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Abstract: We report a first experimental study of the nonlinear dynamics
appearing in a 1550 nm single-mode VCSEL subject to parallel and to
orthogonal optical injection. For the first time to our knowledge we report
experimentally measured stability maps identifying the boundaries between
regions of different nonlinear dynamics for both cases of polarized
injection. A rich variety of nonlinear behaviours, including periodic (limit
cycle, period doubling) and chaotic dynamics have been experimentally
observed.
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1. Introduction

Long-wavelength Vertical-Cavity Surface Emitting Lasers (VCSELSs) emitting at the telecom
wavelength of 1550 nm are very promising devices as they offer inherent advantages in
comparison to edge-emitting devices. These advantages include, reduced fabrication costs,
high coupling efficiency to optical fibres, on-wafer testing capability, ease of fabrication of
2D arrays, single-mode operation, low-threshold current, compactness, etc [1]. Additionally,
optical injection locking is a well known technique to improve the performance of
semiconductor lasers without modifying the laser design [2—4]. Recently, reduced chirp,
reduced nonlinearities and enhanced modulation bandwidth [5-7] have been reported in
injection-locked 1550nm-VCSELSs, making these devices ideal candidates for use as stable
sources in present and future optical telecommunication networks.

Additionally, the effect of polarized optical injection in VCSELs has attracted increasing
interest in the last years [8-21]. In particular, orthogonally-polarized optical injection has
been used to obtain Polarization Switching (PS) and Polarization Bistability (PB) in short- [8]
[9] and in long-wavelength VCSELs [10-14]. Single mode operation has been attained in
multiple transverse mode VCSELs [15] under orthogonal optical injection. Also a wide
variety of nonlinear dynamics has been recently theoretically [16—18] and experimentally [19]
[20] reported in VCSELs subject to orthogonal injection. However, the effect of polarized
injection on the stability analysis of optically-injected VCSELs has received little attention.
An experimental stability map has been reported for an 845 nm-VCSEL subject to
orthogonally-polarized optical injection, identifying the boundaries between regions of stable
locking, unlocking, bistability and chaos [19]. Recently, we have focused on the stability
analysis of 1550 nm-VCSELs subject to different polarized optical injection and we have
reported the first injection locking diagrams for these devices subject to parallel and
orthogonal optical injection [21] as well as a first preliminary analysis of the nonlinear
dynamics appearing under orthogonal optical injection [22].

In this work we report for the first time to our knowledge an experimental study of the
nonlinear dynamics of a 1550 nm-VCSEL subject to parallel and to orthogonal optical
injection. In contrast with previous experiments with 845nm-VCSELs [19] our device is
single transverse mode with a preferred polarization. Moreover the frequency of the parallel
polarization is higher than that of the orthogonal one with a much larger frequency difference
between both polarizations. For both cases of polarized injection we have measured stability
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maps identifying the boundaries between regions of different behaviour, including periodic
dynamics (such as limit cycle and period doubling), chaos and polarization switching (PS).
Our results show a difference in the shape of the stability maps depending on the polarization
of optical injection. For the case of parallel polarization similar results to those reported in
edge-emitting devices [23] [24] are found. On the other hand, a different shape with new
qualitative features with respect to previous results [19] is reported for the measured stability
map when the 1550 nm-VCSEL is subject to orthogonal optical injection.

(@

5004
f | ) .
Master  Variable Optical H i ‘W‘; -
Laser (ML) Attenuater  Circulator | it ssciram = il "
14 i Analyzer (OSA) | -
r SO /@' — E— 5 o0 N
| | Phatodiode - — N .
Oscilloscope & m| -
| P—_
o % 2 3 4 B8 & 7
Pularltal‘iﬂn I {mA)
Controlier #F Spactrum 0,
Analyzer s (C)
T
Z
z |
5
L/‘\ | £ gl
{ |
Py

T sk Tisiso
3 (nm)

31

Fig. 1. (a) Experimental setup. (b) L-I curve and (c) spectrum of the VCSEL.
2. Experimental Setup

Figure 1(a) shows the all-fibre setup that has been developed to inject the light emitted by a
tuneable laser (Master Laser, ML) into the 1550 nm-VCSEL (Slave Laser, SL). A variable
optical attenuator is included after the ML to control the level of optical power of the
externally injected signal. The output of the ML is then injected into the SL using an optical
circulator. The polarization of the external signal is controlled using a fibre polarization
controller. A 98/2 fibre directional coupler divides the optical path in two branches; the 2%
branch is used to monitor the optical input power with a power meter whereas the 98% output
is directly connected to the SL. Finally, the reflected output of the SL was analyzed by
connecting different measurement equipment to the third port of the circulator. The stability
of the reflected signal was analyzed optically with an Optical Spectrum Analyzer (OSA), and
electrically with an Electrical Spectrum Analyzer (RF Analyzer) and also with an
Oscilloscope for the measurement of time traces. A fast-photodiode (9 GHz bandwidth) was
used to transform the optical signal to the electrical domain.

