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Abstract—We present an experimental study of the physical pro-
cess that leads to spatially incoherent, nonmodal emission in broad-
area vertical-cavity surface-emitting lasers. We show that this spe-
cial emission regime that occurs in pulsed operation of these lasers
is due to a combination of a spatially distributed thermal or re-
fractive index gradient (thermal lens) and thermal expansion of
the cavity during the pulse (thermal chirp). Our measurements are
based on preinstalling a thermal lens through a current bias, and
subsequently, modulating a pulse onto the bias. This approach al-
lows us to independently investigate the role of both thermal effects
in the onset of nonmodal emission.

Index Terms—Semiconductor laser, spatial coherence, thermal
effects, vertical-cavity surface-emitting laser (VCSEL).

1. INTRODUCTION

ERTICAL-cavity surface-emitting lasers (VCSELs) are

popular commercial semiconductor lasers due to the fact
that they are able to provide a single-mode circular beam at low
cost [1]-[3]. They can be found in a number of applications in the
field of optical data communication [4], [5] and sensing [6]—[8].
In order to obtain such a high-quality beam from a monolithic
VCSEL, it is, however, necessary to restrict the transverse size
of the cavity to a few micrometers. The small transverse size will
limit the available output power to a few milliwatts typically [9],
[10]. This low output power level can be disadvantageous for
a number of applications such as illumination, projection, and
printing. A high-power and high-quality beam can be achieved
by using a vertical external cavity configuration (VECSEL) [11].
For a monolithic cavity design, the output power can easily be
raised by increasing the transverse size of the cavity [12], but
at the expense of a much reduced beam quality: because of the
large Fresnel number of such broad-area VCSELSs (BA-VCSEL)
multiple competing transverse modes will be emitted [13], [14].
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In principle, semiconductor lasers are coherent light sources.
However, we have shown in [15] and [16] that BA-VCSELs
can be driven into a regime of nonmodal, spatially incoher-
ent emission by injecting these devices with appropriate cur-
rent pulses. In this regime, the VCSEL can be described as a
quasi-homogeneous Schell-model source [17], [18]. This spe-
cial regime has proven to be attractive for applications, as it
has a positive influence on the speckle contrast in a projected
image [19]. The spatially incoherent emission regime also has
a positive consequence for the laser’s beam shape: the emission
in higher order transverse modes changes into emission in local
coherence islands. This results in a Gaussian intensity profile
in the VCSEL’s far field (FF). The observed loss of spatial co-
herence is neither accompanied by any noticeable reduction of
the output power, nor by any fast fluctuations of the output in-
tensity [16]. The nonmodal emission regime occurs for pulse
durations between one and several tens of microseconds, which
corresponds to the typical timescale for thermal effects in VC-
SELs [20], [21]. These observations indicate that the destruction
of the modal structure in the FF is caused by thermal effects.
More specifically, we think two phenomena play a joint role:
thermal chirp (expansion of the laser cavity) in combination
with a thermal lens (build up of a transverse thermal, and thus,
refractive index profile). Both thermal effects are due to heating
of the cavity induced by the injected current, but they might play
a different part in leading up to spatially incoherent emission.
As the thermal lens increases in strength, we suspect that the
time required for the build up of the coherence of a particular
mode pattern increases. Once this “modal coherence buildup
time” (MCBT) is sufficiently large, the thermal chirp can keep
the laser cavity in a transient state, such that modal coherence
does not emerge. As a result, the laser remains in a state of non-
modal, spatially incoherent emission. This hypothesis might ex-
plain why we observe the spatially incoherent emission regime
in a BA-VCSEL only several hundreds of nanoseconds after the
onset of laser emission: this delay is determined by the time
needed for a sufficiently strong thermal lens to build up in the
laser cavity.

The novelty presented in this paper consists of investigat-
ing the respective contributions of the thermal lens and thermal
chirp, thus providing more insight into their joint effect that
leads to nonmodal emission. We do this by conducting an ex-
perimental analysis based on the different timescales at which
both effects take place. The technique used throughout the anal-
ysis relies on the preinstallation of a thermal lens before the
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Fig. 1. Sequence of single-shot measurements of the BA-VCSEL’s spectrally
dispersed NF emission behavior. The ordinate indicates the spatial position y
in the NF with respect to the VCSEL’s center. The abscissa depicts both the
spatial direction x and spectral information. The BA-VCSEL was driven by 30
s long pulses with an amplitude of 160 mA. The times denoted in the corner
of the images are the positions of the single-shot measurements after turn-ON.

current pulses are applied. We achieve this by means of a bias
current.

