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ABSTRACT

Laterally coupled vertical-cavity surface-emitting lasers (VCSELs) can exhibit additional resonances at high modulation frequencies that can
substantially increase the laser’s modulation bandwidth. State-of-the-art laterally coupled devices require non-standard manufacturing tech-
nology and precise tuning of the currents supplied to each cavity separately to form optical supermodes suitable for such resonances. Here,
we report on a novel switching phenomenon in laterally coupled VCSEL structures having only a single common electric contact and manu-
factured in a standard oxide-confined VCSEL geometry. At lower currents, they can be operated in a weakly coupled (WCR) regime and, at
higher currents, in an injection-locked (IL) regime, enabling fundamentally different spectral and dynamic features. In the WCR, both
optical supermodes lase and a narrow tunable plasma-assisted peak at their beating frequency is observed for each of the apertures, with a
current-dependent frequency tuning and anti-phase intensity oscillations in each of the cavities. In contrast, in the IL regimes, only one
(anti-symmetric) supermode lases. This adds a broader resonance to the modulation response while the intensity oscillations in both cavities
are in-phase. Only the IL regime can result in increased modulation bandwidth of the system. Measurements of the pulse responses and
continuous modulation up to 70 GHz for both operational regimes are presented and compared with simulations of our distributed rate
equation model whose parameters are extracted from full-wave electromagnetic simulations of the device, including the temperature distri-
bution in the device. Excellent agreement is found and enables comprehensive understanding of the dynamics of supermodes in oxide-con-
fined coupled cavity VCSELs.
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1. INTRODUCTION density, thus higher ROF values require larger current densities
leading to high energy consumption, potentially also resulting in
transmission continues to grow.” For short-haul links, eg, in overheating that limits both ROF and device reliability. Therefore,

data-centers, vertical-cavity surface-emitting lasers (VCSELs) are alternative strategies to enhance the modulation speed of VCSELs
commonly used for direct current modulation schemes, making using direct current modulation need to be developed.

them an important component of the networking infrastructure. Proposed approaches include integration of an electro-optic
The modulation bandwidth of conventional VCSEL devices modulator to bypass the intrinsic ROF of the semiconductor laser,
remains constrained by the relaxation oscillation frequency (ROF),  Yielding in demonstration of at least 35 GHz modulation band-
which is determined by the intrinsic photon-carrier resonance of ~ width,”" or utilizing lateral photonic crystal structures to increase
the device. The ROF scales with the square root of the current the differential gain allowing for high data rates at very low current

The demand for high modulation speeds in optical data
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densities.” Also, replacing the carrier dynamics by spin and polari-
zation dynamics was demonstrated to achieve modulation frequen-
cies exceeding 200GHz.° An alternative strategy involves
incorporating additional resonances into the modulation band-
width by designing transversely coupled-cavity (TCC)
resonators.””” The latter have been developed and demonstrated by
several groups, including bowtie devices,® vertically coupled and
photonic-crystal VCSELs,'’™"*  double-transverse-coupled-cavity
VCSELs"’ and daisy-like VCSELs."* A design of a 980 nm VCSEL
laterally coupled to six hexagonal feedback cavities enabled a sub-
stantial increase in modulation bandwidth, achieving a -3 dB band-
width exceeding 45 GHz (limited by the experimental setup).'* A
significant improvement in modulation bandwidth and data trans-
mission at 30 Gbit/s could also be demonstrated."

All these approaches, however, require non-standard VCSEL
technology, such as photonic-crystal manufacturing,'” proton
implantation® for electrical separation of the two cavities, or com-
plicated contacting.'* In addition, bandwidth enhancement requires
critical tuning of both currents and geometrical parameters. In
North et al,'” it is shown how the coherent coupling of two aper-
tures defined in a photonic crystal structure is obtained only for a
precise set of injection currents in the two cavities. In Dalir and
Koyama® instead, the resonance is controlled by a tuning of the
current injected in the passive cavity.

In this study, we demonstrate for the first time the coherent
operation of a 2 x 1 aperture TCC-VCSEL, requiring only a single
contact and with a simple standard oxide-confined VCSEL fabrica-
tion process. This advancement enables a more cost-effective and
easy-to-use technology, expanding the potential of TCCs for indus-
trial applications.

We provide a detailed characterization of the two static
regimes the device can operate: The first one, referred to as weakly
coupled regime (WCR) is found at low bias current, featuring two
lasing supermodes and different dominant wavelengths in each
cavity. This leads to an oscillation of the photon densities, which
couples to the carrier plasma, resulting in a continuously generated
plasma-assisted beating (PAB) adding a narrow PAB peak to the
intensity modulation response (IMR). The second one, referred to
as monolithic self-injection locking (SIL), instead features a single
lasing supermode and a coherent, phase-coupled operation of the
two apertures. We show how this second regime can lead to an
enhancement of the intensity modulation response by an additional
photon-photon resonance (PPR) and how it is easily observed by
increasing the bias current. This may be explained by a combina-
tion of device geometry, self-heating effects, and carrier dynamics
effects, that will be analyzed both experimentally and theoretically.

