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ABSTRACT

We report high frequency (20-100 GHz range) optical field intensity oscillations in laterally-coupled-cavity vertical-
cavity surface-emitting lasers with several different techniques. The oscillation frequency is defined by the photon energy
splitting of the coupled states. The resonance effect is stable in an extended current range and can enable modulation
frequency resonances at higher frequencies as compared to the conventional relaxation oscillation frequency of the laser.
This paves a way towards high-speed data transmission solutions at data rates beyond ~200 Gb/s with the advantage of
better laser stability, as the resonance observed can reach high frequencies even at low current densities.

A ~75 GHz intensity modulation between optical modes of a coupled-cavity VCSEL array was first reported by the
authors in a two-aperture configuration in 2023 applying optical excitation [1]. Studies of 4- and 10-element coupled
VCSEL arrays give further insight into the effects observed. New 3D numerical simulations and electrical modulation
techniques have been applied to address the specific nature of the photon-photon resonance studies.

Keywords: vertical cavity surface—emitting laser, data transmission, high-frequency, resonance

1. EXTENSION OF VCSEL MODULATION BANDWIDTH VIA PHOTON-PHOTON RESONANCE

High frequency performance of a VCSEL is governed by the intrinsic laser response as well as by the extrinsic parasitic
response [2]. Particularly, VCSELSs operating at datacom wavelengths ranging from 830 nm to 1100 nm are based on
GaAs/GaAlAs structures. The modulation bandwidth (i. e., (-3dB) cutoff frequency) is governed by the differential gain,
which can be maximized by applying the antiwaveguiding concept [3] which maximizes the optical confinement factor of
the VCSEL mode in the active medium and employing compressively strained GalnAs multiple quantum wells as the
active medium. Typically (-3dB) cutoff frequency for GaAs—based VCSELSs is about 30 GHz [4], which can hardly be
significantly increased just by fine tuning of the chip design.

A pathway to achieve a significant increase of the modulation bandwidth is to employ the photon—photon resonance.
Once an optical system contains two or more optically coupled elements, and thus supports at least two optical modes with
a small spectral separation, beats at a frequency equal to the difference of the two modes become possible. E.g., for a
device operating at 850 nm, the spectral separation of, 0.2 nm implies a difference frequency f ¢ = c(44) /4% ~ 83 GHz,
where c is the velocity of light. Such beats influence the modulation transfer function at this range of frequencies and may
result, additionally to the carrier—photon resonance at the relaxation oscillation frequency, also in a second, photon—photon
resonance at a higher frequency. However, a real improvement of the high—frequency performance of the VCSEL remains
challenging since one needs to provide a rather flat modulation transfer function from 0 to a high cutoff frequency. Thus,
such effect was explored for edge—emitting distributed Bragg reflector lasers [5, 6, 7] with detuned Bragg reflector, wherein
the interaction between a high Q—factor mode of the active section and a low Q—factor mode of the passive section allows
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extension of the bandwidth up to 70 GHz. By applying this concept, a modulation bandwidth of 108 GHz was
demonstrated, and the data transmission with an open eye diagram at 256 Gb/s was realized [8].

An approach similar to some extent is based on a master—slave coupled laser system, wherein the optical injection of
the laser light emitted by a master laser can force a slave laser to lase at the wavelength of the master light [9]. Such regime
of the optical injection locking realized under certain values of the frequency detuning and injection ratio affects the
modulation response curve of the slave laser and may result in a significant enhancement of the modulation bandwidth of
it. Thus, the modulation bandwidth of 80 GHz was demonstrated for a master—slave system of VCSELSs [10]. Yet another
approach employs feedback cavities. Thus, laser light emitted by a VCSEL can be optically coupled in the lateral plane
with one or several passive cavities. The laser light leaks from the active device, travels in the lateral direction through the
passive cavity, is back—reflected, returns to the active cavity with some time delay thus realizing beating with the primary
light at a zero frequency detuning [11]. VCSEL with a hexagonal array of 6 passive cavities demonstrates the modulation
bandwidth of 45 GHz [12], and theoretical predictions for such a system suggest a possible bandwidth of 160 GHz under
properly optimized parameters [13].

