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Polarization switching (PS) characteristics in a 1550 nm vertical-cavity surface-emitting laser (VCSEL) subject
to circularly polarized optical injection (CPOI) are experimentally investigated. The results show that, under
different biased current, a solitary 1550 nm VCSEL can oscillate at y polarization mode (y mode), two polari-
zation components (PCs) coexistence or z polarization mode (z mode). The PS characteristics induced by
CPOI for the VCSEL operating at y mode and = mode are analyzed and the evolutions of dynamical states
with the injected power are discussed. Additionally, the mappings of nonlinear dynamical states are given
in the parameters space of the injected power and frequency detuning.
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The nonlinear dynamics including optical switching and
bistability occurring in edge-emitting semiconductor
lasers (EELs)Y¥ and vertical-cavity surface-emitting
lasers (VCSELs) T2 are interesting phenomena and have
attracted extensive attention for their potential applica-
tions in optical interconnects and all-optical signal process-
ing. Polarization switching (PS) phenomenon and its
associated polarization bistability (PB) in VCSELs has
become relevant research focuses because of these unique
advantages such as reduced manufacturing costs, low-
threshold current, larger modulation bandwidth, single-
longitudinal-mode operation, circular output beam, etc.2.
Previous works have demonstrated that the PS and PB can
be obtained through continuously varying the biased cur-
rent or device temperature of a VCSEL22, or introducing
an external disturbance such as current modulation™,
optical feedback™2¥, or optical injection®&2,

Since PS in a short-wavelength VCSEL subject to
optical injection was experimentally demonstrated for
the first time to our knowledge by Pan et al.2Y, optical
injection has become a common method to obtain PS in
VCSELs22. Optical injection, which is introduced to
achieve PS, generally includes three types: orthogonal
optical injection, variable-polarization optical injection,
and circularly polarized optical injection (CPOI). PS char-
acteristics in VCSELSs subject to orthogonal optical injec-
tion have been extensively investigated. For instance,
Gatare et al. experimentally studied the injection strength
induced PS in an 850 nm VCSEL subject to orthogonal
optical injection??. Torre et al. analyzed theoretically
and experimentally the injected power required for PS
as a function of the frequency detuning in long-wavelength
VCSELs subject to orthogonal optical injection2.
Quirce et al. observed different types of PS in a 1550 nm
VCSEL subject to orthogonal optical injection?. For PS
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in a VCSEL subject to variable-polarization optical injec-
tion, Al-Seyab et al. theoretically investigated the input
polarization angle required for PS in a 1550 nm VCSEL
subject to optical injection of arbitrary polarization?.
Relative to the two optical injection schemes mentioned
above, PS characteristics in a VCSEL subject to CPOI
is rarely reported though the circular PS and PB in a
1300 nm spin-VCSEL subject to CPOI have been exper-
imentally observed2.

In this Letter, we report an experimental investigation
of the PS characteristics in a 1550 nm VCSEL subject to
CPOI. The evolution of different nonlinear dynamical
behaviors for the 1550 nm VCSEL subject to CPOI have
been presented, and the mappings of dynamical behaviors
in the parameter space of the injected power and the fre-
quency detuning have also been given.

Figure 1 shows the schematic of the experimental setup.
The output of a tunable semiconductor laser source (Ando
AQ4321A) first passes through an erbium-doped fiber
amplifier (EDFAT1, Corning PureGain 2500C), a variable
attenuator (VA1l), a polarization controller (PC), an
optical isolator (OI1), and then is split into two parts
by a 10/90 fiber coupler (FC1). One part is connected
to a power meter (PM) to monitor the injected power
Pyi. The other is transformed into circular polarization
light via an aspheric lens (AL1), OI2, a polarizer (P),
and a quarter-wave plate (QWP) whose optical axis is
positioned at 45° relative to the transmission axis of the
polarizer. The polarization characteristics of the output
from the QWP can be determined through sending it to
another polarizer named as an analyzer. Rotating contin-
uously the analyzer and detecting the transmitted power
from the analyzer, the output from the QWP can be
judged as circular polarization light once the detecting
power keeps a constant. Then, such circular polarization
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Fig. 1. Experimental setup. TSL: tunable semiconductor laser;
1550 nm VCSEL: EDFA: erbium-doped fiber amplifier.

light is sent to a commercial 1550 nm VCSEL (Raycan)
via a beam splitter (BS) and AL2. The output of the
1550 nm VCSEL passes through AL2, BS, AL3, OI3,
and FC2, and then is sent to a detection system. The de-
tection system consists of an optical spectrum analyzer
(OSA, Ando AQ6317C) with a wavelength resolution of
around 0.01 nm, a 12 GHz bandwidth photodetector
(PD, New Focus 1544-B) and an electrical spectrum
analyzer (ESA, Agilent E4407B, 26.5 GHz bandwidth).
During the whole experiment, the temperature and cur-
rent of the 1550 nm VCSEL are controlled by a laser driver
(ILX-Lightwave LDC-3724B), and the temperature of the
1550 nm VCSEL is stabilized at 16.14°C.