While TCC-VCSELs are primarily intended for high-speed
data transmission within the self-injection locked range, this study
also highlights additional promising applications of the WCR:
First, Radio-over-Fiber is an important application of current
and future energy- and cost-effective wireless networking.'®
Radio-over-Fiber requires a light source that features modulation at
RF-carrier frequencies. For this purpose, the PAB of the supermo-
des in the weakly coupled regime can be used, while additional
signals can be added using direct modulation. Dispersion limita-
tions of fiber systems can be avoided by the narrow laser line
width, while increased optical power is supplied by the array

ARTICLE pubs.aip.org/aip/jap

configuration, making the coupled-cavity VCSELs good candidates
for optical sources in Radio-over-Fiber systems.'”

Generation of radiation in the terahertz range is another topic
of current research interest, which can be addressed operating this
laser type in the WCR. The standard approach to generate continu-
ous wave terahertz radiation is to tune two single mode lasers to
the desired frequency spacing of 0.1 THz and more. Two tunable
lasers are however bulky and require exact alignment for beam
overlapping. In contrast, the modes in the investigated
TCC-VCSELs shift with different rates over current, such that an
extremely compact tunable two color laser source can be obtained.
We demonstrated already that the TCC-VCSELs can be used to
generate THz radiation with a tuning range of several hundred
GHz.'® Furthermore, the devices can be utilized for beam steer-
ing'>*” and possibly other applications yet to be explored.

To investigate SIL and WCR, in this work the devices in our
study are (I) characterized steady state by spectrally resolved beam
shape analysis, (I) spectrally characterized with a high-resolution
optical spectrum analyzer, (III) electrically modulated up to 70 GHz,
(IV) operated under ultrashort pulse injection. For (III) and (IV),
the output is analyzed with a streak camera with spatial and spectral
resolution, enabling insights in the dynamics with modal resolution
and with respect to each cavity separately. The operational ranges of
WCR and SIL are analyzed using techniques (I)-(IV).

Phase coupled operation in TCC-laser arrays has been exten-
sively studied in the literature by means of coupled mode
theory,”"*” also including the effect of a non-uniform gain distribu-
tion.”> More recently, concepts from parity-time symmetry and
exceptional points”* were introduced to describe the physics of
TCC-VCSELs. In this context, Gao et al.” provide an experimental
and theoretical demonstration of mode hopping and beam steering
in a 2 x 1 photonic crystal VCSEL array.

Our proposed modeling approach is based on the solution of
the scalar wave equation, carried out by an expansion of the electric ¢

26

field as a sum of the cavity (super)-modes™ and coupled to the
carrier diffusion problem. In contrast to the previous works, we
self-consistently solve the dynamics of carriers and electric field,
introducing the possibility of simulating dynamical effects, such as
the pulse excitation,”” dynamical stability”® properties and the
IMR, including the effects of spatially dependent probing.”® We
especially focus on the transition between the WCR and SIL
regime, providing both spatial and spectral analysis for static and
dynamic investigations.

This work is structured as follows. First, we will give details on
the sample used, followed by a description of how the laser device
is modeled for the simulations. We continue with a presentation of
the results of experiments (I)-(IV) and a comprehensive analysis of
the results based on comparison with simulated data.

Il. DEVICE

Our mini-array VCSEL design is remarkably simple and
completely based on standard manufacturing steps, which is benefi-
cial for manufacturing complexity and device costs. Our devices
utilize conventional oxide-confined apertures to enable controlled
coupling between the cavities. Furthermore, in our samples all
apertures have common p- and n-contacts. The devices can be
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designed to operate in a stable single mode regime up to high cur-
rents. For small aperture-to-aperture pitch sizes of less than around
11 um, optical leakage-induced interaction between apertures gets
strong enough to allow coherent lasing of all apertures. In our
devices, the SIL or coherently coupled current range is significantly
large and covers several mA.

The device is mounted and bondwired on a V-connector,
enabling high-frequency electrical modulation. It is operated in a
room-temperature environment without additional temperature
controller.