II. DEVICE CHARACTERISTICS

In our measurements, we use an oxide-confined BA-VCSEL
with an aperture radius R of 25 pum, similar to the device used
in [15]. The BA-VCSEL emits at wavelengths around ~840 nm,
with a maximum cw output power of ~ 70 mW at an injected
current of 80 mA. The VCSEL’s threshold current is approxi-
mately 14 mA. The pulse conditions required in order to induce
the nonmodal, incoherent emission regime are described in [15].

III. THERMAL LENS AND CHIRP

As stated before, we expect that both the thermal lens and
the thermal chirp play a distinct role in generating the non-
modal emission regime. Therefore, we first quantify these ther-
mal properties for our VCSEL using the setup from [22]. In
this setup, the BA-VCSEL’s near field (NF) is imaged onto the
input slit of a 1 m Czerny—Turner imaging spectrometer. The
spectrally dispersed NF profile is then imaged onto a fast-gated
intensified CCD Camera (iCCD, 4Picos, Stanford Computer
Optics Inc.) with an exposure time of 300 ps. In Fig. 1, we show
a few examples of such obtained measurements of the VCSEL’s
spectrally dispersed NF for different times 7 after turn-ON of the
laser and an injected current of 160 mA. These images provide
spatial resolution of the NF along the ordinate and the abscissa
and additional spectral dispersion of the NF along the abscissa.
This experimental technique has the advantage of providing 2-D
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Fig. 2. Radial wavelength shift relative to the wavelength in the center of
the BA-VCSEL for 1 ps pulses with an amplitude of 160 mA (squares) and
comparison to a parabolic fit (full line).

spatial resolution with additional spectral resolution along the
abscissa.

A few nanoseconds after turn-ON of the laser, the VCSEL
exhibits modal emission. The spectrum (see measurement at 7
equal to 0.02 us in Fig. 1) contains faint rings corresponding
to high-order transverse modes on the short-wavelength side of
the spectrum and a cloud of modes that cannot be resolved on
the long-wavelength side. A few hundreds of nanoseconds af-
ter laser turn-ON, the nonmodal emission regime is reached. In
this regime, the high-order modes disappear and the spectrum
transforms into a parabola-like structure (see spectra in Fig. 1
for 7 equal to 1, 15, and 25 ps). Light is now emitted in inde-
pendent coherence islands and the wavelength of each of these
coherence islands is determined by the local cavity conditions,
i.e., the optical resonator length at the position of the individual
coherence islands. The curved structure of the spectrum thus
indicates that the resonator length is not constant across the
VCSEL’s aperture. The parabola-like shape of the spectrum is
therefore direct evidence of the VCSEL’s thermal lens. From
the spectra in Fig. 1, we can deduce the spatially resolved wave-
length shift [22], as shown in Fig. 2, for a pulse amplitude of
160 mA and length of 1 us. The thermal lens Al within
the cavity can be well-described by a parabola, i.e., Aljens =
B r?/R?, where R is the VCSEL’s aperture radius and B is
0.85nm for a pulse amplitude of 160 mA.

The strength of the thermal lens is determined by the width
of the parabola in Fig. 1, or equivalently by the wavelength shift
B in Fig. 2 between the center and the edge of the VCSEL.
By measuring the spectrally dispersed NF for different pulse
durations, we can reconstruct the evolution of the thermal lens.
This result is shown in Fig. 3, where we plot the width B of
the parabola-shaped spectrum for different times 7 after laser
turn-ON. The spectral width of the parabola initially increases
but then saturates after ~7 us. The evolution of the spectral
width can be approximated by an exponential dependence B =
A (1 —exp (t/Tiens)), Where Tiens is the time constant of the
build up of the thermal lens and A is a scaling factor. Of course,
the strength of the thermal lens will also depend on the power
dissipation Pjjss in the VCSEL. If we assume this dependence
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Fig. 3. Evolution of the width B of the parabolic spectrum at 160 mA and fit
to an exponential function as described by (1) (full line).
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Fig. 4. Evolution of the width B of the parabolic spectrum at 200 mA and fit
to an exponential function as described by (1) (full line).

