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Scalable Electro-Optic Control of Localized Bistable Switching in Broad-Area VCSELSs
Using Reconfigurable Funnel Waveguides
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We demonstrate a steplike optical modulation based on the activation and deactivation of a bistable
localized structure using a photoinduced and reconfigurable miniaturized 30 x 30 um electroactivated
funnel waveguide. Control of a single 10-um-diameter spot in a 200-um-diameter vertical-cavity surface-
emitting laser at 980 nm is achieved modulating the phase of an exciting beam in the specific position of the
spot in the cavity. This localized on-off response can be scaled into arrays and offer a possible route to fast
integrated optical logical functions and memory at low intensities at near-infrared wavelengths.
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I. INTRODUCTION

Optical modulators do not easily reproduce the response
of basic digital electronic circuits, such as the all-important
steplike response, rendering even the most elementary build-
ing blocks of a “digital” optics, such as optical memories and
optical logic gates, a challenge [1-3]. Although remarkable
advances have been achieved in integrated optical modula-
tors, especially in silicon photonics for telecommunication
wavelengths [4], the search is on for a fast, scalable, and
integrated steplike intensity modulator.

One approach is based on the use of bistable systems.
In a bistable system, only two states are possible, and
the response will be naturally steplike even when the
driving signal is not. Dissipative self-localized structures
in active cavities offer an enhanced versatility, since each
bistable structure can form in, and be moved to, different
positions throughout the device cross section, thus yielding
an effective spatial multistability for switching. For exam-
ple, vertical-cavity surface-emitting lasers (VCSELs) with a
broad emission area can host bistable localized micro-
metric structures (LSs) that are externally addressable and
able to store and process information. This forms the
optical equivalent of a blackboard mapped across a
device-dependent patchwork in the active area [5-8]. In
this vein, the single LS should be optically addressed using a
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conventional electro-optic phase modulator while the step-
like conversion occurs for the light it emits, a principle that
has been demonstrated using a piezoelectric-driven inter-
ferometric scheme [9]. In turn, the possibility of extending
this control to a full transverse plane has been demonstrated
using a liquid-crystal spatial phase mask [10]. Ideally,
each LS should be addressable independently and use a
fast electro-optic phase modulator, a challenge that requires
the miniaturization and integration of fast optical modu-
lators operating in the visible and near infrared. In a recent
development, a miniaturized intensity modulator based on
an electroactivated waveguide was used to excite a LS [11].
The approach is based on electroactivated circuitry, that is,
volume-integrated electro-optic waveguides generated
through spatial solitons or optical funnels that are modulated
using the quadratic electro-optic effect. These circuits are
wholly reconfigurable through photoinduction and can be
miniaturized, scaled into arrays [12], fiber coupled [13], and
electroactivated with a fast nanosecond response also for
visible and near-infrared light [14].

Here, we demonstrate an electrically driven steplike
optical modulation in the light emitted by an LS using a
miniaturized funnel-waveguide electro-optic phase modu-
lator in a sample of K, _,Li,Ta,_ Nb, (KLTN) [15-17]. The
LS forms in a 200-um-wide VCSEL kept below threshold
emitting at 4 = 978 nm and is locally excited or de-excited
by modulating the phase of a focused beam relative to the
background holding beam. The phase sweep, which is tuned
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Demonstrating a steplike response in LS activation or deactivation using a volume-integrated photoinduced miniaturized electro-

optic phase modulator. (a) Experimental setup (see text) and applicative concept (inset). (b) Typical broad spectrum of the broad-area
VCSEL (red curve) and of the exciting beam (black curve) where A/ is the shift between the two peaks in the spectrum. (c) Light emitted by
the VCSEL with the BB in proximity of an emission island (the slight asymmetry depends on alignment) and (d) the same region with also
the EB, in conditions activating the LS. (e) Optical on-off response: intensity of the LS emission from the VCSEL as a function of the
applied electrical field E (see text). The red labels a—d indicate the conditions corresponding to the spatial intensity distributions reported in
Fig. 2. The shaded region indicates the data aggregated into Fig. 2(f). Note the asymmetry in the on-off and off-on transitions.

to be slower than the two-state transition time of the LS,
accesses the underlying bistability and leads to the on-off
and off-on response [11,18]. The result extends previous
steplike experiments using bistable localized structures to a
configuration that can be integrated into dense arrays and
potentially operated at fast nanosecond time scales.

II. EXPERIMENTAL SETUP AND PROCEDURE

The proof of concept of a single miniaturized element
is performed using the experimental setup illustrated
Fig. 1(a), while the complete scheme of the ideal reconfig-
urable integrated array is illustrated in the inset. We should
note that in the presently available broad-area VCSELSs, the
regions forming the optical blackboard are a device- and
condition-dependent patchwork that spans the active area.
A laser beam (red beam) is split into a background beam
(BB) and exciting beam (EB). As the EB propagates
through the biased funnel-waveguide modulator, its phase
suffers a shift A®(¢) caused by the applied electric field
E(r). As the EB recombines with the BB and is coupled
into a VCSEL, light is emitted and manifests a steplike
signature in the corresponding (7).