The device investigated is a 2 x 1 coupled cavity VCSEL of
which Fig. 1(a) shows a microscope image. The oxide aperture can
be seen revealing the two apertures AP1,2 being connected with a
bridge of 1.2um diameter, while AP1,2 having a spacing of only
5um. The apertures share a common electrical contact. In a previ-
ous publication,”® we have described how we model the dynamics
of the device by using a lumped rate equation that is parameterized
based on the results of a vectorial electromagnetic solver for a per-
fectly symmetrical structure. In Sec. III, we extend the analysis to
include thermal effects, structural asymmetries, and a more quanti-
tative analysis of the spatial hole burning, adopting a distributed
model for the carrier diffusion problem.

lll. MODELING

We numerically solve the scalar wave equation together with
the carrier diffusion problem. A dynamic rate equation for the

(b)
DN

y J—
Iy
tbr 0 X

Lbr

FIG. 1. Photography of the two aperture (AP1, AP2) device used in this study
(a). Sketch of the oxide aperture, consisting of two circular apertures with radius
R, linked by a central region called bridge, with thickness t, (b). The bridge
length Ly, is defined as the distance between the centers of the two apertures.
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complex electric field amplitude is achieved by representing the
electric field phasor as a superposition of the modes with no excita-
tion ("cold cavity”) and by applying the slowly varying approxima-

1
OE = (— T + zwi) E+ ; kiE;. (1)

Here, E; is the complex amplitude of the ith mode, 7,; is the
ith mode’s photon lifetime, w; is the ith frequency separation with
respect to the first mode. The terms k; are derived in Ref. 26 and
are

kij = (1 + io, )T, v, JJ Yig(x, y, t)‘{";‘dxdy, )
AR

where W; is the modal envelope of the ith mode AR denotes the
active region, I'; is the longitudinal confinement factor, v, is the
group velocity in the AR, aj, is the linewidth enhancement factor, g
is the material gain, computed as

 GaNGx 1) = No) ‘)

o1+ eS(x, y, t)
where Nj is the transparency carrier density, G, is the active region
differential gain, € is the non-linear gain compression factor, and S
is the photon density. In this work, we adopted a simplified gain
model, neglecting any spectral dependence. This is a reasonable
approximation, especially for the first two frequency-close modes,
and it is sufficient to describe the observed experimental evidence.
The photon density is computed as the absolute value squared of
the electric field,

2

. (4)

S= ‘Z E¥i(x, y)

Finally, N is the carrier density per unit volume averaged in
the AR, which is a solution of the carrier diffusion problem,

N J(x, y, t)
N=———v,gS+D, VN + 22~
O ™ vg8S + Dy + qw

, ©)
where 7y is the carrier lifetime related to nonradiative recombina-
tions, D, is the diffusivity, W is the active region width, g is the
electron charge, and J is the current density injection profile.

The first step required for evaluating the set of equations
derived so far is the computation of the electromagnetic modes,
together with their emission frequency and photon lifetime. For
this purpose, we use an in-house electromagnetic solver based on
coupled mode theory.”” The modes are determined under the
assumption of linear polarization (LP modes), as it is a good
approximation for circular oxide apertures.”” This approach
involves a dominant transverse component along the x or y polari-
zation, with a negligible z component. The simulated structure rep-
licates the manufactured one, including the oxide aperture
illustrated in Fig. 1. In particular, Ry, is the radius of the left and
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(a) (b) (c)
2 05
L)
[
>
S 0
©
S .05 Case (i) Case (ii) Case (iii)
= ——Mode (1) ——Mode (1) ——Mode (1)
——Mode (2) ——Mode (2) —Mode (2)
-1
-5 0 5 -5 0 5 -5 0 5

X (Um)

x (um)

X (um)

FIG. 2. Cuts of the modal envelopes of the first two modes at y = 0. Case (i): symmetric structure (a), case (ii): asymmetric structure (b), case (iii): asymmetric structure

with thermal profile (c).

right apertures, while t,, and Ly, are the width and the length of
the bridge. In Fig. 2, we report the first two computed electromag-
netic modes together with their emission frequency separation for
three cases (we number the modes for increasing emission
frequency):

(i)  symmetric structure, with Rj; = 1.5um without self-heating
effects,

(i)  asymmetric structure, with Ry = 1.5um R, = 1.4um without
self-heating effects,
(iii) asymmetric structure, with R = 1.5um R, = 1.4um with

accounted self-heating effects.

For all the three cases, Ly, = 5um, fy, = 1.1um. The thermal
profile has been assumed as

T(x) )’) = TO + Toffsete(x) )’)> (6)
where T is the room temperature and Tyt = 30K, e(x,y) is a
function whose level curves are elliptical, fitted to thermal diffusion
simulations. The effect of temperature is accounted with a variation
of the refractive index via a phenomenological linear relation
6n/8T. The material parameters used for the dynamical and elec-
tromagnetic simulations are given in Table I, while the resulting
modal parameters are given in Table II.

TABLE |. Material parameters.

Parameter Value Unit
w 6.5x4 nm
ay 2 v
€ 3x107% m®
™ 1 ns
G4 1x107" m?
No 22x10% m™
nlST 22%x107* K™!

The modal envelopes fundamentally agree with the early theo-
retical supermode works.”'** The symmetric structure (i) supports
two (one even and one odd) supermodes (i.e., modes localized in
both cavities). In D’Alessandro et al.,”° it has been shown how this
configuration can lead to a bandwidth enhancement if only one of
the two supermodes is lasing. In the asymmetric case (ii), it can be
seen how the two optical modes are instead almost completely
localized separately in the two cavities, hence almost non-
interacting. Case (iii) shows the effect of temperature, which is
threefold: the modes become less localized, hence tending to case
(i), the frequency separation increases, as observed in Ledentsov
et al’' and modes experience a lensing toward the center of the
structure.