to be linear, we can determine the strength of the thermal lens
for any pulse duration and amplitude via

B=A (]- — €xp (t/Tlens)) Pdiss (1)
The power dissipation depends on the injected current I through
Paiss = nsTon + (Vi —ns) 1+ Ral? 2

where 7 is the slope efficiency (0.8 W/A), Iy, is the VCSEL’s
threshold current (14 mA), V4, is the threshold voltage (1.58 V),
and R, is the VCSEL’s differential resistance (in ohms). We
have fitted the data of Fig. 3 onto such an exponential depen-
dence, yielding a value for 7j.,s of 2.5 us and for the scaling
factor A of 6.8 x107% nm/mW.

In order to check the validity of (1) for other pulse parameters,
we have measured the evolution of the spectral width B for a
pulse amplitude of 200 mA. The result of this measurement is
shown in Fig. 4. In this figure, we have also plotted the evolution
of B, as described by (1). We find a good agreement between
the model and the measured values of B for a value of the
scaling factor A of 8.5 x 1073 nm/mW. This is about 20%
larger than for the measurement at an injected current of 160
mA and indicates that the thermal lens strength scales slightly
superlinear with respect to the dissipated power.

The spectra in Fig. 1 also reveal a shift of the emission to-
ward longer wavelengths during the pulse due to Joule heating.
Fig. 5 depicts the average wavelength shift during a 25-ps-long
pulse. The chirp or average wavelength at each temporal po-
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Fig. 5. Thermal chirp and chirp rate for a pulse amplitude of 160 mA and fit
(full line).

sition is calculated as the intensity-weighted average over the
corresponding single-shot spectrum of Fig. 1. Fig. 5 shows that
the emission wavelength shifts more than 6 nm within the first
25 ps of emission. The wavelength shift AX.p;,p, can be approx-
imated by a power law

l;
A)‘-chilrp =m t‘:urn—ON Pdiss (3)

where m is a scaling factor and the fitted value of bis 0.37. From
the measurement of the thermal chirp, we can directly derive
the chirp rate, which is the speed at which the cavity resonance
changes in time. The chirp rate is also shown in Fig. 5. The
thermal chirp rate is clearly the largest at the beginning of the
pulse, whereas the thermal lens requires a few microseconds to
build up completely. We will use this separation of timescales
in order to independently investigate the role that both thermal
effects play in the onset of nonmodal emission.

IV. EFFECT OF THE THERMAL LENS
A. Measurement Procedure: Gaussian FF as Indicator

In order to quantify the VCSEL’s spatial coherence proper-
ties, we need to measure the complex degree of coherence [17].
This can, e.g., be done using a reversing wavefront interferom-
eter [23], but this measurement procedure is time-consuming.
Nevertheless, we have observed and explained that the spatially
incoherent emission of the studied BA-VCSEL always coincides
with an apparent Gaussian intensity distribution in the VCSEL’s
FF [15]. In case of modal emission, the BA-VCSEL emits mul-
tiple higher order Laguerre modes that results in a structured
FF with a minimum in the center of the FF intensity profile. We
can thus consider the appearance of a Gaussian-shaped FF as a
measure for the destruction of spatial coherence, which is much
easier than determining the full coherence function.
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Fig.6. FFintensity profile: above and below illustrate the modal and nonmodal
case, respectively. The FF intensity distributions are shown in (a) and (c), and
compared in (b) and (d) to a Gaussian fit as (4).

In order to objectively analyze our measurements, we first
measure the FF intensity profile. A typical example of such a
FF is shown in Fig. 6(a) for modal emission and in Fig. 6(c)
for spatially incoherent emission. These FF profiles were mea-
sured using a slow nongated 12-bit CCD camera (UP-680, Uniq
Vision) in order to have a large sensitivity and dynamic range.
Next, we take a 1-D transverse cut through the center of the FF
profile and fit this to a Gaussian function

(z —av)®
202

where x is the transverse (radial) position in the FF, av is the
center position of the FF, and D is a scaling factor. In Fig. 6(b),
we show a transverse cut of the modal FF pattern from Fig. 6(a)
together with afitto (4). Clearly, the FF profile does not resemble
a Gaussian function. In the spatially incoherent emission regime,
the FF profile has a Gaussian shape as can be seen in Fig. 6(d),
where we compare the spatially incoherent emission pattern
with a Gaussian fit.