One of key parameters affecting the photon—photon resonance is an overlap integral between two modes. It was
emphasized in [7], with a focus on DBR edge—emitting lasers, that the cavity of a laser is always open and dissipative, and
that different longitudinal modes are not completely power orthogonal, and can be coupled with each other. The coupling
between the master and slave optical modes in a master—slave laser system determines the optical injection ratio and, thus,
affects the parameter range of the stable injection locking. For VCSELSs, a nearly 100% overlap integral between the spatial
profiles of the two fundamental transverse optical modes with two orthogonal polarizations is promising once there is a
non-zero optical coupling between these modes. Such coupling is known to exist due to spin relaxation [14, 15, 16].
Further mechanisms contributing to the coupling are birefringence and gain anisotropy [17, 18]. By mechanically applied
strain to a VCSEL, the birefringence splitting of the two optical modes >250 GHz was observed [19] indicating a high
potential for increasing the VCSEL modulation bandwidth.

Those effects, namely a combination of spin relaxation, birefringence and gain anisotropy, render also possible the
optical coupling of an optical mode of a VCSEL with an orthogonally polarized injection light. Thus, experimental studies
of orthogonal optical injection in a master—slave laser system with a VCSEL as a slave laser [20] have demonstrated a
broad parameter region of optical injection locking. These observations suggest a mechanism for the observed orthogonal
polarization of the emitted laser light from two coupled VCSELSs of a VCSEL mini-array.

2. MANUFACTURED VCSEL STRUCTURES

To study the resonances in coupled cavities, we have manufactured linear VCSEL arrays in which neighboring apertures
are put at <10um distance between each other to enable coupled emission and energy transfer. Figure 1 shows microscope
images of manufactured VCSELSs arrays with two, four and ten elements. Figure 2 shows infra-red images in which the
oxide aperture size is visible as well. Due to different microscope settings that were needed to capture the 10-element
array, the apertures there are not well visible but are similar to other arrays. The aperture size was selected to have single-
mode or quasi-single-mode emission from each of the array elements.

feiil

Figure 1: Images of linearly coupled VCSEL-arrays with (a) two and (b) four and (c) ten eIements

Figure 2 Infra red images representmg oxide apertures of linearly coupled VCSEL-arrays with (a) two, (b) four elements and (c) ten elements
(here the aperture size is less visible due to a different microscope configuration)
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Figure 3: Light, Voltage, Current characteristics of the arrays studied.

3. MEASUREMENT TECHNIQUES

To measure the resonance, several methods are employed. A) If the laser is modulated with a sinusoidal signal of a specific
frequency, the intensity of the optical modulation can be measured with an oscilloscope. B) Small-signal modulation
measurements performed with Vector Network Analyzers (VNA) reveal the same resonance peaks.
C) Relative Intensity Noise (RIN) measurements performed with Electrical Spectrum Analyzer (ESA) reveal resonance
peaks, as noise is amplified at these frequencies and D) Measurement of oscillations with a streak camera after pulsed
optical injection.

As the last method is not typical for the characterization of VCSELSs, we describe it in a little more detail in
Figure 4. The VCSEL array is excited with a Ti:sapphire (Ti:Sa) 810 nm laser 200 fs pulses with 75.6 MHz repetition rate,
with an average power of 1 mW, linearly polarized in the axis of the array elements. A more detailed description of this
method can be found in Refs. [1, 21]

(a) | 810nm Ti:Sa |

VCSEL Lens === Linear polarizer
v

Vector Network Analyzer

Streak Camera
OSA

Beam splitter DC Supply + HF Signal Generator Electrical Spectrum Analyzer

> — DSA 8300 Oscilloscope

DC Supply

Figure 4: (a) A hybrid pumping scheme which combines a continuous electrical bias current with optical pumping pulses through Ti:Sa laser and
(b) traditional setup for characterization of VCSEL emission in high-frequency domain, with VNA, DSA and ESA.

The output light of the VCSEL array is directed through the beam splitter towards a Hamamatsu S-1 cathode
streak camera or to a Yokogawa AQ6370DHR optical spectrum analyzer (OSA). The streak camera is operated with an
800 ps time window and features a temporal resolution of 9.3 ps. Beams originating from different elements of the array
can be analyzed separately in the streak camera.

