.

D. Mode Dynamics and Noise

The presence of higher order transverse modes oscillating
in the laser cavity has been observed to limit the minimum
attainable RIN during dc operation [25]. Consequently, the
multimode dynamics discussed in the previous sections will
have a strong influence on the noise levels of pulsed VC-
SEL’s. In order to quantify this effect, we performed RIN
measurements of the VCSEL output under the fast electrical
excitation previously described.

The RIN spectra for VCSEL’s of different active-region
diameters showed a fairly flat frequency dependence for values
up to 200 MHz. Above that frequency and up to 1.5 GHz, the
RIN level decreases monotonically about one order of mag-
nitude. Consequently, we concentrated on the low-frequency
noise. The dependence of the 200-MHz RIN on pumping
current is shown in Fig. 5(a). It can be observed that, at high
pumping currents ( ), the noise levels of the 22-
and 24- m VCSEL’s are similar and are only a factor of
two higher than the RIN levels of the smaller devices. The
behavior in the larger lasers can be understood in terms of
a simplified picture of different modes acting as independent

Fig. 6. Comparison between polarized and unpolarized RIN versus VCSEL
size (a) forIp = 0:6Ith and (b) forIp = 6Ith.

lasers, as illustrated in Fig. 5(b). At low pumping currents, the
VCSEL’s lase in single-mode or quasi-single-mode operation.
In this case, the periphery of the active region, corresponding
to the higher order modes, acts as a large source of spontaneous
emission noise. On the other hand, at high pumping currents,
simultaneous multimode operation is achieved and the volume
of the spontaneous emission noise source is reduced. Our
combined measurements of the multimode dynamics and noise
levels clearly show that a noise reduction is achieved only
during simultaneous lasing of the transverse modes.

Our measurements are also consistent with spontaneous
emission noise being the main source of low-frequency RIN,
in agreement with previous reports [16]. Hopping between
the two lowest order modes was observed more clearly in
the 15- and 18-m VCSEL’s, due to the higher threshold
and the larger wavelength separation of the transverse modes.
However, the presence of mode hopping could not be asso-
ciated with a significant increase in the low-frequency RIN.
From the spectrally and temporally resolved measurements
shown in Fig. 1, the 18-m VCSEL’s present mode hopping at

, but the 200-MHz RIN at this pumping condition
remained around the same value found during single-mode
operation ( 10 1/Hz). Our time-resolved measurements
presented in the previous section show that mode hopping is a
fast process that takes place in100 ps and is likely to affect
the noise levels at high frequencies (10 GHz).

To evaluate the importance of the polarization fluctuations
in multimode VCSEL’s, we also measured the RIN spec-
tra of the polarized output of the VCSEL’s under study
and compared them with the results presented previously.
When polarized, the VCSEL’s showed an increased low-
frequency RIN (Fig. 6). At low pumping currents (

), the polarization-resolved RIN is about 1–210
1/Hz for devices of different diameters [Fig. 6(a)], which
represents an increase on the order of 10 times with respect
to the unpolarized RIN of the smaller devices. For the larger
VCSEL’s, this increase was less important, suggesting that
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the spontaneous emission noise due to the large number of
transverse modes in the cavity is far more important than
energy partition between polarization states. On the other
hand, at high pumping currents ( ), 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.

IV. ESTIMATION OF THE TURN-ON

DELAYS IN LARGE-AREA VCSEL’S

Inhomogeneities in the device structure and in the in-
jection current cause asymmetries in the output intensity
profile of VCSEL’s, especially as the active region size is
increased (see Fig. 3). In spite of this fact, VCSEL’s can
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-
guerre–Gaussian modes to describe the optical field amplitude
[8]. The turn-on dynamics and its influence in jitter and bit-
error rate can also be predicted utilizing statistical methods
[26], [27]. However, a simpler approach can be utilized to
estimate the delayed oscillation of high-order modes.