‘We can, therefore, use the correlation between the measured
FF profile and the corresponding Gaussian fit as a numerical
indicator to quantify whether or not the VCSEL is emitting in
the spatially incoherent emission regime. The correlation that
we obtain for the modal emission in Fig. 6(b) is only 0.55,
whereas the correlation resulting from Fig. 6(d) is 0.991. Based
on a series of preliminary measurements, we have deduced that
for fully developed spatially incoherent emission (i.e., no modal
remnants are visible in the FF) the value of this Gaussian FF
indicator should be larger than 0.99.

G=D exp— 4)

B. Thermal Lens Strength

In order to investigate the influence of the thermal lens on the
appearance of spatially incoherent emission, we measure the
Gaussian FF indicator for various strengths of the thermal lens.
Therefore, we drive the VCSEL with electrical signals such as

Pulse

Injected current

Bias

Off
(=1 ms)

t

Fig. 7. Scheme of the electrical signal injected into the VCSEL consisting of
a bias current pulse followed by a current pulse.

depicted in Fig. 7. We first send a bias current through the device
for a certain amount of time. With this bias pulse, we install a
thermal lens in the VCSEL prior to applying a current pulse that
should drive the VCSEL into the incoherent emission regime.
After the current pulse, we switch the VCSEL OFF for 1 ms in
order to avoid thermal crosstalk between pulses. As discussed in
Section III, we can change the thermal lens strength by varying
the bias current. In this measurement, we want the resulting
thermal lens to be fully developed before we apply the current
pulse. From Figs. 3 and 4, we know that the thermal lens strength
saturates after 7 us. Therefore, we have chosen the bias length
slightly larger, i.e., 10 us.

The bias is followed by a current pulse through the device
with an amplitude of 140 mA and a length that we vary from
100ns to 1 ps. We then determine the value of the Gaussian
FF indicator as a function of the pulse length for several bias
amplitudes. A difficulty in our measurement procedure is that
the FF profile contains a considerable modal contribution from
the bias current. In order to eliminate this contribution such that
we can access the effect of the injected pulse in the presence of
a thermal lens, we use a differential analysis. We subtract the
intensities of subsequent FF measurements, i.e., we subtract the
FF measurement when only the bias is applied from the (bias +
100 ns pulse) FF measurement. Analogously, we subtract the
(bias + 100 ns pulse) FF measurement from the (bias + 200 ns
pulse) FF measurement, etc., in order to obtain the differential
changes.

The result of this analysis is shown in Fig. 8 where we have
plotted the Gaussian FF indicator versus the pulse length for
different bias amplitudes. When no bias is applied and for small
pulse lengths, we can see in Fig. 8 that the Gaussian FF indica-
tor is low, indicating that the VCSEL’s emission is modal. This
holds for pulse durations up to 700 ns. For longer pulses, the
indicator becomes larger than 0.99 and the VCSEL thus enters
the spatially incoherent emission regime. If we increase the bias
amplitude, the Gaussian FF indicator clearly increases and the
pulse length after which the incoherent emission is attained de-
creases. When the bias is raised above 100 mA, we observe that
the onset of spatially incoherent emission occurs immediately
after turn-ON of the current pulse.

Authorized licensed use limited to: UNIVERSITAT DE LES ILLES BALEARS. Downloaded on December 14, 2009 at 09:15 from IEEE Xplore. Restrictions apply.



CRAGGS et al.: THERMALLY CONTROLLED ONSET OF SPATIALLY INCOHERENT EMISSION IN A BROAD-AREA 559

1
7 ¢ ¢ <& 9 B & ¥ %
] + g g x

— 4

9 0.95 1

< ] &

.Q I A

"g 0.9 ' X

&) 1 x ©

~0.85 1 A A no bias

= 1 (e]

.8 ] O 14 mA bias

3 0.81 .