A commercially available quantum-well 1550 nm-VCSEL (Raycan) [25] was used in the
experiments. Figure 1(b) plots the L-I curve of the device measured at a temperature of 298 K,
showing a threshold current (/,;) of 1.64 mA. Figure 1(c) shows the optical spectrum of the
VCSEL biased at 6.0 mA (also at 298 K). The two modes in Fig. 1(c) correspond to the two
orthogonal polarizations of the fundamental transverse mode of the device. The lasing mode
has “parallel” polarization and appears at the wavelength 1, = 1535.3 nm whereas the
subsidiary mode has “orthogonal” polarization and its wavelength (4,) is shifted 0.49 nm to
the long-wavelength side of the lasing mode. This value for the frequency splitting between
the two orthogonal polarizations is very large in comparison to those reported in short-
wavelength devices [9]. Similar values of approximately 0.5 nm have been measured for
various devices from the same manufacturer [10-14]. This large value of frequency splitting
allowed us to clearly distinguish both modes in the optical spectrum and also permitted to
perform the stability analyses independently for both cases of polarized optical injection
without including polarization selective devices in the setup. A Side Mode Suppression Ratio
(SMSR) of 38.7 dB was measured for the orthogonal polarization. Spectra of this form were
measured for all biases and no polarization switching was observed for any applied bias above
threshold. For more information about the VCSEL’s structure see [25].
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Fig. 2. (a) Experimental stability map of the 1550nm-VCSEL subject to parallel polarized
injection; Different regions are observed: SIL (stable injection locking), P1 (Period 1), P2
(period 2) and CH (chaos); (b-e) RF spectra measured for the situations indicated in the
stability map corresponding to a frequency detuning of 2.2 GHz and various levels of input
power: (b) 5.8 uW (chaos, CH), (c) 19.6 uW (Period 1, P1), (d) 58.31 uW (Period 2, P2) and
(e) 122.5 uW (Period 1, P1). Applied bias current of 4 mA (Ipies = 2.44 X I3).

3. Experimental results
3.1 Parallel polarized optical injection

In studies of injection locking and nonlinear dynamics in semiconductor lasers, the
polarization of the ML has been traditionally chosen to match that of the light emitted by the
SL. Therefore, initially we have analyzed the case of parallel polarized injection into the
parallel polarized lasing mode of the 1550 nm-VCSEL and Fig. 2(a) shows the experimental
stability map for this case measured with the device biased with an applied current of 4 mA
(Ipias = 2.44 x I;). The frequency of the externally injected signal, f, was swept around the
resonant frequency of the parallel polarization mode, f;, the frequency detuning being f - fj.
Regions of different behaviour were observed, including periodic dynamics such as limit
cycle (period 1, P1) and period doubling (period 2, P2) and regions of chaos. The latter were
observed for both positive and negative frequency detuning. It is important to note here that
the measured stability map exhibits strong similarities with those reported in edge-emitting
devices (see [24] and references therein for a review). We believe that these similarities
appear since we are matching the polarization of the external signal to that of the lasing mode.
This conforms to the convention with edge-emitting lasers, where the polarizations of the ML
and the SL are matched.

Figures 2(b-e) show the experimental RF spectra for the points marked in Fig. 2(a). Figure
2(b) shows a broadened RF spectrum characteristic of a chaotic dynamics situation. Figure
2(c) shows the RF spectrum signature of a limit cycle (Period 1, P1) dynamics; with a strong
peak at 3.8 Ghz, frequency at which the VCSEL output oscillates. Figure 2(d) shows an RF
spectrum indicating period doubling dynamics (Period 2, P2). Finally, Fig. 2(e) shows again a
limit cycle (Period 1, P1) dynamics situation.