Figure 2(a) gives the polarization-resolved P-I curve
for a solitary 1550 nm VCSEL, and the threshold
current I, of the laser is approximately 1.70 mA. For
1.70 mA <1 <7.10 mA, the y polarization component
(y-PC) with a shorter wavelength oscillates and x polari-
zation component (2-PC) with a longer wavelength is sup-
pressed completely, and then the solitary VCSEL operates
at y polarization mode (y mode). When the bias current is
increased from 7.10 to 7.50 mA, the z-PC is excited and
both two PCs coexist. For I =7.50 mA, the z-PC
becomes the dominant PC and the power ratio between
two PCs is larger than 30 dB, which means that type I
PS (from the higher-frequency PC to the lower-frequency
PC) happens. For I > 7.50 mA, the z-PC oscillates and
the y-PC is suppressed completely, and then the solitary
VCSEL operates at z polarization mode (z mode).
Figures 2(b), 2(c), and 2(d) display the optical spectra
of the solitary 1550 nm VCSEL biased at 4.00, 7.40,
and 7.60 mA, respectively. From Fig. 2(c), it can be seen
that, for I = 7.40 mA, two PCs are coexisted and the
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wavelength offset between two PCs is about 0.356 nm.
As shown in Figs. 2(b) and 2(d), the solitary 1550 nm
VCSEL operates at a y mode under [ =4.00 mA and
an z mode under I = 7.60 mA, respectively. Next, we will
discuss the PS characteristics of a 1550 nm VCSEL sub-
ject to CPOI under two cases. One case is that the solitary
1550 nm VCSEL operates at y mode, and the other is the
case that the solitary 1550 nm VCSEL operates at 2 mode.

Here, we take the case of I = 4.00 mA as an example.
As shown in Fig. 2(b), under this current the solitary
1550 nm VCSEL operates at y mode. After introducing
CPOI with the frequency detuning Avy (= vy, — v,, where
Viyj and v, are frequencies of the injected light and 2-PC of
the solitary 1550 nm VCSEL, respectively) fixed at
5.65 GHz, the dependence of polarization-resolved output
power of the 1550 nm VCSEL subject to CPOI on injected
power P is presented in Fig. 3. From this diagram, it can
be seen that, for a relatively small injected power P, the
y-PC remains as the dominant role. However, when the
injected power exceeds 0.200 mW, the output power
of the z-PC will be larger than that of the y-PC, and
therefore the 2-PC becomes the dominant component.
Continuously increasing Pj,; to 0.240 mW, the y-PC
power decreases suddenly to a low level; meanwhile the
2-PC power reaches a high level, i.e., type I PS occurs.
It should be pointed out that the actual power ratio
between the z-PC and the y-PC after occurring PS should
be larger than that presented in this diagram since the re-
corded optical power of z-PC includes part of injected
light that is reflected by the facet of the 1550 nm VCSEL.

The above results show that, through introducing
CPOI, a gradual PS can be achieved. Furthermore, the
dynamical state of total outputs of the 1550 nm VCSEL
may be changed due to CPOI. The evolution of nonlinear
dynamical behaviors with the injected power P;,; is shown
in Fig. 4 under Av; = 1.16 GHz, where the left column
denotes optical spectra centered at the frequency of the
2-PC(v,), and the right column denotes the corresponding
radio frequency (RF) spectra. As shown in Fig. 4(a),
without CPOI (Py,; =0 mW), the dominant PC is
y-PC and the z-PC is suppressed completely, and a flat
RF spectrum without a pronounced peak can be observed,
which illustrates that the laser operates at a stable
state (S). Under Py,; = 0.019 mW [as shown in Fig. 4(b)],
two PCs co-existed, and only a frequency peak located
at 2.90 GHz can be observed in the corresponding RF
spectrum, which denotes two PCs operating at period
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Fig. 2. (a) Polarization-resolved P-I curve and optical spectra for a solitary 1550 nm VCSEL biased at (b) 4.00, (c) 7.40, and