A combination of all these measurement techniques is used in this paper. Peaks visible in RIN or in VNA-
measured frequency response can be of different nature, but the analysis performed with the streak camera enables a
detailed glimpse into the processes with extremely high spatial and temporal resolution. While a streak camera enables the
study of resonances up to 200 GHz, other methods only allow the study of effects occurring below 40 GHz due to
equipment limitation. Moreover, because the photodiode used in traditional setup has ~35 to 40 GHz bandwidth, effects
occurring at very high frequencies have usually very small amplitude and are strongly affected by the noise of the
equipment.

Proc. of SPIE Vol. 12904 1290405-3



3. STUDY OF RESONANCES WITH 2-APERTURE LINEAR VCSEL ARRAYS

The analysis of the resonance occurring was already presented in Ref. 1, but here we add some new details and present
the results that enable comparison of the particular features of the arrays studied to other array structures.

(a) Spectrally resolved near field and optical spectra (b) EM field simulation

Intensity (arb.u.)

850.5 850.0 849.5 849.0 848.5 848.0 847.5

Wavelength (nm)

Figure 5: (a) Spectral measurement and spectrally resolved near-field of a two-element array at ~3mA and (b) electromagnetic simulations of the
supermodes emitted from the structure.

Figure 5(a) shows spectra and spectrally-resolved near-field of a two-element array overlayed over each other,
enabling quick identification of the spectral modes. The simulation of the device is performed by means of our in-house
VCSEL Electro Magnetic 3D vectorial suite VELM [22, 23] which, starting from the description of the 3-dimensional
(3D) refractive index profile, can calculate the VCSEL modes together with their emission frequencies, their longitudinal
confinement factors, and their threshold gains. Figure 5(b) shows numerical simulations of the electromagnetic field of the
supermodes supported by a 2-element array. Those are identical to the measured near-field profiles in Fig. 5(a). Simulation
predicts a mode splitting and resonance of 20 GHz between the first odd (red) and even (blue) supermodes in an ideal case
of equal apertures without temperature effects.

(a) Time-domain measurement with streak camera (b) Fourier-transform of the data
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Figure 6: (a) Intensities of the two cavities under pulsed pumping at 4 mA bias current. The red (blue) trace corresponds to the left (right) aperture.
(b) Fourier-transform of the acquired data at different currents represented in a heat map.

This sample is then measured using the techniques described above and with the external pulse excitation. As
mentioned before, small-signal modulation or oscilloscope studies are limited by the frequency response of the receiver,
this is why they can be used only for studies of resonances <40 GHz. To study resonances >40 GHz a streak camera has
to be used. Despite some variations depending on the chip studied, both experimental methods show similar effects that
can be well-matched to numerical simulations and give insight into the physics behind these processes.

Proc. of SPIE Vol. 12904 1290405-4



Once the VCSEL is illuminated with the external optical pulse, one can observe relaxation oscillations, containing
both a typical resonance frequency and photon-photon-resonance effects. Figure 6(a) shows the raw acquired data of the
relaxation oscillations separated into the two elements of the array. The first peak observed after the pumping pulse at
approximately t = 60 ps, followed by a strongly damped and slow oscillation with a second peak visible at around 120 ps.
This corresponds to the intensity relaxation oscillation frequency (ROF) of ~10 GHz. After the first strongly damped peak,
a faster and more persistent (weakly damped) oscillation of ~50 GHz is observed in both array elements. The peaks of the
oscillation in both array elements are in antiphase, which clearly shows that this is an effect occurring inside the VCSEL
and is not a function of the receiver.

Figure 6(b) shows Fourier transform data of the acquired signals at various bias currents from 0 to 8 mA for one
of the apertures. This plot clearly shows the resonance frequency (ROF) of the laser that is strongly damped through
heating occurring due to bias current. A stable sharp peak linearly increasing with the current can be attributed to the
photon-photon-resonance (PPR) between the first odd and even supermodes. This analysis enables a correct interpretation
of the PPR peaks observed in the S21 frequency response measurements acquired from two-aperture arrays displayed in
Fig 7(b). Selected Fourier-transformed spectra displayed in Fig 7(a) show very similar positions of the resonance peaks
under external optical excitation as the electrical frequency response data, although both spectra were acquired on slightly
different samples.
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Figure 7: (a) Fourier-transform of the data acquired with the streak camera at different bias currents. (b) Normalized S21 VVCSEL frequency response
spectra measured with single-mode fiber coupling with VNA at the same currents, showing similar position of the ROF and PPR peaks.