In detail, an infrared laser beam from a semiconductor
laser diode (LD, 4 = 978 nm, 200400 mW optical power
emission, spectral range of 15 nm) is collimated (C1) and
filtered by a tunable Littman-Metcalf cavity (TEC). It
passes through a pair of 1/2 wave plates (WP1/2), an
optical isolator (IS), and a launch lens L1 before being split
into the BB and EB by a polarizing beam splitter (PBS). In
combination with the wave plates, this allows the balancing

of the relative BB and EB beam powers. The polarization of
the EB is once again rotated to be parallel to that of the BB
by WP3 and lenses L2 and L3 couple into and out of a
funnel waveguide imprinted in a sample of photorefractive
KLTN (PR). The waveguide has been previously prepared
using a CW visible laser beam (4 = 532 nm, =20 mW)
following the procedure described elsewhere [11,16,17],
and the PR is biased by an electric field E that introduces a
shift in the phase of EB relative to BB (A®) [15]. The BB
passes through the beam expander 7'1 and is recombined to
the EB at BS1. A final beam expander 72 and collimator
C2 injects both EB and BB into the 200-um VCSEL. The
surface of the VCSEL is inspected using a spectrum
analyzer (SA), a CCD camera (CCD), and a power meter
(PM) [6,11,19,20]. An iris pin-hole (PH) is placed after the
PR to obtain a homogeneous EB [15]. The detuning A
between the injected beam and the VCSEL emission peak
(when brought above threshold) is fixed changing the
wavelength of the EB through the TEC and the VCSEL
temperature [Fig. 1(b)].

In our specific batch of VCSELs (ULM Photonics, 980-
00-TN-H56 OOP), optically injected LSs form when the
current is tuned in the range 75-200 mA and the temper-
ature in the range 22-26 °C. Regions in the active area are
selected with defects that allow the spontaneous formation
of stable and fixed regions of increased emission even with
no EB [19,21,22]. The wavelength detuning A1 between
the VCSEL emission and the BB (measured at the peaks of
the spectra) is then continuously changed. In a range of A4
from =1.01 to =1.07 nm there are a variable number of
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FIG. 2. Transverse intensity distributions and x and y profiles (background is subtracted for added clarity) of the emitted light for
different values of E and A®: (a) 2.58 kV /cm and 14.34 rad (deactivation), (b) 3.13 kV/cm and 18.29 rad (activation), (c) 3.66 kV/cm
and 22.98 rad (deactivation), and (d) 4.04 kV/cm and 26.06 rad (activation). Note the phase-dependent ringlike structures. (e) (left)
intensity versus E and (right) data histogram in conditions not leading to the formation of LSs (A4 # 1.18 nm) compared to (f) same data

in conditions leading to LS activation or deactivation.

islands (generally from 1 to 5) of enhanced emission [see
Fig. 1(c)], each amounting to about 1/7 of the total device
area, in which bistable LS can form. In the inspected cases
we find no clear evidence of island cross talk. The island
size and distribution, that are both device and condition
dependent, ultimately fix, in our experiment, the minimum
distance between independent LS to 35 ym and the
maximum number of LS to 5. LS formation is found also
to depend on A4, mutual VCSEL-BB alignment, and the
intensity of the BB. After the identification of the suitable
regions, the increased emission in proximity of cavity
defects are switched off by increasing AA. The EB
is then injected into the VCSEL. The BB and EB
have approximately the same intensity (Pgg == 3.3 mW,
Pgg = 15.9 yW). The EB is launched in the proximity of a
defect supporting a region of enhanced emission and the
detuning is increased to AA=1.18 nm. The activation
and deactivation experiments are carried out with Agg =
977.83 nm and Aycggr, = 976.65 nm, Tyeggr, = 26.43°C
and Iycggr, = 128.06 mA. The relative phase between EB
and BB is then changed by appropriately changing the
voltage applied to the funnel-waveguide modulator [15].
An activated LS is reported in Fig. 1(d), and activation
occurs with up to a 20-um misalignment between the EB
and the defect.

III. RESULTS AND COMPARISON TO MODEL

In Fig. 1(e) we report the LS activation and deactivation
as a function of the electric field E applied to the electro-
optical funnel waveguide and associated phase shift A®.
The intensity / is measured in the central region of the
LS [Fig. 1(d)]. The transverse x, y intensity distribution
for different stages in the modulation are reported in

Figs. 2(a)-2(d)]. The on-off response is further detailed
comparing the emitted intensity versus E in conditions not
leading to LS [Fig. 2(e)] to those leading to LS [Fig. 2(f)].
Histograms of the data indicate that, as bistability sets in,
the LS is activated and deactivated abruptly, without
passing through intermediate values of emitted intensity.

