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ABSTRACT
Lasers can exhibit nonlinear and chaotic dynamics driven by the interaction of multiple lasing modes, and investigating the different sce-
narios of mode competition and bifurcations of their dynamics is of great interest on a fundamental level as well as in view of applications.
We study the dynamics of a broad-area vertical-cavity surface-emitting laser (VCSEL) in solitary continuous-wave operation with a compre-
hensive investigation of its polarization state, lasing spectra, near-field distributions, and temporal dynamics. Fluctuations at the frequency
of birefringence splitting and other frequency components develop in a series of bifurcations. The bifurcations coincide with changes of the
transverse lasing modes and/or the polarization state, demonstrating the importance of both the spatial and polarization degrees of freedom
for mode competition. As a consequence, the inherent nonlinear dynamics of broad-area VCSELs is significantly more complex than the
dynamics of VCSELs with a single spatial mode.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0104852

I. INTRODUCTION

Semiconductor lasers (SCLs) can exhibit very rich and complex
nonlinear dynamics due to the interaction of the optical field with
the charge carriers.1 While the resulting instabilities are detrimental
to many applications, they are of considerable fundamental inter-
est to study light–matter interaction and nonlinear dynamics.2–4

Moreover, ultrafast complex and chaotic dynamics generated by
SCLs have found applications in cryptography, microwave photon-
ics, sensing, and information processing.4–6 Chaotic dynamics is
most often induced by delayed feedback;7,8 however, the specific
time scales introduced by the external cavity are strong limitations
for security-sensitive applications.9 Hence, SCLs that are chaotic
in solitary operation are of great interest and have the additional
advantage of providing simpler and more compact systems.

Instabilities and chaos in free-running SCLs can result from
the interaction of multiple lasing modes via the active medium.1
Examples are SCLs with several longitudinal modes,10,11 vertical-
cavity surface-emitting lasers (VCSELs) with two polarization
modes,12 and SCLs with multiple transverse modes such as broad-
area Fabry–Perot13–16 or polygonal lasers.17 In particular, highly

multimode edge-emitting SCLs have recently attracted attention
since they can suppress filamentation18,19 and serve as low spatial-
coherence light sources20,21 or ultrafast parallel random number
generators.22 In contrast, the nonlinear dynamics of free-running
broad-area VCSELs in continuous-wave (cw) operation has not
been investigated experimentally so far, which is the subject of this
article.

An important difference between edge-emitting SCLs and
VCSELs is that the latter exhibit multiple polarization states.
This additional degree of freedom can result in polarization
switching, polarization-mode hopping,23–27 nonlinear polarization
dynamics,24,26,28–33 and chaos.12,34 The polarization and the dynam-
ics of a VCSEL are intrinsically linked, and understanding them
requires consideration of the coupling of the optical polarization
state to carrier reservoirs with different spins as well as their
spin dynamics, for example in the framework of the spin-flip
model.35 Complex and chaotic polarization dynamics are reached
via a sequence of polarization switching points and bifurcations,
which has been discussed extensively for single transverse mode
VCSELs (called narrow VCSELs in the following)12,28,29,34 but not
for broad-area VCSELs (BA-VCSELs).
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The presence of several transverse modes in BA-VCSELs fur-
ther increases the complexity. In this article, we study the polariza-
tion state, dynamics, and bifurcations of a BA-VCSEL as an example
of a multimode laser exhibiting both spatial and polarization degrees
of freedom. This study thus extends investigations into the dynam-
ics of narrow VCSELs and broad-area edge-emitting SCLs alike.
Previous experimental works on the dynamics of BA-VCSELs have
studied the transient dynamics during short pulses,36–42 observing
relaxation oscillations and the onset of mode competition and beat-
ing between transverse modes, whereas experiments in cw operation
were restricted to the dynamics on long time scales.43 Numerical
studies of BA-VCSELs44–50 have mostly concentrated on short pulses
and transient dynamics as well, and a systematic investigation of the
ultrafast dynamics and bifurcations of a BA-VCSEL under cw pump
is still missing. Our main interest is to understand the typical fre-
quency scales of the dynamics and the physical processes driving
these bifurcations.

We present a systematic study of the polarization state, lasing
spectra, near-field profiles, and temporal dynamics of a commer-
cial BA-VCSEL in solitary cw operation. The laser exhibits a self-
sustained complex nonlinear dynamics driven by a series of polar-
ization switching points and bifurcations unlike anything previously
reported for narrow or broad-area VCSELs. The main frequency
components are close to the birefringence and its (sub)harmonics,
but additional frequency components are generated at bifurcations.
The bifurcations are related to changes of the transverse lasing
modes, and it appears that the interplay of both spatial and polar-
ization degrees of freedom via the charge carriers is what drives the
laser dynamics, resulting in a bifurcation sequence of unprecedented
complexity.

II. EXPERIMENTAL SETUP
The laser under study is a BA-VCSEL with circular output

aperture 15 μm in diameter (Frankfurt Laser Company FL85-
F1P1N-AC). The laser is pumped electrically in cw operation via
a ring contact. All experiments are performed at room tempera-
ture, and the laser mount temperature is stabilized at 20 ○C with a
thermoelectric cooler.

The experimental setup in Fig. 1 allows us to measure near-
and far-field images, optical spectra, and temporal dynamics of the
VCSEL. The laser emission is collimated with a ×40 microscope
objective, and a lens with 200 mm focal length is used to image the

FIG. 1. Experimental setup. V: VCSEL; Obj1: ×40 objective (NA = 0.6); Pol:
polarizer; OI: optical isolator; M1 and M2: mirrors; L1 (L2): lens with 200 mm
(100 mm) focal length; BS: beam splitter; Cam1 (Cam2): CCD camera in image
plane (far-field) of VCSEL; Obj2: ×20 objective (NA = 0.5); MMF: multimode fiber.

output facet on a CCD camera (Cam1). The pupil plane of the objec-
tive is imaged on a second CCD camera (Cam2) via an additional
lens with 100 mm focal length to measure the far-field images. A
mirror on a flip mount (M1) behind the objective can divert the
emission toward a fiber coupler with a graded-index multimode
fiber (Thorlabs M116L02, NA = 0.2) which is connected to an opti-
cal spectrum analyzer (Anritsu MS9740A) or a fast photodetector
(Newport 1544-B-50, DC-12 GHz). It was checked that bending or
twisting the multimode fiber did not affect the measurement results
in any way. An oscilloscope with 16 GHz bandwidth (Tektronix
DPO72340SX) is used to measure the time traces of the laser output
power. For measurements of the laser dynamics, an optical isolator
is inserted to avoid reflections from the fiber facet. Furthermore, the
signal from the photodetector is amplified with a 29 dB RF-amplifier
(SHF S126A). Moreover, a polarizer in a motorized rotation stage
can be added in the beam path.