(d) 7.60 mA, respectively.
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Fig. 3. Polarization-resolved power versus injected power Py
under I =4.00 mA and Av; = 5.65 GHz, where the solid line
and dash line with dot represent the 2-PC and y-PC,
respectively.

one (P1) state. For Pj;=0.059 mW [as shown in
Fig. 4(c)], the 2-PC oscillates and the y-PC is suppressed,
and the fundamental frequency with 3.30 GHz and its
subharmonic with 1.68 GHz can be observed in the corre-
sponding RF spectrum. As a result, the laser operates at
period-two (P2) oscillation. Further increasing Py, to
0.115 mW [as shown in Fig. 4(d)], the 2-PC still plays
a dominant role and the y-PC is suppressed, and the laser
operates at P1 oscillation with the fundamental frequency
of 3.97 GHz. For P;,; = 1.250 mW [as shown in Fig. 4(e)],
the peak of the optical spectrum is stably locked at
Vi, and a flat RF spectrum has been observed, which
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Fig. 4. Optical spectra (left column) centered at v, and the cor-
responding RF spectra (right column) for the total power of the
1550 nm VCSEL biased at 4.00 mA subject to CPOI with Av; =
1.16 GHz and different injected powers. The injected powers in
(a)—(e) are 0, 0.019, 0.059, 0.115, and 1.250 mW, respectively.

illustrates that the laser operates at the stable injection
locking (SIL) state.

Figure 5 presents a mapping of the dynamical states of
the total outputs of 1550 nm VCSEL in the parameter
space of Py,; and Av; under I =4.00 mA, where P1 &
PS I, P2 & PS T and SIL & PS I denote type I PS accom-
panying P1 oscillation, P2 oscillation, and SIL, respec-
tively, and the white region represents the case without
PS. From this diagram, it can be observed that, under
suitable injection strength and frequency detuning,
type I PS can happen and the PS always accompanies
P1, P2, or SIL. Additionally, the minimal value of the
injected power Pfg;“ required for type I PS for different
Ay, can also been obtained. As shown in this diagram,
Py displays an asymmetric behavior with Ay, and a
negative value of Av; is more helpful for obtaining a
smaller Pg{%n due to the redshift induced by optical injec-
tion. For Av; = —1.33 GHz, the injected power required
for PS achieves its minimal value 0.008 mW.

Next, we take the case of I = 7.60 mA as an example to
discuss PS characteristics induced by CPOI in the
1550 nm VCSEL, which operates at z mode under free
running. Considering the z-PC plays a dominant role
while the y-PC is suppressed, under this case the frequency
detuning is defined as Avy = v5,; — v, where vy, and v, are
frequencies of the injected light and the y-PC of the soli-
tary 1550 nm VCSEL, respectively. Fig. 6 shows the
dependence of the polarization-resolved output power
on P;,; of CPOI under Avy = 11.71 GHz. From this dia-
gram, it can be seen that, for a relatively small injected
power Py, the 2-PC plays a dominant role. When the
injected power exceeds 0.300 mW, the y-PC power sud-
denly increases and then the y-PC becomes the dominant
component; meanwhile the power of the z-PC decreases to
a low level, which indicates that type II PS (from lower
frequency PC to higher frequency PC) happens gradually.
Similar to the case in Fig. 3, the reflected light from the
facet of the 1550 nm VCSEL results in the decrease of the
power ratio between the y-PC and 2-PC after occurring
type II PS.
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Fig. 5. Mapping of the dynamical behaviors of the 1550 nm
VCSEL subject to CPOI in the parameter space of P;,; and
Avy under I =4.00 mA. P1 & PS I, P2 & PS I, and SIL &
PS T represent type I PS accompanying with P1 oscillation,
P2 oscillation, and SIL, respectively, and the white region
(marked with “others”) represents the region without PS.
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Fig. 6. Polarization-resolved power versus injected power Py
under [ = 7.60 mA and Av, = 11.71 GHz, where the solid line
and dash line with dot represent the y-PC and z-PC,
respectively.