The analysis of Fig. 2 suggests a complex interplay between
the unwanted symmetry breaking, which tends to decouple the
modes in the two cavities and the thermal lensing, which has the
opposite effect.

The third and fourth modes are included in the dynamical
analysis but not shown in Fig. 2 for conciseness. As general com-
ments, their modal envelopes are not significantly varying with the
temperature. More details about the modal features are reported in
Table II.

TABLE II. Modal parameters at temperature offset Togser=30K from room
temperature.

Parameter Value Unit
Tp1 2.01 ps
Tp2 2.08 ps
Tp3 2.04 ps
Tpa 2.01 ps
f 0 GHz
h 41 GHz
f 332 GHz
fa 661 GHz
I, 0.33
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IV. STATIC OPERATION

Once the modes are computed, the transition from the WCR
to SIL regime can be investigated by solving Egs. (1)-(5). The
carrier diffusion equation is discretized using a finite element mod-
eling (FEM) method on a mesh generated by the software Gmesh™”
and solved with ode45 of Matlab.”” The current density injection
profile J(x, y) is set uniform on the oxide aperture. We report the
case of injected current 7.5 mA and 8 mA, keeping the temperature
offset of Tyfer = 30 K from room temperature. In the former case,
the system is in WCR, that means the solution can be expressed in
the form

E(x, y, 1) = V14,67 + P A% + - (7)

where @; and A; are the frequency offsets and complex amplitudes,
both solutions of the dynamical problem. The amplitudes A; for
sake of understanding can be considered as constant plus small
oscillating components.

In the second case instead, the system is in SIL that means the
solution can be expressed as

E(x, 3, t) = (W14, + PA,)e"2 4 - .., (8)

where @1, is an intermediate frequency which has to be found as a
solution of the dynamical problem. It is important to notice that
the first two modes are in phase locking,”” meaning that they oscil-
late at the same frequency @».

For a better visualization of Egs. (8)-(7), the Fourier trans-
form of the sum of the modal amplitudes is reported in Fig. 3 for
the two currents. It can be seen how a peak is present for each

T 11-2) ——75mA (.WCR) l
g ——8.0 mA (SIL)
08 3 1
£ /(2) (3)
8
06} ]
g \\
N | ]
304[ [ 1M ()
=
So.2f -
AN 1L A

0 200 400
Frequency (GHz)

600

FIG. 3. Simulated optical spectra for WCR (7.5 mA) and SIL (8.0 mA) regimes.
It can be seen how the lines corresponding to the first two modes merge into a
single one after the transition to SIL. The insets show the modal envelope corre-
sponding to the 3rd and 4th modes spectral lines, which is the same in SIL and
WCR case.
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mode, plus smaller peaks linked to second harmonic in WCR. The
insets show the modal envelope corresponding to the lines of the
third and fourth modes.

For better understanding the transition from WCR to SIL, the
frequency resolved near field (FRNF) is computed as

2 ®

i=1:4

NE(f, x) = ‘ > A(HWix, 0)

where W;(x, 0) is a cut of the ith mode at y =0 (like the ones
reported in Fig. 2) and A;(f) is the Fourier transform of the ith
modal amplitude. A numerical broadening has been added to
mimic the resolution of the measurement setup. In Fig. 4, the
FRNF is reported for the two regimes. Inspecting frequency and
space at the same time suggests that in WCR each cavity features a
predominant frequency, as suggested in Ref. 31, while in SIL, the
two cavities are coherently emitting. It can be seen that the NF
appears to be an odd configuration, visible from the zero at the
center of the bridge, in accordance with experiments.

This latter aspect explains why the transition from WCR to
SIL advantages the third mode, which is more present in the
center, and penalize the fourth one.

The transition to SIL can be therefore interpreted as a phase
locking of the two close frequency modes. The conditions for a
stable SIL are a complex topic that deserves to be analyzed into
details in future works. As a general comment, the SIL solution is
possible only for some frequency ranges, in the order of tens of
GHz, in agreement with the standard theory of injection locking.™
Also, the modal overlap plays a major role, due to the coupling
coefficients k;. This latter effect is strongly influenced by the tem-
perature in the analyzed structure. Material and modal parameters,
such as oy and the threshold gain separation also play an impor-
tant role that will be studied in detail in future works. Figure 5
shows an x-cut of the normalized gain profile, for I = 7.5 (WCR)
and 8 mA (SIL). It can be seen that the gain profile significantly
changes in the two regimes, due to the different distribution of the
photon densities. This results in a change in the eigenvalues of
the coupling matrix k;, which provide the resonant frequencies of
the device.”” Therefore, this change of regime can result in changes

150
C)

Aw (GHz)
3

50

-5 0 5
X, pm

X (um)

FIG. 4. Simulated frequency and space resolved near field including self-
heating effects, i.e., case (iii). Detail of the first two modes reported at 7.5 mA,
WCR (a) and 8.0 mA, SIL (b).