III. POLARIZATION AND OPTICAL SPECTRUM
First, we investigate the polarization state of the VCSEL. The

laser emission transmitted through a polarizer (see Fig. 1) is mea-
sured with a power meter (Newport 818-IG) for different angles
α of the polarizer axis with respect to the horizontal axis. The
light–current (LI) curves for 19 different polarizer angles α cover-
ing a range of 180○ are shown in Fig. 2(a). The inset shows the
α-averaged LI-curve with the threshold at 1.9 mA. A total power
slightly above 1 mW is obtained for 10 mA, though the measured
power is four times lower due to the beam splitter and the polarizer.

The level of power variations as function of the polarizer angle
depends significantly on the pump current. The power normal-
ized by its α-average, Pn(α) = P(α)/⟨P⟩α, is shown in false colors
in Fig. 2(b). For quantitative analysis, the normalized power is
fitted by

Pn(α) = 1 + c cos[2(α − α0)] (1)

for each pump current, where α0 is the major polarization axis and c
the power modulation amplitude.

Figure 2(c) shows the major polarization axis α0 for different
pump currents. We find the same two major orthogonal axes for
practically all pump currents, called u and v axes in the following,
with αu ≃ 74○ and αv ≃ 164○. The deviations from the u axis found
between 5.35 and 5.85 mA and at 8 mA are attributed to problems
with the fit due to noisy data in combination with a low modula-
tion amplitude, whereas other measurements with the same device
confirm that the polarization is indeed along the u axis also in these
current regimes.

Figure 2(d) shows the eccentricity of the polarization given by
e =
√

2c/(1 + c), where e = 1 indicates completely linear polariza-
tion along α0, whereas e < 1 indicates the emission is also partially
polarized along the orthogonal axis (see the supplementary mate-
rial, Sec. I, for details on the fit procedure and the significance of the
fit parameters). The eccentricity varies significantly with the pump
current and is always below 1 even just above threshold. In contrast,
narrow VCSELs typically feature linear polarization at least in some
current regimes and in particular close to threshold.12,28–30,34

Figure 2 exhibits six polarization switching points (PSPs) at
which the dominant polarization axis switches from the u to the v
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FIG. 2. LI-curve and polarization state. (a) LI-curves for 19 different polarizer
angles. Inset: LI-curve averaged over polarizer angles. (b) Power normalized by
the average over all polarizer angles, P/⟨P⟩α. (c) Angle α0 of major polarization
axis. (d) Eccentricity e of polarization state. The green dashed lines indicate the
six polarization switching points, P1 = 2.25 mA, P2 = 2.45 mA, P3 = 4.05 mA,
P4 = 5.35 mA, P5 = 5.85 mA, and P6 = 8.0 mA.

axis or vice versa. The only exception is P6 at which the polarization
switches from the v to the u axis and directly back again, which may
be caused by two very close PSPs that were not properly resolved.
The PSPs are always accompanied by a dip in eccentricity, though
the dips are not necessarily very pronounced due to the finite cur-
rent resolution of the measurement. This indicates that the lasing
emission is shifted from one to the other polarization axis at the
PSPs as shown in Fig. 2(a). In general, polarization switching can be
caused either by a single lasing mode changing its polarization state
or the (dis)appearance of other lasing modes with different polariza-
tion states. Hence, the polarization state of individual lasing modes
needs to be measured to understand the cause of the PSPs.

Figure 3(a) shows the laser spectrum for 6 mA measured with-
out polarizer, which features a large number of partially overlapping
lasing modes. As will be shown in the following, the spectrum fea-
tures a number of different transverse modes, and each transverse
mode additionally exhibits two different polarization states. The
spectra as function of the polarizer angle α are shown in Fig. 3(b).
The wavelength of individual peaks seems to vary with the polar-
izer angle, but in fact, these are pairs of near-degenerate modes with

FIG. 3. Lasing spectrum at 6 mA and polarization state. (a) Spectrum measured
without polarizer. (b) Spectra as function of polarizer angle. (c) Angle α0 of major
polarization axis and (d) eccentricity of polarization state as function of wavelength.
The red (blue) dashed line in (c) indicates the u (v) axis.

different polarization axes. Equation (1) was fitted to all wavelength
channels with sufficient signal, and Figs. 3(c) and 3(d) show the
resulting major polarization axes and eccentricities as a function of
wavelength. The values of α0 are concentrated along the u and v
axes like in Fig. 2(c). The eccentricity depends significantly on the
wavelength, and we observe peaks with e ≃ 1 at certain wavelengths
surrounded by lower values of e. The reason for this behavior is
the existence of near-degenerate modes with different polarization
states: For each transverse mode, two modes with different polariza-
tion split by the birefringence fB ≈ 9 GHz are found. Since fB is of the
same order as the spectral resolution of the spectrometer (30 pm),
these modes overlap. The measured eccentricity of the polarization
is hence low for wavelengths at which both modes contribute, and
it becomes maximal for wavelengths where only one mode con-
tributes. Values of e ≈ 1 demonstrate that the individual modes are
highly linearly polarized.51

The same results are found for different pump currents as well.
In conclusion, it appears from the data that all lasing modes are
approximately linearly polarized along the two orthogonal axes u
and v for all pump currents. While this is not necessarily unex-
pected for a VCSEL, it should be noted that other BA-VCSELs par-
tially exhibit modes with elliptic and pump-dependent polarization
state.52
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FIG. 4. Evolution of laser spectrum as function of pump current for (a) u polarization and (b) v polarization. The dashed green lines indicate the polarization switching points
P1−6 (cf. Fig. 2).