2 ] X 23.7 mA bias

O 0.75 _ + 57 mA bias

1 4 © 107 mA bias
0.7 T T . .
0 200 400 600 800 1000
Pulse length (ns)

Fig. 8. Gaussian FF indicator as a function of pulse length. The different

curves correspond to different bias amplitudes, varying from 0 to 107 mA.

These measurements prove that the thermal lens needs to
be sufficiently strong before spatially incoherent emission can
occur. When no bias is applied, there is no thermal lens present in
the beginning of the current pulse and the emission thus remains
modal for short pulse lengths. For longer pulses (still without
bias), the current pulse itself will gradually introduce a thermal
lens in the device that finally leads to incoherent emission after
700 ns. When the bias is increased, the thermal lens present at
the beginning of the current pulse will be enhanced, and hence,
the pulse duration after which we observe spatially incoherent
emission decreases.

C. Bias Length

The different roles of the thermal lens and the thermal chirp
can be further evidenced by varying the length of the bias. In
Fig. 3, the strength of the thermal lens increases up to about 7 ps,
but remains almost constant for larger pulse lengths. Therefore,
we are interested to know how the Gaussian FF indicator evolves
for shorter or longer bias lengths. To this end, we measure the
FF intensity for a bias current with fixed amplitude but a width
varying from 1 to 20 us, followed by a 100 ns pulse with the
amplitude fixed at 140 mA. As the pulse length is relatively short
compared to the bias length, we can assume that the thermal lens
is only determined by the bias. Because of the fixed amplitude
of the pulse, the thermal chirp during the 100 ns pulse will
not change strongly when varying the bias length. However, for
long bias lengths the heating during the bias will cause a slight
decrease of the thermal chirp during the pulse. Nevertheless,
this method allows us to separate the effect of the thermal lens
from the effect of the thermal chirp.

From the FF measurements, we extract the value of the Gaus-
sian FF indicator during the 100-ns-long pulse, which we have
plotted in Fig. 9. We can see in Fig. 9 that for a 57 mA bias cur-
rent the Gaussian FF indicator, being our measure for nonmodal
emission, increases strongly up to about 7 us. This indicates
that, while the thermal chirp is kept at a constant rate, a more
pronounced thermal lens drives the VCSEL more easily into
the spatially incoherent emission regime. Installing a prebias
for longer than 7 ps does not result in a further increase of the
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Fig. 9. Gaussian FF indicator as a function of the bias length. The triangles

represent the result in case of a 57 mA bias level, the squares represent the result
in case of a 90 mA bias level.

Gaussian FF indicator because the strength of the thermal lens
does not increase any further.

As we observe the same timescale in the evolution of the
thermal lens (see Fig. 3) as in the evolution of the Gaussian FF
indicator (see Fig. 9), we conclude that the thermal lens plays a
crucial role in establishing spatially incoherent emission.

In Fig. 9, we can also see that a bias current of 57 mA pro-
vides an insufficient thermal lens in order to induce spatially
incoherent emission at the thermal chirp provided by a 100 ns
pulse of 140 mA amplitude. A strong enough thermal gradient
across the cavity can be ensured, however, for the 140 mA pulse
in case of a preinstalled bias of 90 mA. For this bias level, the
Gaussian FF indicator saturates close to 1 after a bias length
of only 4 pus. For bias lengths larger than about 10 us, we see
that the Gaussian FF indicator decreases slightly, indicating a
small modal contribution to the emission. Based on Figs. 3 and
4, we know that the thermal lens strength does not reduce at
this timescale. This slight indicator decrease is rather due to a
decrease of the thermal chirp rate for long bias lengths. These
measurements prove that we need a minimum thermal lens pro-
file and a specific chirp rate in order to drive the VCSEL in the
spatially incoherent emission regime.