00:02:20 G20z 1snbny G|

J. Appl. Phys. 138, 053102 (2025); doi: 10.1063/5.0275622
© Author(s) 2025

138, 053102-5


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

—_—
-

et
©

ot
o

=
>

——7.5mA (WCR)
——8.0 mA (SIL)
1

-10 -5 0 5 10
X, pm
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FIG. 5. x-cut of the normalized gain distribution for at 7.5mA (WCR) and
8.0 mA (SIL), computed from the carrier density with Eq. (3). The dashed lines
denote the injection window.

in the frequency separations, observed as a frequency jump in the
IMR.

We now proceed with the experimental investigation of the
near field of both apertures. In agreement with the simulations, we
are able to use the beam profile to distinguish between the WCR
case, in which the two supermodes are lasing, and the SIL range, in
which only one supermode is lasing. The near field is shown in
Fig. 6(a) for the WCR case and in Fig. 6(b) for the SIL case. The
horizontal axis of the plots corresponds to the array axis position,
while the vertical axis corresponds to a spectral resolution. The
image was acquired through a microscope. Between the objective
lens of the microscope and the CCD camera, a 750 nm blazed dif-
fraction grating was placed. The grating allowed to separate the
image into wavelengths along one axis.”

It can be observed that the two apertures in Fig. 6(a) have
slightly differing emission wavelengths, corresponding to asymmet-
ric supermode localization, as expected from the modal analysis
and indicated in the inset of Fig. 4(a). In contrast, for the SIL case
it is observed that the emission wavelengths of both apertures do
not differ within the range of measurement accuracy, which indi-
cates coupled supermodes, as well expected from the modal
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FIG. 6. Measured near field showing the fundamental supermodes in the WCR
regime (a) and in the SIL regime (b).
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analysis and indicated in the inset of Fig. 4(b). Furthermore it is
evident that zero intensity is located in the center, which indicates
out-of-phase coherent operation.”®

For further analysis, we show the far-field (FF) for the WCR
and SIL cases [Fig. 7(a) and 7(b)] as well as the spectra of the two
cases in Fig. 7(c). The FF images as well as the spectra reveal that
there are higher order modes, while the difference between the two
operational regimes can be clearly observed: In FF zero intensity
between the two maxima is found in SIL case only, and the spectra
demonstrate the evolution from two spectral peaks of the funda-
mental supermodes in WCR to a single peak in SIL, as expected by
theory and shown in Fig. 7. The spectrum for the SIL case in
Fig. 7(c) has been shifted for 291.1 GHz to compensate for the red-
shift due to the increased current. The shift amount is defined by
overlapping the peak of mode (3), as it is known from previous
studies that the frequency distance between the lowest frequency
peak and (3) remains low in the range of a few GHz for a current
increase of 1 mA.

V. PULSE RESPONSE

We continue our study with pulse response analysis. The
advantage of pulse response analysis is that it allows to measure
resonance frequencies only limited by the used streak camera time
resolution. The used streak camera can resolve oscillations
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FIG. 7. Far-field in the WCR regime (a) and in the SIL regime (b). Measured
spectra in the WCR (7mA) and SIL (8mA) (c). Traces have been shifted to com-
pensate for the heating-induced redshift for enabling comparison.
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FIG. 8. Simulated streak camera response at 2mA, in WCR. The average on
100 samples of the photon densities are integrated on the left (red trace) and
right (blue trace) cavities and reported as a function of time. It can be seen that
the PAB oscillations are in anti-phase in the two cavities. Top right inset:
example of left trace for two different samples. Their phase is random before
the pulse and aligned after it.

>300 GHz depending on the time range settings, which is much
more than direct electrical modulation can supply.

We begin with the simulation of the pulse excitation in combi-
nation with this streak camera experiment. To imitate its triggered
principle of operation, we average the result of 100 simulations
with random initial conditions (i.e., before the trigger occurring at
t = 2ns). The result is given in Fig. 8, showing the integrated
photon densities at the right and left cavities during and after this
pulse excitation. It can be seen that before the pulse nearly no oscil-
lations are present, while after the pulse anti-phase oscillations are
visible. This is due to the fact that the 100 time traces before the
pulse have a random phase, while the application of the pulse acts
as a phase synchronizer. To better illustrate this concept, in the
top-right inset two exemplary time traces for the left aperture are
reported. These traces are part of the ensemble used for the averag-
ing process. It can be seen how the PAB oscillations cancel out
before the application of the pulse, while having the same phase
after it.