The lasing spectra as a function of pump current measured with
the polarizer along the u and v axes are shown in Fig. 4. Even close
to threshold, several transverse modes are observed in both polariza-
tions. As the pump current is increased, more and more high-order
modes (at short wavelengths) start lasing, but the low-order modes
(at long wavelengths) continue to contribute significantly. Further-
more, a significant red shift of the modes due to Joule heating is
observed.

Several factors contribute to the selection of transverse lasing
modes. First, heating of the device changes the relative position of
the gain maximum and the resonance wavelengths, and modifying
the temperature of the laser mount results in a different evolution of
the spectrum (not shown). Second, current crowding at the outer
edge of the active area due to the ring contact favors high-order
modes of whispering-gallery type (see Sec. IV. below and the supple-
mentary material, Sec. 3). However, these two effects cannot explain
why, for example, the fundamental mode almost stops lasing around
3.9 mA (847.8 nm), but comes back at 5.6 mA (848.0 nm) only
to stop lasing again around 8.7 mA (848.4 nm), and other modes
show similar behavior. This observation indicates that a complex
mode competition via spatial hole burning takes place in addition
to heating and current crowding effects.

Apart from the gradual changes observed in the lasing spectrum
with the pump current, we also observe erratic changes between dif-
ferent lasing mode configurations, for example in the range of 6–8
mA in Fig. 4(a). These fluctuations of the spectrum are shown in
more detail in Fig. S2 in the supplementary material. Possible causes
include an intrinsic multistability of the VCSEL and small thermal
fluctuations of the environment.

The presence of multiple lasing modes in both polarizations
implies that the degree of polarization of the total lasing emis-
sion is low and explains the frequent low eccentricities observed
in Fig. 2(d). The eccentricity of the total laser emission signifies
the ratio of the power along the two polarization axes (see the
supplementary material, Sec. 1), which gradually changes as the con-
figuration of active lasing modes evolves. Hence, the PSPs indicated
by the dashed green lines in Fig. 4 appear when the total power in the
modes with u polarization starts to exceed that of the modes with v
polarization (or vice versa), which results in dips in the eccentricity
at the PSPs. While some of the PSPs such as P3 at 4.05 mA coin-
cide with particular transverse modes turning off or on, these alone

cannot explain polarization switching since these mode changes usu-
ally happen symmetrically in both polarizations. This is an impor-
tant difference from narrow VCSELs for which PSPs are caused
either by individual lasing modes changing their polarization state
(e.g., from linear to elliptic) or a second mode with different polar-
ization turning on at the detriment of the first one.24,28–30,33,34,53–55

For the BA-VCSEL considered here, in contrast, the individual las-
ing modes retain their linear polarization state, and PSPs result from
gradual shifts of the power distribution among the modes in both
polarization states. The relation of the PSPs to changes in the laser
dynamics is discussed in Sec. VI.

IV. SPATIAL STRUCTURE AND POLARIZATION
Lasing in several transverse modes as observed for our BA-

VCSEL implies that its near-field (NF) intensity distributions are
formed by an incoherent superposition of modes. In the follow-
ing, we study the NF profiles to understand the different factors
determining their shape, in particular current crowding and gain
competition.

Near-field images for different pump currents are shown in
Fig. 5. Just above threshold [Fig. 5(a)], the NF profile is rather homo-
geneous, though slightly asymmetric with more intensity toward the
upper right corner. When the pump current is increased, the images
measured without polarizer (left column) show the concentration of
emission in an increasingly narrow ring at the boundary of the active
region (see also Fig. S3 in the supplementary material). This is due to
current crowding caused by the ring contact56 and partially explains
the increasing strength of the high-order transverse modes observed
in Fig. 4.

While the outer ring in the NF images looks rotationally sym-
metric, measurements with the polarizer (center and right columns
in Fig. 5) reveal more details about the underlying transverse modes
and their polarization. We label the different transverse modes
with (m, n), where m (n) is the azimuthal (radial) quantum num-
ber and the intensity distribution exhibits 2m (n) maxima in the
azimuthal (radial) direction. It should be noted that the modes
with m > 0 are twofold degenerate (in addition to the two possible
polarization states), where one mode has an intensity distribution
I ∝ cos2(mφ − φ0) (called cos-type mode) and the other one has
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FIG. 5. Near-field images of the VCSEL with diameter 15 μm for pump currents (a)
2 mA, (b) 4 mA, (c) 7 mA, and (d) 10 mA. The left column shows images without
polarizer, the center column with polarizer along the u axis (red dashed lines), and
the right column with polarizer along the v axis (blue dashed lines). The gray scale
was normalized to the maximum of each image.

an intensity distribution I ∝ sin2(mφ − φ0) (called sin-type mode),
with φ the azimuthal angle and φ0 an offset determining the ori-
entation of the modes. For example at 4 mA [Fig. 5(b)], the two
NF images with polarizer show an intensity distribution with four-
fold symmetry, indicating lasing of the (2, 1)mode. While the (2, 1)
mode is clearly dominant at 4 mA, we observe in general a superpo-
sition of several different transverse modes. Hence, spatio-spectral
measurements are needed to clearly identify the contributing modes
(see the supplementary material, Sec. 4).

Figures 5(b)–5(d) show two interesting features. First, the
intensity distributions of the two polarization states are clearly anti-
correlated, i.e., the intensity maxima for u polarization are located at
the minima of the v polarization and vice versa. For example, both
Fig. 5(b2) and 5(b3) for 4 mA show a (2, 1) mode, but one polar-
ization exhibits the cos-type and the other one the sin-type mode.
In addition, Fig. 5(b2) shows a spot in the center stemming from a
different transverse mode that is absent in Fig. 5(b3). The situation
is similar for 10 mA [Fig. 5(d2) and 5(d3)], whereas the anticorrela-
tion is less pronounced for 7 mA [Fig. 5(c2) and 5(c3)]. Second, we
find that the azimuthal positions of the maxima are unrelated to the
polarization axes.