The steplike response of Fig. 1, with an on-off extinction
ratio of 5, confirms previous steplike experiments and can be
interpreted through simulations based on the well-estab-
lished model of VCSEL spatiotemporal dynamics [6,23].
Specifically, we adopt the model equations (8a) and (8b) of
[24] and the laser parameters relative to Fig. 8 therein, a
condition compatible with our present experiments.

The input field Y is modeled by superimposing a plane-
wave background beam (BB) and a narrow pulse acting as
an exciting beam (EB), whose phase is linearly varied in
(0, 27) throughout the simulations. The variation is carried
out so as to ensure that the field is adiabatically always at
steady state. Assuming

Y(1) = Ygp + Yegexp [-(x* + %)/ (20%)] expligp(1)]. (1)
we choose Ygg = 0.75 to ensure that the laser is in a regime
where LSs, similar to those described previously, and
identified as cavity solitons (CS) are stable [see Fig. 8(a)
in [24] ] and Y = Ygg to meet the experimental conditions.
The width of the EB is chosen comparable to the CS diameter.
We consider an initial condition where a steady-state CS is
present on the optical axis and evaluate the field intensity at
this location while the phase is varied in (0, 2x) (black line)
and back (red line). Figure 3 shows the plot of the predicted
intensity versus phase, where one can appreciate the CS

switching off and on as the phase variation causes the EB and
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FIG. 3. Simulation results of the intensity at optical axis versus

EB phase during an adiabatic phase sweep from 0O to 2z (black
line) and back (red line). The dashed arrows mark hysteresis
regions. For the purpose of interpreting our experiments, this
hysteresis leaves the fingerprint in the form of an asymmetry in
the rise and fall sections of the signal [see Fig. 2(f)].

the BB to interfere destructively and constructively, respec-
tively. Note the coexistence of the on and off states which
indicates a bistability between the homogeneous state and the
CS branch (as seen in Fig. 8 of [24]) and the asymmetry in the
switch-off and switch-on processes as observed in the experi-
ment (Fig. 2). The bistability is evidenced by arrows in Fig. 3.
The ringlike structures observed in the transverse intensity
distributions of Fig. 2 suggest a residual phase profile in the
EB from the miniaturized modulator described in [15,25].
This is confirmed by simulations, further indicating the
existence of an area around the LS reasonably free of defects
and emission anomalies. The effect can be simulated in the
model by assuming an EB phase that presents a transverse
Gaussian spatial modulation, compounded with the time-
varying phase introduced previously. We consider thus

P(x.y. 1) = (1) + Spexp [-(x* +y7)/(28%)].  (2)

where 8¢ is taken constant while ¢(¢) is varied during the
simulation in the range (0, 87) forward and backward; ¢ is
larger than ¢ and compatible with the size of the funnel
waveguide at the VCSEL plane (6/& = 3/5 in our simu-
lations). This phase replaces ¢(¢) in Eq. (1) and allows the
simulation of a spatially distributed phase interference
between a plane-wave BB and a complex, time varying EB.
The visualizations Visualizationl.avi and Visualization2.
avi provided as Supplemental Material [26] show the tem-
poral evolution of the intracavity field profile as the phase is
varied forward and backward, respectively. Specific results
are presented for Ygg = 0.5 and Ygg = 0.7. The formation
and alternation of rings that accompany the onset and erasure
of the central CS are in agreement with the experiments.
Our experiments drive an LS using a miniaturized funnel
waveguide at steady state. The actual time response of the

assembly depends on the specific details of the two under-
lying components, i.e., the electro-optic response of KLTN
7; and the activation and deactivation time in the VCSEL 7.
Although 7; can potentially be below the nanosecond time
scale using traveling-wave radio-frequency techniques, stan-
dard electric driving of KLTN leads to a 7; ~ 10 ns [14].
In turn, 7z, is determined by the excitation-recombination
process in the active medium and in conditions comparable
to ours has been measured to be 7, ~ 5 ns [9].

IV. CONCLUSIONS

We demonstrate the activation and deactivation of
localized light structures in a broad-area VCSELs by
employing a phase modulator based on an electro-optical
funnel waveguide with a potential nanosecond response
and micrometric transverse miniaturization [14]. Our
results expand previous findings on steplike two-state
response using bistability [8,9] demonstrating miniaturized
electro-optic control that can be potentially scaled into
dense arrays and driven to speeds typical of cutting-edge
optical modulation technology. While this builds on pre-
vious results, introducing no conceptual modifications in
our understanding of the underlying soliton physics,
it opens alternative applicative scenarios in optical infor-
mation processing and optical memories, and a similar
configuration can be developed to implement optical
logical gates (AND, OR, NAND, and NOR) [27]. Future
progress is required to deploy a full-fledged array of
modulators, butt couple the modulators to the VCSEL,
and evaluate response time, long-term stability, and overall
complexity of the assembly compared to presently
deployed interferometric modulation techniques.
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