We proceed with the experimental analysis of the pulse
response. We employ the setup given in Fig. 9(a). The pulses are
generated optically using an 810 nm Titanium:Sapphire laser (Ti:
Sa). The light is coupled into a single mode fiber for beam shaping
purposes. The fiber broadens the pulses to few ps pulse width. The
pulse response of the VCSEL array is transmitted via a Bruker spec-
trometer toward a Hamamatsu streak camera, resulting in an actual
temporal resolution of 9.3 ps. The spectrometer can be used in the
typical first-order configuration to obtain spectral and temporal
resolution in the streak camera or in the zeroth-order reflective
configuration, resulting in spatial and temporal resolution. The
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FIG. 9. (a) Experimental setup used for optical pulse injection. LP: Linear polar-
izer, Ti:Sa: Titanium:Sapphire laser, M: Mirror, OSA: Optical spectrum analyzer.
(b) Pulse response of mode (1) intensity for 2.9 mA in the weakly coupled
regime. The inset shows additionally the intensity of mode (2) with magnified
axes ranges to point out that the oscillation is in anti-phase between the two
modes. (c) Pulse response of mode (1)-(2) intensity for 8.2mA in the self-
injection locking regime. (d) Peak-to-peak amplitude over time extracted from
the oscillations in (b) and (c). Dots show data points, solid lines are fits.
(e) Fourier-transform of the response signals. (f) Damping constant of a
A(t) = Aoexp( — =) fit of the oscillation amplitude in the response signals. Dots
represent the data points, while the red line is a smoothed signal for better
visualization.
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working principle of the streak camera requires the Ti:Sa pulse as
trigger event to start its fast acquisition.

Figure 9 shows the pulse response in the intensity I of mode
(1) for the weakly coupled case at 2.9 mA (b) and of modes (1)-(2)
in the self-injection locking case at 8.2 mA (c). The injection pulse
takes place at approximately 80 ps and results in a significant initial
peak in both cases. Afterward, the response continues with a fast
oscillation which is not associated with the intensity dynamics res-
onance frequency but with the frequency separation of the funda-
mental supermodes, which we have shown in a previous
publication.”” In agreement with the simulations, the intensity of
the two supermodes (1) and (2) oscillates with a phase shift of 7, as
depicted in the inset of Fig. 9(b), hindering recognition of the
supermode interaction-related impulse responses in the overall
intensity.

We analyze the peak-to-peak amplitude over time extracted
from the data in Figs. 9(b) and 9(c) and plot it for comparison in
Fig. 9(d). The solid lines are fits for improved visualization. It can
be observed that the damping of the oscillation is very weak in the
WCR case and the oscillation persists beyond the end of the mea-
surement window used. In contrast, damping is significantly higher
in the SIL case.

Figure 9(e) gives an overview of all the data collected during
this measurement run; the frequency of the response oscillations
depending on the bias current is shown and the two operational
ranges are marked. The WCR ranges up to a value slightly higher
than 6 mA, while the device operates in SIL for higher currents to
the maximum current of 10 mA. It is visible that the response fre-
quency tunes linearly with the current up to approximately 70 GHz
at the transition from WCR to SIL operation. At this point, the
response frequency has a discontinuity and starts to increase with
current from approx. 47 GHz to approx. 60 GHz at the maximum
current. In WCR, this frequency resembles the frequency difference
of the two supermodes, while in SIL regime only one spectral peak
is recognized [see Fig. 7(c)]. It can be observed that, in both simu-
lations and experiments, the broad SIL feature has a lower center
frequency than the narrow PAB peak. We attribute this to two
main factors. First, while the PAB is approximately located at the
frequency difference between the two lasing modes, our previous
work®® has shown that the PPR frequency undergoes a frequency
correction arising from carrier interactions, which induce a chirp
due to the non-zero linewidth enhancement factor. Furthermore,
once the system transitions into the SIL regime, the frequency dif-
ference between the two cold-cavity modes can no longer be
simply associated with the PPR frequency, since the lasing fre-
quency is at an intermediate point of the cold cavity ones. For cur-
rents between 7 and 8 mA only a weak signal with few oscillations
was observed, such that the signal gets only barely visible in the
Fourier transform plot. This might be explained with the interac-
tion with higher modes.

Figure 9(f) shows the damping constant 7 evaluated from
each response by fitting an exponential decay A(t) = Ao - exp(—7 - t)
to the time dependent response oscillation amplitude A(t) of the
response oscillations. A(t) has been extracted by finding all n oscil-
lation minima M, (fy,,) and maxima N, (ty,,) and combining them
to the oscillation amplitude A((tprn + tnn)/2) = |M, + Ny|. The
plot reveals that the trend for very low damping in WCR operation
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and high damping in SIL operation described exemplary with
Fig. 9(d) applies for the entire measured current range. This gives
an indication that the WCR will not contribute to bandwidth
enhancement but can be used for beat note generation, while the
SIL regime, due to its higher damping, can act as bandwidth exten-
sion also for data transmission.