A systematic evaluation of the azimuthal positions of the max-
ima in the NF images for u and v polarization is shown in Fig. 6.

FIG. 6. Orientation of the near-field intensity distributions. The azimuthal positions
of the maxima in the intensity distributions for u (v) polarization are indicated as
red (blue) dots. The vertical dashed red (blue) lines indicate the u (v) polarization
axis. The horizontal green dashed lines indicate the bifurcation points B1−9 (see
Fig. 7). Inset: Near-field image for 4 mA and v polarization showing the definition
of the azimuthal angle φ.

The number of maxima is often indicative of the m of the dominant
transverse modes. For example, at 4.5 mA the number of maxima
changes from four to eight because the (2, 1) mode is superseded
by the (4, 1)mode. However, while the azimuthal quantum number
determines the angular spacing between maxima, π/m, the absolute
position of the maxima given by φ0 is a priori undetermined for a
VCSEL with perfect circular symmetry.

In practice, small perturbations or defects will pin the modes
to a specific orientation. We note that for some currents, one maxi-
mum is aligned with a polarization axis, while for other currents this
is not the case. Hence, it appears that the birefringence axes do not
determine the orientation of the modes. Small defects introduced
during crystal growth or fabrication can potentially pin the modes.57

Indeed, the positions of the maxima are mostly stable as long as
the dominant mode does not change, but there are also examples of
rapid changes of the orientation of a specific mode: At 3.8 mA where
the (2, 1)mode is dominant, the maxima of the u and v polarizations
suddenly interchange their positions, followed by a rapid rotation
of the mode orientation until 4.5 mA. A more detailed analysis of
this rotation using spatio-spectral measurements is presented in Fig.
S5 in the supplementary material. So, while structural defects most
probably play a role in determining the orientation of the transverse
modes, there seem to be also dynamical effects depending on the
pump current since there is no azimuthal position that always dis-
plays a maximum and we cannot explain the rotation of the (2, 1)
mode around 4 mA otherwise.

Figure 6 also confirms the anticorrelation of the spatial orien-
tation of the two polarization states: The maxima for u polarization
are almost always found right between the maxima for v polariza-
tion. The same effect has been previously observed in experiments
with BA-VCSELs41,42,57,58 and was attributed to spatial hole burning
and a finite spin-flip relaxation rate in Refs. 45 and 59. It should be
noted though that despite gain competition, the fundamental mode
(0, 1) can lase in both polarizations at the same time (cf. Fig. 4). In
conclusion, our measurements strongly indicate that, in addition to
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spatial hole burning, the coupling of the optical polarization state
with the dynamics of the carrier spins plays an important role in the
selection of transverse modes and their polarization for the VCSEL
considered here.

V. DYNAMICS AND BIFURCATIONS
To investigate the laser dynamics induced by the multimode

competition, we measure the time traces of the laser output power
using a fast photodetector and oscilloscope (see Sec. II). The total
laser power is measured by aligning the input polarizer of the opti-
cal isolator between the u and v axes so both polarizations pass
with equal amplitude. Since the power fluctuations are small (see the
supplementary material, Sec. 5), an RF-amplifier is used to increase
the signal-to-noise ratio. Time traces of 20 μs length are measured
with a sampling rate of 50 GSample/s for 2–10 mA with a 0.01
mA current step. The corresponding RF-spectra are obtained from
the Fourier transform of the time traces and are smoothed with a
moving average over 5 MHz.

The RF-spectra are shown together with the optical spectra
for u and v polarization in Fig. 7. Each dot in Fig. 7(a) represents
a peak above −60 dBm from Fig. 4. The spectrum is organized
in pairs of modes with the same transverse profile and orthog-
onal polarization. The quantum numbers (m, n) obtained from
the spatio-spectral measurements (see the supplementary material,
Sec. 4) are indicated above the spectrum. The frequency splitting
between the different polarization states is fB ≈ 9 GHz and appears
to be independent of the pump current (within the bounds of the
measurement resolution).

The RF-spectra in Fig. 7(b) show several bifurcations with qual-
itative changes of the observed frequency components (FCs). In
the following, we describe the nine major bifurcation points, B1−9,
which partially coincide with PSPs, and we detail the correlation
of the bifurcations with changes in the optical spectrum and NF
intensity distributions (see Fig. 6). Just above threshold, a single
FC at f0 ≃ 8.77 GHz is found, which is in good agreement with the
birefringence fB and presumably stems from beating of modes with

different polarization states. At B1 = 3.0 mA, the oscillation at f0
becomes weaker, and another weak FC around 10.2 GHz appears,
but no significant changes in the optical spectrum are found. At
B2 = 3.65 mA, several FCs at 1 GHz and between 6 and 8 GHz are
created, whereas the FC at 10 GHz disappears. Roughly at the same
current, the (4, 1) modes vanish, the (1, 2) modes appear in the
optical spectrum, and the (2, 1) modes with u and v polarization
interchange their orientation. The bifurcation at B3 = 4.05 mA sees
the creation of two FCs at 5.5 and 11.7 GHz, while some of the other
FCs disappear. B3 coincides with the PSP P3 and the (0, 1) modes
turning off. All FCs including the one at f0 undergo fast frequency
changes as the current increases toward B4 = 4.5 mA, and the (2, 1)
modes undergo a rapid rotation. At B4, the FC at 4.5 GHz splits into
two components, and two FCs close to f0 are found. In the optical
spectrum, the (4, 1) mode with v polarization reappears at B4 and
starts to dominate the NF distribution (see Fig. 6).