V. MINIMUM CHIRP

In the previous paragraph, we have studied the thermal lens
in the BA-VCSEL’s cavity and the role it plays in inducing
spatially incoherent emission. We now turn our attention to the
other required thermal effect: thermal chirp. During the previous
measurements, we chose to keep the thermal chirp rate high
enough in order to be able to induce nonmodal emission in the
presence of a sufficiently strong thermal lens. In the following
paragraphs, we will report on measurements with varying pulse
amplitudes, and thus, also varying chirp rate. The pulse length
is consistently taken equal to 100 ns such that the pulse has
a small influence on the thermal lens. In Fig. 10, we show the
dependence of the Gaussian FF indicator on the pulse amplitude
in case of a 4 us bias for three different bias currents. For
a bias current of 57 mA, the Gaussian FF indicator increases
with increasing pulse amplitude or equivalently with increasing
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Fig. 10.  Gaussian FF indicator as a function of the pulse amplitude. The three
curves represent the results for three different bias currents: 57 mA (triangles),
74 mA (circles), and 90 mA (squares).

chirp rate during the pulse. But even at the maximum pulse
amplitude, the 0.99 indicator threshold is not reached. For an
increased bias current of 74 mA, the Gaussian FF indicator
increases significantly because of the stronger thermal lens and
the indicator crosses the 0.99 indicator threshold at a pulse
amplitude of 310 mA. With a further increase of the bias current
to 90 mA, the thermal lens is strong enough in order to induce
nonmodal emission at a very low chirp rate. In this case, we
observe spatially incoherent emission even for pulse amplitudes
of 40 mA, for which the device clearly shows a modal emission
pattern under continuous-wave (CW) driving conditions.

Based on these measurements, we can deduce the minimum
chirp rate that is required to drive the VCSEL into the inco-
herent emission regime for various thermal lens strengths. The
minimum chirp is determined by the current pulse amplitude
for which the indicator goes from below to above 0.99. We have
looked for this minimum pulse amplitude for various values of
the bias amplitude and length. From the minimum pulse ampli-
tude and its duration (which is 100 ns), we can use the derivative
of (3) to calculate the corresponding chirp rate. In this deriva-
tion, we also take into account that the bias segment has already
introduced some heating—and hence, thermal chirp—in the de-
vice. This effect will slightly reduce the chirp and thermal chirp
rate compared to the situation when no bias pulse would be
applied. The result of this measurement is shown in Fig. 11,
where we plot the minimally required chirp rate for incoherent
emission as a function of the thermal lens strength B. For values
of B below 0.33, the maximum pulse amplitude of the electri-
cal driver—and hence, the maximum chirp rate—is not high
enough in order to drive the VCSEL into the incoherent emis-
sion regime. For a stronger thermal lens, the minimally required
chirp strongly decreases with increasing lens strength. Based
on these measurements, we can also derive an estimate of the
MCBT. This is the time required for a coherent modal pattern to
build up in the cavity. We assume that the spatially incoherent
emission regime is reached once the chirp rate is sufficiently
high as expressed by

chirp rate >

~ MCBT ®)
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Fig. 11.  Minimum chirp rate to reach the spatially in emission regime (top)
and the modal build up top (bottom) as a function of the thermal lens strength.

where AA is the linewidth of the mode. This equation expresses
that modes will not have time to build up if we chirp the cavity
by an amount larger than the linewidth of the mode during the
time needed for the mode’s coherence to build up. The linewidth
of the different transverse modes is not easy to determine, but we
can obtain a reasonable estimate of the linewidth by looking at
the RF spectrum in CW operation. This RF spectrum consists of
alarge number of peaks [16] due to beating between the different
transverse modes. The width of these beating peaks is related
to the linewidth of the modes involved, leading to a measured
estimate of the linewidth of about 50 MHz at an injection current
of 80 mA. Neglecting any variations of the linewidth with mode
number and output power, we can use (5) to estimate the MCBT
as a function of the thermal lens strength. This is shown at
the bottom of Fig. 11. The MCBT is a few picoseconds for
a small thermal lens. For a lens strength B between 0.33 and
0.52, we observe a gradual increase of the MCBT. For larger
values of B, the MCBT grows more rapidly. We were not able
to determine the MCBT for a lens strength larger than 0.72
because the minimally required chirp rate becomes so small
that we observe spatially incoherent emission for each value of
the pulse amplitude. This is consistent with the measurement
at a bias current of 90 mA in Fig. 10, for which the indicator
stays above 0.99 for each value of the pulse amplitude. As the
indicator does not cross the 0.99 threshold value, we cannot
estimate the minimally required chirp and the MCBT at the
corresponding lens strength B. Based on these measurements,
we estimate that the MCBT increases to the nanoseconds range
for large values of B. The measurements presented here are a
first attempt in estimating the MCBT as a function of the thermal
lens present in the VCSEL, and they will be complemented in
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Iy = 18 mA

Iy =56 mA

Fig. 12.  FF intensity profile for a 500 KHz square wave modulation signal
with an amplitude I, of 18 mA (left) and 56 mA (right) added to a CW bias
current of 70 mA.

the future by a more detailed experimental and theoretical study
of the described phenomenon.