3.2 Orthogonal polarized optical injection

Figure 3(a) shows the experimental stability map of the 1550nm-VCSEL subject to
orthogonally polarized optical injection into the subsidiary orthogonal polarization mode of
the device. A bias current of 4 mA (Ip;,; = 2.44 x 1) was applied to the VCSEL. The
nonlinear dynamics have been mapped when the frequency of the externally injected signal is
swept around the frequency of the orthogonal polarization of the fundamental transverse
mode, f,, the frequency detuning being Af = f - f,. Different regions corresponding to different
dynamical regimes appear in the stability map. Region SIL represents the stable injection
locking range, while region P1 show periodic dynamics (limit cycle or Period 1) and finally
region CH corresponds to irregular and possibly chaotic dynamics. The SIL region exhibits
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now an almost symmetric shape [21]. We believe that this could be perhaps related to the
significant difference in the power emitted by the two orthogonal polarizations of the solitary
VCSEL. The ratio of injected power to power emitted by the mode under injection would be
much higher now than in the case of parallel polarized injection. Hence, the asymmetry of the
Hopf bifurcation [23] [24] is not observed and an almost symmetric behaviour is found for the
SIL region. Other factors that could be behind this behaviour would include the gain
anisotropy and the large frequency splitting between the two orthogonal polarizations of the
fundamental mode of the VCSEL. Additionally, Fig. 3(a) also shows the optical power
required to obtain Polarization Switching (PS) [11-14]. PS refers to the situation where the
output is switched from parallel to orthogonal polarization under orthogonally polarized
optical injection [8—14]. This can be better understood with Figs. 3(b) and 3(c), which show
respectively the optical spectrum of the free-running VCSEL (Fig. 3(b)) lasing in the parallel
polarized mode, and the optical spectrum of the device subject to orthogonal optical injection
(Fig. 3(c)) with an input power of 52 pW and frequency detuning of —0.9 GHz. In Fig. 3(c)
the parallel polarized mode is suppressed, PS is attained and the output of the device changes
to orthogonal polarization. It is found that PS is always accompanied with stable locking for
negative frequency detuning (see Fig. 3(a)). However, PS can be also observed together with a
periodic dynamical regime for certain values of positive frequency detuning, in particular with
Period 1 dynamics (limit cycle) as shown in Fig. 3(a). The latter had only been reported
previously in short-wavelength VCSELs [19], but had not been observed in long-wavelength
devices.
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Fig. 3. (a) Stability map of the 1550nm-VCSEL subject to orthogonal injection. Different
regions are observed: SIL (stable injection locking), PS (polarization switching), P1 (period 1)
and CH (chaos); The black dots included in the map mark the nonlinear dynamic situations
analyzed in Figs. 4(a-h). (b) Optical spectrum of the free-running VCSEL. (c) Optical
spectrum of the VCSEL subject to orthogonal injection with input power of 52 pW and Af =
—0.9 GHz. Polarization switching is produced. Applied bias current of 4 mA (Igiqs = 2.44 X 1)
in all cases..

Figure 4 shows experimental RF spectra and time series measured for different dynamical
regimes corresponding to the situations indicated by dots in Fig. 3(a). A fixed optical power of
52 uW was injected and different values of the detuning were considered. Figures 4(a) and
4(b) show a limit cycle dynamics (Period 1) situation appearing at positive frequency detuning
where the RF spectrum of the device exhibits a high peak at 4.1 GHz which in the time
domain results in strong periodic oscillations at that frequency. In region SIL, the orthogonal
polarization mode of the VCSEL is stably locked to the ML and the output of the device
exhibits a flat RF spectrum (except from a small lump corresponding to the relaxation
oscillation frequency) and a flat time series, indicating CW operation (see Figs. 4(c) and 4(d)
respectively). The shape of the SIL region is clearly different from that reported in a 845nm-
VCSEL [19]. In our case the SIL region is symmetric around 4f = 0. However in previous
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studies [19] injection locking at low input power appeared only at negative Af. In 845nm-
VCSEL:s injection locking only appears at positive 4f when the input power is high enough to
excite the first-order transverse mode [19]. The CH region is characterized by a broadened
electrical spectrum (Fig. 4(e)). The shape of these irregular dynamics in the time domain can
also be seen in Fig. 4(f). In contrast with the results reported in [19], the irregular behaviour is
only obtained for negative values of the frequency detuning and is not the result of a period
doubling route to chaos. Finally, Fig. 4(g) shows the RF spectrum measured in the P1 region
appearing at negative frequency detunings. In that situation the RF spectrum shows a major
peak at approximately 1.8 GHz and several harmonics appearing at multiple values of that
frequency. Finally, the time series (see Fig. 4(h)) shows that the output of the VCSEL
oscillates periodically with a frequency of 1.8 GHz.
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Fig. 4. Experimental RF spectra (a-d) and time series (e-h) measured when the 1550nm VCSEL
is subject to orthogonal optical injection with a constant power of 52 uW and for various cases
of frequency detuning. (a,b) Af = 2.35 GHz, (P1, period 1) (c,d) 4f = —0.9 GHz, (SIL, stable
injection locking) (e,f) Af= —2.8 GHz (CH, chaos) and (g,h) 4f = —3.3 GHz (P1, period 1).

4. Conclusions

We report a first experimental study of the nonlinear dynamics of a 1550 nm single transverse
mode VCSEL with a preferred polarization. We report, for the first time to our knowledge, the
experimental stability maps of this device subject to parallel and orthogonal optical injection.
We have identified boundaries between regions of different behaviour, including periodic
dynamics (limit cycle and period doubling), chaos and polarization switching. For the case of
parallel polarized injection the results exhibit strong similarities with those previously
reported in edge-emitting devices. However, a different stability map with new qualitative
features was measured when the VCSEL was subject to orthogonal injection into the
orthogonal polarization mode of the device. We also report for the first time the RF spectrum
and time domain experimental signatures of the rich variety of nonlinear dynamics observed
for the 1550nm-VCSEL subject to different polarized optical injection.
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