The next bifurcation at B5 = 5.35 mA coincides with the PSP
P4. Furthermore, the (0, 1) mode starts lasing again and the (5, 1)
becomes well visible in the NF images. At B5, we see three FCs close
to f0, f0/2, and 3 f0/2, which suggests period doubling of the birefrin-
gence beat note, but these frequencies quickly change as the current
is increased further. Most of them disappear at B6 = 5.85 mA, and
only a few FCs in the range of 8–10 GHz remain. B6 correlates
with the PSP P5 and changes of the spectrum involving the (1, 2)
and the (5, 1) modes. The FCs around f0 continue to dominate the
RF-spectrum. In addition, two FCs near f0/2 and 3 f0/2 reappear at
B7 = 6.4 mA, which roughly coincides with the disappearance of the
(1, 1) mode with u polarization and shifts of the (2, 2) and (5, 1)
modes. At B8 = 8.5 mA, a FC exactly at f0 as well as further FCs in
the vicinity are created, whereas the FC around f0/2 vanishes. At the
same current, the (0, 2) modes and the (1, 1) mode with u polar-
ization start lasing again. The FC at f0 vanishes again at B9 = 8.9
mA, whereas other FCs including one at 4.9 GHz appear. Further-
more, the (0, 1) mode with u polarization disappears once more at
B9. In addition, we find sudden changes of the RF-spectra at 9.43 and
9.74 mA, which we attribute, however, to instabilities of the lasing
spectrum (cf. Fig. 4 and the supplementary material, Sec. 2).

FIG. 7. Optical spectra, RF-spectra, and bifurcations. (a) Optical spectra as function of current. The dots mark the peaks extracted from the spectra in Fig. 4, where the dot
size corresponds to the peak amplitude (in dBm), and modes with u (v) polarization are shown in red (blue). The quantum numbers (m, n) of the transverse modes are
indicated above the figure. (b) RF-spectra as function of current. The vertical white dotted lines indicate the basic fluctuation frequency f0, its subharmonic f0/2 and 3 f0/2.
The dashed green lines indicate the bifurcation points B1−9, some of which coincide with the PSPs P3−5. The horizontal dotted white lines indicate a sudden change of the
dynamical state attributed to external perturbations.
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In summary, we find a complex cascade of bifurcations, where
most of the observed FCs are around f0 ≃ 8.77 GHz, which seems to
be the birefringence, as well as around f0/2 and 3 f0/2. This indicates
period doubling of a self-pulsing dynamics driven by the birefrin-
gence frequency. However, we also often find several FCs around f0
that are incommensurable, so other effects besides period doubling
must be involved. Both the number of FCs and their frequencies
increase on average with the pump current. Measurements with
decreasing pump current showed no sign of hysteresis. While we
cannot give a comprehensive explanation of all bifurcations, we can
gain some physical insights by comparing our findings with previous
studies of VCSEL dynamics in Sec. VI.

VI. DISCUSSION
The dynamics of narrow VCSELs has been intensively investi-

gated with particular attention to the role of polarization switching
points.12,24,26,28,29,31–34 While polarization switching can be induced
by changes of the relative gain of two polarization modes, for exam-
ple due to thermal effects, it can also be caused by bifurcations in
which one polarization state loses its stability in favor of a differ-
ent state.28,29 A typical scenario of bifurcations found for narrow
VCSELs12,28–30,34 is that the initial linear polarization state loses
stability and is replaced by an elliptical polarization state with sta-
tionary dynamics as the current is increased. Further bifurcations
lead to self-pulsations of the elliptical state and even chaotic dynam-
ics before the laser stabilizes again for even higher currents. A
spin-flip type model35 for the VCSEL dynamics is required to explain
this scenario.28,29,34 The BA-VCSEL studied here, however, exhibits
a more complicated series of bifurcations with a larger number
of PSPs and without restabilization of the dynamics. An impor-
tant difference is that the PSPs leading to unstable dynamics in
narrow VCSELs are attributed to individual modes changing their
polarization state, whereas for our BA-VCSEL each mode retains
its polarization state, and the PSPs are instead caused by a grad-
ual redistribution of the power among different transverse modes.
So lasing in several transverse modes results in a significantly more
complex evolution of polarization and dynamics compared to nar-
row VCSELs with different mechanisms causing the bifurcations
and PSPs.

The frequencies found in the dynamics of a system are a key
property that allows insight into the responsible physical processes.
While the typical frequency scales found here are given by the
birefringence and its (sub)harmonics, most FCs and their evolu-
tion with the pump current cannot be explained in a simple way.
Besides the birefringence, the relaxation oscillation frequency often
plays an important role,12,26,36 but a FC with the square-root depen-
dence on the pump current characteristic for relaxation oscillations
is not discernible in Fig. 7(b). Beating between transverse modes was
predicted45 and demonstrated experimentally36,37 for BA-VCSELs;
however, these beat frequencies are very high for our VCSEL and
beyond the bandwidth of the photodetector. In addition, the fre-
quencies of beat notes should exhibit little dependence on the pump
current, whereas many of the FCs in Fig. 7(b) change rapidly with the
current. Furthermore, fluctuations on the scale of 10–30 GHz caused
by mode competition were observed in BA-VCSELs;36,37 however,
these do not match the FCs observed here either. Moreover, almost
all investigations of the dynamics of BA-VCSELs only considered

short pulses, observing relaxations oscillations and the onset of
mode competition;36–42 however, it is not clear how and with which
frequency scales mode competition persists in cw operation. We
thus cannot clearly identify the origin of all the FCs observed here,
but it appears very likely that they are due to processes different from
those previously observed for BA-VCSELs.

Another type of dynamics found for narrow VCSELs is
polarization-mode hopping in regimes of bistability, typically found
near PSPs,23–27 where the VCSEL fluctuates erratically between two
different polarization states. These fluctuations have time scales
ranging from the nanosecond to the second regime and normally
become slower with increasing pump.23,25 However, measurements
of the time traces with the polarizer do not show any polarization-
mode hopping (see the supplementary material, Sec. 5). Moreover,
the frequency scales that we observe and their evolution with the
current are very different from what is found for polarization-mode
hopping; in particular, no slowing down of the dynamics is observed.
A BA-VCSEL might also feature hopping between different trans-
verse modes;43 however, the time scales of this dynamics are again
much slower than what we measure.