VI. Quasi CW

In our previous work, we have always employed pulses with
a low duty cycle of typically 1% in order to generate spatially
incoherent emission. The low duty cycle serves two purposes.
First, it ensures that the VCSEL cools down before the next pulse
is applied, such that the initial operating conditions are the same
for each pulse. Second, the low duty cycle protects the VCSEL
from overheating when we apply pulses with an amplitude much
larger than the CW thermal rollover point. Notwithstanding the
large peak output power during a pulse, the average emitted
output power in the incoherent emission regime will be low
because of the low duty cycle, which is disadvantageous for
applications.

Based on the previous section we know that the pulse ampli-
tude does not necessarily need to be large. If we can establish a
strong thermal lens in the device, we are able to generate spa-
tially incoherent emission at low pulse amplitudes. In that case,
we can safely increase the duty cycle without risk of damag-
ing the VCSEL. This is illustrated in Fig. 12 where we show
the FF intensity profile for a square wave (i.e. duty cycle equal
to 50%) modulated on top of a 70 mA CW bias current. Note
that in this case we do not use a pre-bias segment in the cur-
rent modulation signal. For small modulation amplitudes (see
left image of Fig. 12) the value of the Gaussian FF indicator is
0.92 and we clearly see modal remnants in the FF profile. The
thermal lens strength at 70 mA bias is not yet strong enough to
establish spatially incoherent emission at a low chirp rate. When
we increase the modulation amplitude to 56 mA (see image on
the right of Fig. 12), the FF profile transforms into a Gaussian
shape and the Gaussian FF indicator reaches a value of 0.993.
At this modulation amplitude, the thermal lens and chirp rate are
large enough to reach the spatially incoherent emission regime
during the high amplitude segment of the square wave signal.
During the square wave’s time interval of low injection current,
the injected current is lower than the VCSEL'’s threshold current
and the re-appearance of modes (due to a gradually decreas-
ing thermal lens) is suppressed. The square wave modulation
signal drives the VCSEL beyond the CW thermal rollover, but
since the modulation period is still small compared to thermal
timescale (see upper graph in Fig. 5), this will result in only

a small temperature rise during the high-amplitude segment of
the square wave. As a result, the average output power at the
modulation amplitude of 56 mA is the same as for the 18 mA
square wave and is also equal to the CW output power at 70 mA.
This way, we can generate a spatially incoherent beam with an
average emitted output power of 60 mW.

VII. CONCLUSION

We have experimentally demonstrated that the spatially in-
coherent emission regime that can be invoked in BA-VCSELs
stems from two different thermal effects: thermal lens and ther-
mal chirp. We have separately measured the influence of these
effects on the appearance of the spatially incoherent emission
in BA-VCSELs. In order to separate these effects, we sent a
current pulse through the device consisting of two segments.
In a first segment, we sent a bias current through the VCSEL
intended at generating a thermal lens in the device. Immediately
after the bias, we sent an additional short pulse through the
VCSEL that should drive the VCSEL in the incoherent emis-
sion regime. By means of a differential method, we measured
the emission character only during the additional current pulse.
Based on these measurements, we have shown that the incoher-
ent emission regime sets on after a timescale corresponding to
the build up of the thermal lens. A sufficiently strong thermal
lens has to be present in order to increase the time needed for
the coherence of a mode to build up. Once this modal coher-
ence buildup time is large enough, thermal chirp prevents the
formation of modes and the VCSEL emits a spatially incoher-
ent beam. We demonstrated that the required chirp rate during
the pulse strongly depends on the strength of the thermal lens.
We have proven that it is possible to obtain spatially incoherent
emission even at low-pulse amplitudes and/or large duty cycles
provided that a large thermal lens or refractive index gradient is
present in the VCSEL.
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