VI. ELECTRICAL MODULATION

The next part of our investigation is dedicated to continuous
wave modulation. We begin with presentation and analysis of simu-
lation results for the two regimes. In Fig. 10, the computed inten-
sity modulation response is shown for three different currents.
First, we report an example of WCR for 2mA and an offset tem-
perature of Tyec = 0K from room temperature, computed using a
sinusoidally modulated input signal and extracting the amplitude
of the signal from the resulting response for each frequency step.
Due to the PAB of the first two lasing modes, which feature a
nonzero overlap, a very sharp peak is present in the IMR. This
peak can be tuned via the bias current, as it will be demonstrated
in the experiments later. Although detrimental for telecom devices,
this can be utilized for applications such as optical carrier genera-
tion'” or generation of terahertz radiation.'®

The same analysis is done at 7.5 mA for an offset temperature
of Toftet = 30K from room temperature. Here, for the same
reason, we observe a sharp PAB peak in the response. Furthermore,
due to the greater coupling of the modes, also a broad feature is

present, indicating an intermediate state between SIL and WCR.
Finally, the same simulation is repeated in the actual SIL
regime for 8.0 mA. In this case, only a broader peak is present, yet
providing a modest enhancement of the IMR. This latter regime is
20 T T T T .
PAB—>
10 PPR
; \
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FIG. 10. Simulated intensity modulation response of a single aperture together
with the -3 dB line for modulation frequencies frog Up to 70 GHz. The response
is reported at 2.0 mA (blue), featuring a PAB peak, 7.5 mA (red), presenting a
PAB peak plus a broad PPR feature, and 8.0 mA (yellow), presenting solely a
broad PPR feature.
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suitable for datacom applications, since it provides an enhancement
of the IMR without detrimental PAB oscillations.

We continue with the presentation of the experimental data.
The experiment is performed with purely electrical modulation
measurements without any optical injection. The measurement
setup for electrical modulation using the streak camera is depicted
in Fig. 11(a). We employ a sinusoidal modulation signal at a fre-
quency range between modulation frequencies finoda = 10 GHz and
fmod = 70 GHz (depicted up to 55 GHz), which is synchronized
with the streak camera trigger signal. This enables periodic signals
to be measured with very high bandwidth. We utilize modulation
frequency step size of 151 MHz and extract the response amplitude
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FIG. 11. Experimental setup used for electrical modulation measurements with
a streak camera. The streak camera receives the trigger signal from the signal
generator (a). Response signals in apertures 1 and 2 under electrical modula-
tion; modulation frequency froq different from PAB frequency feag (b), modula-
tion frequency fmog at PAB frequency frag (C). Response amplitudes under
electrical modulation measured with the streak camera (d). Each trace is shifted
by 70 counts for better visualization. Gray lines mark the zero lines for each
trace.
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from the temporal data for currents between 2 and 8 mA. The
transmission of the RF components between signal generator and
laser has been characterized with a vector network analyzer (VNA)
for the entire frequency range and the resulting RF transmission
varjations were compensated.

As a first step, exemplary traces for 7 mA are depicted for a
modulation frequency at the PAB frequency in Fig. 11(b) and dif-
fering from the PAB frequency in Fig. 11(c). It can be observed
that, comparable to the case under pulse excitation (see Fig. 9), the
oscillation between the apertures is anti-phase for the resonance
condition, while it is in phase for all other cases. Even though only
a single modulation signal is applied to the entire laser array, the
anti-phase oscillation between the apertures are observed.

From the amplitudes of the traces in Figs. 11(b) and 11(c), the
response is calculated and depicted in Fig. 11(d). The plot reveals
the ROF for the 2 mA trace around 12 GHz. Furthermore, up to
7mA, a PAB peak can be found, increasing its frequency with
current. This corresponds to the behavior expected from the pulse
response measurement, in which the response frequency similarly
increases with current. The difference between the PAB frequency
under electrical modulation and the optical injection is attributed
to differing temperature conditions due to the optical pumping
pulses leading to additional heating.

For 8 mA, a broad PPR at a lower center frequency can be
observed instead of a PAB peak, which is attributed to the SIL
operation. The discontinuity of the center frequency and the
enhanced resonance width caused by increased damping corre-
sponds to the transition from the WCR to SIL range already
observed in Fig. 9. This indicates that SIL can be useful for
increased modulation bandwidth for data transfer.