In summary, the frequencies of the nonlinear dynamics
observed in our laser are unlike those previously found for both
narrow and broad-area VCSELs and defy any simple explanation.
We believe they result from a cascade of Hopf bifurcations, which
can create frequencies similar to but different from the birefrin-
gence.34 Detailed theoretical studies are needed to understand the
bifurcations of BA-VCSELs, but some qualitative insights can be
gained from the experimental data (see Sec. V). It appears that
changes in the transverse lasing modes are of great importance since
they are found near most of the bifurcation points. Some bifur-
cations also coincide with polarization switching, but PSPs clearly
do not play the same role as in the dynamics of narrow VCSELs.
Nonetheless, the predominance of the birefringence frequency in
the dynamics demonstrates the importance of polarization effects.
While the bifurcations are related to the transverse mode changes
driven by spatial hole burning, the coupling of the optical polar-
ization state with the spin dynamics of the carriers also plays an
important role as discussed in Sec. IV. Thus, considering the spatial
and polarization degree of freedom of the optical field in conjunc-
tion with the spin dynamics of the carriers45,47,60 is required to
explain the complex mode competition and nonlinear dynamics we
observe, though thermal effects must not be neglected either in cw
operation.53

VII. SUMMARY AND OUTLOOK
In our systematic spatial, spectral, dynamical, and polarization-

resolved study of a commercial BA-VCSEL with cw pumping, we
found a complicated series of bifurcations and polarization switch-
ing points. The bifurcations are closely related to the evolution of
the lasing spectrum governed by transverse mode competition. Such
complex nonlinear dynamics is not often found for free-running
semiconductor lasers, which makes it interesting for chaos-based
applications.4 Measurements with a second device of the same
type show the same qualitative behavior regarding mode competi-
tion, polarization state and polarization switching, spatial structure,
frequency components in the RF-spectra as well as bifurcation
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sequence. Although a detailed comparison of the dynamics of differ-
ent devices will be published in a future article, this already indicates
that the complex dynamics reported here is a generic behavior for
this kind of BA-VCSEL.

Our results agree qualitatively with predictions made by the
spin-flip model:35 First, we observe oscillation frequencies around
the birefringence frequency and the creation of new frequency com-
ponents in a sequence of bifurcations.34 Second, we observe that
the intensity distributions of the two polarization states are spatially
anticorrelated, which clearly shows the importance of carrier-spin
dynamics in mode competition dynamics.45,59 However, the bifur-
cation scenario of BA-VCSELs is different from and more complex
than those found for narrow VCSELs12,28,29,34 because of the pres-
ence of several transverse modes. The dynamics in cw operation
is also different from the dynamics previously observed for BA-
VCSELs in pulsed operation.36–42 In short, the nonlinear dynamics
of our BA-VCSEL seems to be unlike any discussed so far in the lit-
erature. Even though models of BA-VCSELs including polarization
effects and carrier-spin dynamics exist,45,47,60 the resulting bifurca-
tion scenarios have not been investigated so far, and it remains to be
seen if existing models are capable of explaining our experimental
findings.

Further experiments are needed to better characterize the tem-
poral and polarization dynamics of the BA-VCSEL61,62 and deter-
mine its possibly chaotic properties. Our results in Fig. 7 demon-
strate that the nonlinear dynamics including self-pulsation and
higher-order bifurcations like period doubling originates from the
interplay of many modes with different spatial and polarization
properties. We observe a number of frequency components up to
the bandwidth of our detection system, and even higher frequency
components due to transverse mode beating are expected36,37,45 to
further enhance the bandwidth of the nonlinear dynamic behavior.
It is therefore conceivable that chaotic dynamics with higher band-
width and greater complexity than for SCLs with optical feedback63

can be attained with BA-VCSELs. In addition, more comprehensive
studies on how the nonlinear dynamics and the underlying bifur-
cations depend on the temperature, optical injection, or feedback
would be important. Finally, the complex dynamics of BA-VCSELs
could be harnessed for applications such as reservoir computing64

since it has been found that reservoir computing performance is
improved by polarization-mode competition in narrow VCSELs.65

Moreover, it would be interesting to study asymmetric VCSELs
with chaotic ray dynamics. A noncircular cavity cross section will
break the spatial degeneracy of the transverse modes and modify
the polarization states as well,66,67 which should impact the mode
competition and thus the lasing dynamics. While the spatial struc-
ture formation in asymmetric BA-VCSELs has been studied on the
static level,68–70 there have been no investigations of their dynamical
properties so far. An additional area of interest is the develop-
ment of highly multimode VCSELs with low spatial coherence.
Experiments with edge-emitting asymmetric microcavity lasers have
already shown the potential of asymmetric cavities to manipulate the
dynamics and spatial coherence of SCLs.18–21

SUPPLEMENTARY MATERIAL

See the supplementary material for additional details of the
experiments mentioned and data analysis.
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I. POLARIZATION STATE ANALYSIS

The setup in Fig. 1 of the main text allows to measure
the laser transmission P (α) through a polarizer as func-
tion of the angle α of the polarizer axis with respect to
the horizontal axis. The measured transmission as func-
tion of α and normalized to the α-averaged power is well
described by the formula

P (α)/〈P 〉α = 1 + c cos[2(α− α0)] (S1)

where c ∈ [0, 1] is the power modulation amplitude and
α0 the angle of the major axis. The example in Fig. S1
shows the measured power as function of the polarizer
angle for 2.6 mA (red) and the fit of Eq. (S1) (black
dashed line), which shows very good agreement. The fit
parameters are α0 = 72.2◦ and c = 0.531.
The interpretation of the fit parameters depends on

whether the laser light is fully or partially polarized,
which is not evident since the measurement does not yield
the complete set of Stokes parameters. For fully polar-
ized light, Eq. (S1) describes an elliptical polarization
state with major axis α0 and eccentricity

e =
√

1− Pmin/Pmax =
√

2c/(1 + c) , (S2)

where Pmax (Pmin) is the power along the major (mi-
nor) ellipse axis (cf. inset of Fig. S1). Thus, e = 1
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FIG. S1. Normalized power of the VCSEL transmitted
through the polarizer as function of the polarizer angle α

for 2.6 mA. The measured power is shown in red, the fit of
Eq. (S1) as black dashed line. Inset: the same data as polar
plot, where α0 is the angle of the major axis.
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(e = 0) means a linear (circular) polarization state, and
e ∈ (0, 1) elliptical polarization. This interpretation is
appropriate when considering a single mode such as for
the wavelength-resolved polarization measurement pre-
sented in Fig. 3 of the main text.
In the case of partially polarized light, which is evi-