In contrast with edge emitters, the different modes in
VCSEL’s overlap only partially in the active region. To show
the importance of this effect, we present next a simple model
that treats each mode as an independent laser. Although crude,
this approach reproduces the main features of the observed
behavior. For a more accurate representation and quantitative
predictions, important effects neglected in this model, such as
the injected current profile and spatial hole burning, should
be included.

The turn-on delay of the output of a semiconductor
laser as a function of the excitation pulse amplitude () and
the prebias current () is given by [28]

(1)

where is the effective differential carrier lifetime. Consid-
ering a similar dependence on current of the turn-on delay of
the higher order modes, we find that the turn-on delay of mode

with respect to the fundamental transverse mode ( ) is:

(2)
The threshold current, assuming a small transparency carrier

density, can be approximated as

(3)

where is the electron charge, and are the carrier
and photon lifetimes, is the gain coefficient, and is
the transverse confinement factor calculated as the overlap
integral of the gain area with the beam profile. Extending this

Fig. 7. Calculated turn-on delay of transverse modes in a 22-�m VCSEL
assuming Hermite–Gaussian modes Hij . The symbols represent the experi-
mental points.

approximation to the different transverse modes, we can write
the ratio of the threshold currents of modesand as

(4)

Using this result in (2) gives

(5)

The evaluation of the confinement factors requires the
knowledge of the modal beam profiles. The mode profiles can
be calculated from a full wave equation analysis such as that
employed in [29], but, for the purpose of this calculation, it suf-
fices to arbitrarily choose a set of transverse modes. We opted
for Hermite–Gaussian modes ( ), although similar results
were obtained by using the Laguerre–Gaussian set. First, the
waist size of the lower order mode (H) is determined from
the VCSEL structure within the paraxial approximation, con-
sidering the hard mirror representation and “gain-aperturing”
effect described in [19]. The injection current density was
assumed to be uniform. This type of current distribution creates
a parabolic temperature profile [30] that translates to thermally
induced changes in the refractive index. This thermal lensing
effect [31] was estimated from the prebias power. Due to the
slow response of thermal effects (2 s) compared to the
duration of the pulse and the small duty cycle of the pulsed
excitation ( 6%), only the dc portion of the input power was
considered. From the resulting Hmode diameter, the spatial
distributions of the higher order modes and the confinement
factors are determined.

Utilizing (5), the turn-on delays of the different transverse
modes were calculated. Fig. 7 shows the calculated delays for
the first eight higher order modes of the 22-m VCSEL as
a function of pumping amplitude . The calculations were
performed considering an effective differential carrier lifetime
of 1 ns and a dissipated power of 20 mW (the measured
dc power at threshold). It should be noted that modes,
in which the sum of the subindexes has the same
value, 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 these
modes were determined from their wavelength, they were
numbered according to the value of the theoretical results.
In this way, experimental mode 3 corresponds to the calculated
modes H and H .

Although this model utilizes mode profiles not completely
accurate and assumes that the first mode to lase is always the
H mode, it can be used to estimate the turn-on delay of the
higher order modes in large-area VCSEL’s. The agreement
with experiment in VCSEL’s with active-region diameters
greater than 18 m is within 30%. For the 15-m VCSEL’s,
the calculations underestimated the turn-on delays by a factor
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.

V. SUMMARY

We investigated the multimode response of VCSEL’s with
active-region diameters ranging from 15 to 24m under sub-
nanosecond electrical excitation. In all devices, the multimode
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 that
of edge emitters and is caused by the partial overlap of the
different transverse modes in the active region. Due to this
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-area
VCSEL’s (diameter 18 m). As expected, the number
of modes excited increases with pumping power and, under
similar conditions, is greater for larger VCSEL’s. The richer
multimode dynamics observed in the larger lasers correlate to
a reduction of the noise characteristics of polarized and unpo-
larized devices. The simultaneous lasing of several transverse
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 during
subnanosecond excitation and evolve with the same dynamics.
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