Figure 7 shows the evolution of nonlinear dynamical
behaviors with the injected power under [ = 7.60 mA
and Avy = 3.25 GHz. For the solitary 1550 nm VCSEL
[as shown in Fig. 7(a)], the 2-PC acts a dominant role
while the y-PC is suppressed completely and a flat RF
spectrum can be observed, which illustrates that the laser
operates at stable state. When P;,; = 0.040 mW [as shown
in Fig. 7(b)], the 2-PC is suppressed and the y-PC plays
the dominant role, and one frequency peak located at
4.71 GHz can be observed, which illustrates that type II
PS happens while the laser operates at P1 oscillation.
When P, is increased to 0.108 mW [as shown in
Fig. 7(c)], only the y-PC can be observed in the optical
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Fig. 7. Optical spectra (left column) centered at v, and the
corresponding RF spectra (right column) of the total power of
the 1550 nm VCSEL biased at 7.60 mA subject to CPOI under
Avy = 3.25 GHz and different injected powers. The injected
powers in (a)-(d) are 0, 0.040, 0.108, and 0.680 mW,
respectively.

spectrum, and a 5.59 GHz fundamental frequency and a
2.76 GHz subharmonic frequency can be observed in
the corresponding RF spectrum, which denotes the laser
operates at P2 oscillation. Further increasing Py, to
0.680 mW [as shown in Fig. 7(d)], the laser operates at
P1 oscillation whose fundamental frequency is increased
to 8.55 GHz.

Figure 8 presents a mapping of the dynamical behaviors
of the total output of the 1550 nm VCSEL in the param-
eter space of P;,; and Av, for I = 7.60 mA. From this dia-
gram, it can be seen that under suitable injection strength
and frequency detuning type II PS can be observed.
Similarly, type II PS always accompanies, P1 oscillation,
P2 oscillation, or SIL. In addition, the minimal injected
power Pﬁgn required for type II PS for different Avy can
also been observed. The minimal value of injected power
required for PS is 0.004 mW for Av, = —1.73 GHz and
there is a shape “S” with a window appearing centered
at Pi,; = 0.067 mW for —1.73 GHz < Av, < —0.49 GHz.
Moreover, for positive frequency detuning, with the
increase of the detuning frequency, the minimal injected
power P{ﬁ}“ first increases to a maximum, then decreases
to a minimum, and finally increases gradually.

By the way, compared with the pioneering work by
Al-Seyab et al.l¥, where a mapping of the dynamical
behaviors of a 1550 nm VCSEL subject to orthogonal op-
tical injection was presented and the PS accompanying P1
or SIL was observed, we have additionally observed the PS
accompanying P2 in a 1550 nm VCSEL subject to CPOI.

In conclusion, the PS characteristics in a 1550 nm
VCSEL subject to CPOI are experimentally investigated.
The results show that, under different biased current, the
solitary 1550 nm VCSEL can operate at y mode with a
shorter wavelength, two PCs coexisted, or z mode with
a longer wavelength. For the case that the solitary
1550 nm VCSEL operates at y mode, type I PS (from
higher-frequency PC to lower-frequency PC) can be
observed after introducing CPOI with a proper injected
power P, and detuning frequency Av; between the in-
jected light and the z mode of the solitary VCSEL, and

17 ! ! : ; Wrzapsi
P2&PS Il

1 [r1&psi
£ . [IsiL&pPsi
o Dothers
N
<

an

SIL&PS Il

_13 | 1 1 1
00 0.2 04 06 038
P, .ImW

inj

1.0 1.2 14

Fig. 8. Mapping of the dynamical behaviors of the 1550 nm
VCSEL subject to CPOI in the parameters space of Py, and
Avy, under I =7.60 mA. P1 & PS II, P2 & PS 11, and SIL &
PS II denote type II PS accompanying with P1 oscillation, P2
oscillation and SIL, respectively;the white region (marked with
“others”) denotes without PS.
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min

the curve of the minimal injected power Py required for
type I PS versus Av; exhibits a minimum locating at the
negative frequency detuning region. For the solitary
1550 nm VCSEL operating at « mode, type II PS (from
lower-frequency PC to higher-frequency PC) can also
be observed via CPOI under suitable injected power
Py,; and detuning frequency Av, between the injected light
and the y mode of the solitary VCSEL, and the curve of
Pgﬁ“ required for type II PS versus Av,y exhibits two min-
ima. In additiona, mappings of the nonlinear dynamical
states of 1550 nm VCSEL subject to CPOI have been
given in parameters space of the injected power Py
and frequency detuning. This work is expected to be
helpful in comprehending the PS characteristics and its
applications of 1550 nm VCSELSs subject to CPOL.
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