dently the case when considering the total emission from
a multimode laser, Eq. (S1) describes the incoherent su-
perposition of several modes with two different, orthog-
onal polarization axes, where all the individual modes
are either linearly or elliptically polarized along α0 or
α0 + π/2. In this case α0 is the axis of the predominant
polarization state, and the eccentricity e is related to the
ratio of the power along the two axes, with e = 1 mean-
ing completely linearly polarized light along α0 and e = 0
equal power along both axes. This is the case considered
in Fig. 2 of the main text.
The measurement with a rotating polarizer and the fit

with Eq. (S1) are a simple, efficient and sufficient way
of characterizing the polarization state of the VCSEL
considered here. However, Eq. (S1) is not applicable
to all situations, for example when considering super-
positions of linearly or elliptically polarized modes with
non-orthogonal axes1. Additionally, the degree of po-
larization cannot be directly determined, and spectrally
resolved measurements are thus needed for multimode
lasers. However, more refined measurement and analysis
techniques have been developed to obtain the complete
set of Stokes parameters characterizing the polarization
state of a VCSEL2–4.

II. FLUCTUATIONS OF THE LASING SPECTRUM

In some pump current regimes, the lasing spectra show
erratic fluctuations when changing the current. An exam-
ple is shown in Fig. S2, where the spectra for u polariza-
tion in the range of 6.8–7.2 mA are shown with an incre-
ment of 0.02 mA (same data as in Fig. 4 of the main text).
Here, the amplitudes of the two lowest-order modes (indi-
cated by the dashed box) change unpredictably from one
current value to the next. Interestingly, the other modes
in the spectrum do not exhibit such fluctuations. This
indicates that which of these two modes dominates over
the other depends sensitively on the system parameters,
whereas the state of the other modes is less sensitive.
One possible explanation is that the system exhibits

bistability, and changes of the pump current can thus
make the system switch unpredictably between these two
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lasing states. However, measurements with decreasing
pump current showed no signs of hysteresis. Another pos-
sibility is that small fluctuations of the ambient tempera-
ture induce these fluctuations in spite of the stabilization
of the diode laser mount temperature and a plastic wrap
to thermally insulate the mount additionally. However,
at present we cannot determine with certainty the mecha-
nism responsible for the fluctuations. It should be noted
that similar fluctuations are seen in the RF-spectra in
Fig. 7(b) of the main text at 9.43 and 9.74 mA, and we
believe they can be attributed to the same mechanism.

III. EVOLUTION OF NEAR-FIELD INTENSITY

DISTRIBUTIONS

Figure S3 shows the horizontal cross sections of the
near-field (NF) images measured without polarizer (cf.
Fig. 5 of the main text) for different pump currents.
While the NF intensity distributions are fairly homoge-
neous close to threshold, they start to be concentrated at
the outer edge of the active region beyond 2.5 mA. As the
pump current is increased further, this region of high in-
tensity becomes even narrower because transverse modes
with increasing azimuthal order m are excited. This is
attributed to the ring-shaped top contact of the VCSEL
which results in a higher current density near the outer
edge of the active region5 that preferentially excites the
high-order modes localized there. The intensity pattern
in the center region with lower intensity also changes with
the pump current as different combinations of low-order
transverse modes lase.

IV. SPATIO-SPECTRAL MEASUREMENTS

Spatio-spectral images of the VCSEL were measured
using an imaging spectrometer (Princeton Instruments
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FIG. S3. Horizontal cross section of the near-field images
measured without polarizer. The gray scale is separately nor-
malized for each pump current.

SpectraPro HRS-500) with a 1800 g/mm grating (spec-
tral resolution about 30 pm) in order to identify the dif-
ferent transverse modes. The input slit of the spectrome-
ter was opened to 1 mm and aligned with the image plane
of the VCSEL. A CCD camera with 2.2 µm pixel size
(Allied Vision Mako U503-B) in the focal plane of the
spectrometer recorded the spatio-spectral images, that
is, spectrally-resolved NF images. Furthermore the ob-
jective (Obj1 in Fig. 1 of the main text) was replaced by
one with smaller magnification (16×, NA = 0.30) to re-
duce the lateral overlap of the different modes in the focal
plane of the spectrometer. The polarizer was aligned with
the u and v polarization axes. Spatio-spectral measure-
ments of BA-VCSELs using an imaging spectrometer6–9

or a state tomography technique10 have been reported
previously.

The spatio-spectral images for u and v polarization
were measured systematically in the range of 2–10 mA
with a current step of 0.1 mA. Several examples of the
measured spatio-spectral images are presented in Fig. S4.
The transverse modes are labeled by their azimuthal and
radial quantum numbers (m,n). It should be noted that
the modes with m > 0 are two-fold degenerate, where
one mode has an azimuthal dependence of the intensity
I ∝ cos2(mϕ−ϕ0) and the other one I ∝ sin2(mϕ−ϕ0).
Since most of the time only either the cos- or the sin-
type of a given transverse mode lases in one polariza-
tion, we can identify the modes by counting the number
of maxima in azimuthal and radial direction. The in-
dices of the clearly identifiable modes are indicated in
Fig. S4. Moreover, by comparing the images for different
pump currents and following the evolution of the mea-
sured spectra taking into account the thermal red-shift,
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FIG. S4. Spatio-spectral images for u polarization and pump currents (a) 3.3 mA, (b) 4.4 mA, (c) 5.6 mA, (d) 7.4 mA,
(e) 9.4 mA, and (f) 10.0 mA. The quantum numbers (m,n) are indicated for the modes that can be clearly identified.

we can effectively identify all the lasing modes, and their
quantum numbers are indicated at the top in Fig. 7(a)
of the main text.

The good spectral and spatial resolution of the im-
ages furthermore allows to investigate the structure of
the different transverse modes in more detail. In an ideal
VCSEL with rotationally symmetric structure, the pat-
terns of the transverse modes should also exhibit circular
symmetry. However, we find that some modes exhibit
significant deviations from the expected symmetry. For
example, the fundamental mode (0, 1) shows higher in-
tensity towards the upper right corner, which explains
the same observation in the NF images near threshold
[cf. Fig. 5(a) of the main text]. This could be caused
for example by inhomogeneities in the active layer of the
VCSEL.