When comparing the simulated responses in Fig. 10 with the
experimental responses in Fig. 11(d), three aspects should be
pointed out: First, as expected, the PAB frequency moves with bias
current. Second, the transition between WCR and SIL, featuring
both PAB and emerging broad PPR (orange trace in Fig. 10), can
be also observed in the measurements. The emerging broad PPR is
around 40-45GHz and its maximum increases with increasing
current. Third, the PAB peak amplitudes are much smaller than
predicted by the simulations. The reason for this is attributed to
the triggered nature of the streak camera based measurement tech-
nique: The PAB is considered to be always existing (as it is also
proven by the fact PAB can be used for Terahertz generation
without external modulation or excitation, as described in Ref. 18).
However, the resulting oscillation’s phase is not locked to the
trigger signal of the streak camera, thus without synchronization of
the free-running oscillation to the streak camera trigger, the PAB
peak cannot be measured. While the optical pulse injection, due to
the short nature of the pulse, induces a significant amount of carri-
ers at a point in time well synchronized with the streak camera
trigger signal, the modulation with a small electrical signal in the
IMR measurement is not able to synchronize the free-running PAB
to the streak camera trigger in the same extend as the pulse excita-
tion. This results in a smaller PAB peak amplitude due to the aver-
aging nature of the streak camera measurement for signals with
low synchronization to the trigger.

To prove this, we perform an IMR measurement using an
untriggered method using a VNA as depicted in the setup sketch in
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Fig. 12(a). For this experiment, we use a different sample with a
lower PAB frequency range in order to stay below the limitations of
the equipment of < 40 GHz. The light of each aperture is coupled
into a single mode fiber consecutively and the S21 frequency
response is measured with the VNA. The two response curves are
depicted in Fig. 12(b). Both show a relaxation oscillation frequency
around 8 GHz. It is furthermore possible to observe a PAB peak at
22.5 GHz with significant amplitude, comparable to the simula-
tions. This strongly supports our assumption that the reduced peak
amplitudes in Fig. 11 are caused by the triggered nature of the mea-
surement method. Using the VNA, it was only possible to observe
the WCR, as SIL occurs at higher currents leading to higher PPR
frequencies outside the measurement range of the VNR.

All three regimes observed in the dynamical analysis based on
simulations are qualitatively observed in the experiments as well.

2x1 VCSEL Lens

(@)

Vector Network Analyzer
| Bit Error Rate Analyzer

-10

-10 0
Time (ps)

FIG. 12. (a) Measurement setup (PD: Photo diode). Vector network analyzer is
used to measure the modulation response for each aperture with a single mode
fiber. (b) Modulation response at bias of 1.5mA with ROF and PAB frequency
marked. (c) Eye diagram of a random bit sequence transmission in SIL opera-
tion measured using a Bit Error Rate Analyzer.
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Still, quantitative differences between simulations and experimental
data can be seen. A precise and more quantitative fitting of the
IMR at each current would require a self consistent thermal and
electromagnetic solution due to the sensitivity of modal features to
this latter aspect. This however goes beyond the scope of this work,
and would require a much more complex multiphysics approach.””

Finally, using the setup in Fig. 12(a) we also measure the
transmission of a non-return-to-zero pseudo random bit sequence
of the sample operated at 8 mA in the SIL regime, without pre-
emphasis at the driver and equalization at the receiver side. The
measured eye diagram with a significant opening is depicted in
Fig. 12(c). This shows that PAB which appears in the WCR does
neither degrade large signal modulation nor eye opening of the
laser. Instead, under operation in the SIL regime, the bit error rate
can be reduced to BER < 1072,

VII. CONCLUSION

In this study, we provide and extensive investigation and
understanding on laterally coupled vertical-cavity surface-emitting
laser structures with a single common electrical contact being oper-
ated in both weakly coupled range and demonstrated for the first
time, a strongly coupled, self-injection locked range, enabling fun-
damentally different operational regimes. The weak coupling
enables narrow tunable plasma-assisted beating peaks with current-
dependent wide frequency tuning range. Strong coupling adds a
broader resonance to the modulation dynamics, enabling extension
of the modulation bandwidth. Switching between the two regimes
of operation is possible via bias current. Excellent agreement
between experiments and simulations is found and enables com-
prehensive understanding of the dynamics of supermodes in our
oxide-confined single-contact coupled-cavity VCSELs. The stan-
dard fabrication process and the simplicity of operation as well as
the demonstrated coherent operation enables a more cost-effective
and easy-to-use technology and expands the potential of TCCs for
industrial applications.

The device under investigation with an almost perfect cavity
symmetry shows a small improvement in intensity modulation
response in the self-injection locked regime. Theoretical investiga-
tions point out a path toward future improved device structure.”®
They predict zero performance improvement for perfectly symmet-
ric structures, while increased performance is obtained for devices
using cavities with symmetry-breaking.

Furthermore, a novel effect of anti-phase intensity modulation
under single-phase high-frequency external electrical excitation was
found. This effect in combination with tuning of the resonance fre-
quency by current deserves further study, as it may enable new
applications in sensing, optical synchronization, and coherent data
transmission by allowing precise matching of the reference input
frequency and the single-phase high-quality HF-modulated optical
signal at the same frequency by monitoring the phase difference
and/or the modulation intensity of the light emitted by each of the
coupled apertures.

Besides optical data transmission links with extended band-
width, also other applications like radio-over-fiber,'” generation of
THz radiation'® and beam-steering applications'**’ can be
addressed utilizing our mini-array VCSELs.
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