Furthermore, some of the higher-order modes show a
polygonal instead of circular structure for some current
regimes, notably the (5, 1) mode in Fig. S4(c) and the
(7, 1) mode in Figs. S4(d, e, f). In contrast, most of
the other modes do not show such deformations for any
pump current. While the cause of these polygonal de-
formations is not clear, we can exclude structural defects
and thermal lensing: first, the deformed modes coexist
with other high-order modes without visible deformation
at the same current, whereas defects or thermal lenses
should affect all modes in a similar manner. Second, the
degree of deformation changes with the pump current, for
example the (5, 1) mode exhibits a quite circular struc-
ture in Figs. S4(b, e, f). These observations indicate that
dynamic effects are probably responsible.

Another important question is what determines the az-
imuthal orientation of the modes (that is, ϕ0). While
pinning by structural defects and inhomogeneities prob-
ably plays a role11, there are several observations which
indicate that dynamic effects are important as well.
For example, the symmetry axes of the (4, 1) mode in
Figs. S4(a, b) are well aligned with the vertical and hori-

zontal axes. In contrast, the symmetry axes of the (2, 1)
mode are visibly tilted. The same applies for other modes
such as the (5, 1) mode in Fig. S4(b). However, if defect
pinning was the main factor determining the mode ori-
entation, we would expect that the transverse modes all
have the same orientation.

Moreover, some modes change their orientation with
increasing pump current (cf. Fig. 6 of the main text).
Two examples are shown in Fig. S5. At 3.3 mA
[Fig. S5(a)], the (2, 1) mode lases in both polarizations,
but with 90◦-shifted orientation, that is, the cos-type
mode is excited in one and the sin-type mode in the other
polariation. As the pump current increases, both polar-
izations start to exhibit the cos- as well as the sin-type
mode, so that for 3.6 mA an almost homogeneous ring is
observed in both polarizations [Fig. S5(b)]. As the cur-
rent increases further to 3.9 mA [Fig. S5(c)], the VCSEL
goes back to lasing in only one of the types for each po-
larization. However, the orientation of the (2, 1) mode
was interchanged between the two polarizations. This
evolution repeats itself again when increasing the cur-
rent further to 4.4 mA as shown in Figs. S5(d, e). In
summary, for each polarization we see a rotation of the
orientation of the (2, 1) mode that passes via a superposi-
tion of cos- and sin-type modes, but the basic orientation
of the modes (i.e., the value of ϕ0) does not change sig-
nificantly as seen in Figs. S5(a, c, e). It seems that one
(probably static) mechanism fixes the orientation of the
modes, whereas another, current-dependent mechanism
determines which of the orientations (cos- or sin-type) is
excited in which polarization.

The example of the (2, 1) mode also demonstrates
again that the transverse modes try to lase in a differ-
ent orientation for each polarization, which is found for
the majority of cases. However, it is also possible for
both orientations to lase in the same polarization, and
even in both polarizations at the same time, as shown
in Figs. S5(b, d). So while gain competition clearly fa-
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FIG. S5. Changes of azimuthal mode orientation. (a)–(e) Spatio-spectral images showing the evolution of the (2, 1) mode from
3.3 to 4.4 mA. The left (right) panels show the u (v) polarization. (f) Spatio-spectral images showing the rotation of the (1, 1)
mode with u polarization from 5.6 to 5.7 mA. The horizontal wavelength axis of the images covers a spectral range of 1.5 nm.
The (2, 1) and the (1, 1) modes are highlighted with their quantum numbers.

vors the first scenario, it does not completely prohibit the
latter one either.

A different type of rotation observed for the (1, 1) mode
is shown in Fig. S5(f). When increasing the pump cur-
rent from 5.6 mA [Fig. S5(f1)] to 5.7 mA [Fig. S5(f2)],
the orientation of the (1, 1) mode with u polarization ro-
tates. However, this is not just a change between the
cos- and sin-type mode [as observed for the (2, 1) mode],
since this would imply a rotation by 90◦. Here the ro-
tation angle is clearly different from 90◦, which means
that ϕ0 changed with the pump current. In conclusion,
there appear to be several mechanisms, both static and
dynamic, that influence the azimuthal orientation of the
transverse modes, and their interplay results in different
behaviors for different modes and pump currents.

V. OUTPUT POWER FLUCTUATIONS

Figure S6(a) shows the time trace of the output power
measured with the polarizer along the v axis (blue) for
6 mA. The DC component of the signal is preserved since
no RF-amplifier is used in the measurement. The time
trace appears quite stable with fluctuations of a level sim-
ilar to the noise level of the measurement instruments
(black). This is the case for all other pump currents and
measurements without polarizer as well. Figure S6(b)
shows the standard deviation of the time traces as a func-
tion of the pump current (red) in comparison to that of
the noise signal shown in Fig. S6(a). While the fluc-
tuations of the laser power slightly increase with pump
current, they remain of the order of the noise signal fluc-
tuations. Hence an RF-amplifier is needed to investi-
gate the small fluctuations of the VCSEL output power
around its mean value. Given the high complexity of
the multimode VCSEL, it is not a priori evident that it
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FIG. S6. (a) Time trace for 6 mA (blue) and background sig-
nal without laser (black). Measurement with polarizer along
the v axis and without RF-amplifier. (b) Standard deviation
of the time traces as function of pump current (red) and of
background (black).

features only small output power fluctuations.

Furthermore it should be noted that no polarization-
mode hopping was observed, that is, sudden switches of
the power between the two polarization states. Instead,
the power in each polarization state stays almost con-
stant in any operation regime. Polarization-mode hop-
ping was observed for narrow VCSELs in particular close
to polarization-switching points12–14. Its absence even
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close to polarization-switching points for the BA-VCSEL
considered here indicates that the transverse mode com-
petition is the more important factor driving its bifurca-
tions.
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terization of the polarization behavior of vertical-cavity surface-
emitting lasers,” Opt. Lett. 37, 4799–4801 (2012).

3A. Molitor, S. Hartmann, and W. Elsäßer, “Investigations
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