Because the oscillation between the apertures is occurring in anti-phase, the best observation of the effect can be
done with coupling to only one of the two apertures, for example, through coupling into single mode fiber (SMF). This is
why Figure 7(a) and Figure 8 are acquired with single-mode fiber coupling to differentiate between the left and right
aperture.

Figure 8 shows the spectra and the frequency response acquired under such conditions in detail at different
currents for a VCSEL with a particularly strong resonance peak. A possible reason why this sample is different from a
sample discussed previously (that was measured both with small-signal modulation and in optical excitation with streak
camera), is that in this sample the resonance occurs at lower frequencies and has therefore a higher intensity of the signal.
Figure 8(a) shows the optical spectra acquired under the single-mode fiber-coupling, clearly showing the intensity
difference between the mode originating in the right and the left apertures, depending on the coupling. Figure 8(b-c) shows
a small signal response acquired on this chip under these conditions.
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Figure 8: (a) Optical spectra of the first mode group acquired with single-mode fiber coupling at 3.5 mA, (b-c) Small-signal frequency response
measured on a VCSEL with a very strong resonance peak, compensated for the photo-diode response.

The presence of the resonance is also observed in the sampling oscilloscope (Figure 9). Due to the coupling losses
to the single-mode fiber, the acquisition of the signal is complicated. Still, by pre-selecting a VCSEL which has PPR
resonance frequency <40 GHz (equipment limit) at high currents, one can detect a strong enough signal that is higher than
the equipment noise and observe the resonance.

In this experiment the VCSEL is driven by a high-frequency signal generated by the SHF Synthesized Clock
Generator that enables a supply of a modulation of a specific frequency to the VCSEL. Figure 9 and Figure 10 show the
behavior of the resonance measured with the oscilloscope at bias currents of ImA and 3mA. If driven at very low current
(ImA), the ROF is located at ~7 GHz and the PPR is located at ~22.5 GHz (Figure 8(b)). Due to very low bandwidth at
this current, at modulation above 20 GHz the signal is completely lost at the noise level (Figure 9(a)). But once the
modulation frequency hits the resonance (Figure 10(c)), a clear modulation can be observed.

(a) 22 GHz modulation (b) 22.4 GHz modulation (c) 22.5 GHz modulation (d) 22.8 GHz modulation
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Figure 9: Signal measurements with oscilloscope under same bias and oscilloscope measurement conditions (vertical scale 100 pW/div) at 1 mA bias.
Under (a) 22 GHz, (b) 22.4 GHz, (c) 22.5 GHz and (d) 22.8 GHz small-signal-modulation.

The same behavior can be observed at 3 mA, with the difference, that the resonance is located at higher frequency
of ~38 GHz (Figure 10(c)), and due to higher signal intensity and higher intrinsic bandwidth of the VCSEL, the modulation
intensity is slightly visible before the resonance (Figure 10(b)). Above the resonance frequency, the signal returns once
more into the noise and is barely visible (Figure 10(d)).

(a) Only DC current (b) 37 GHz modulation (c) 38 GHz modulation (d) 39 GHz modulation
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Figure 10: Signal measurements with oscilloscope under same bias and oscilloscope measurement conditions (vertical scale 51 pW/div) at 3.5 mA
bias. Under (a) DC current, (b) 37 GHz, (c) 38 GHz and (d) 38 GHz small-signal-modulation.

As can be seen from these measurements, the limitation of the resonance in such a structure is that the resonance
is observed at very high frequencies, where the modulation amplitude is very low. In order to use it constructively for the
extension of the VCSEL bandwidth, one would prefer a wider resonance. Slight differences in the noise amplitude and the
location of the resonance among different measurements occur because many measurements were taken on different
VCSELs under slightly different coupling conditions.
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4. STUDY OF RESONANCES WITH N-APERTURE LINEAR VCSEL ARRAYS

According to simulation, it is expected that arrays with more than two elements should have optical modes that are
spectrally located closer to each other and thus the resonance between them should occur at lower frequencies. To confirm
this hypothesis, we study the VCSEL arrays with 4 and 10 elements.

Figure 11(a) shows measured spectrally resolved near-fields of a 4-element array at different currents. Similar to
the 2-element array, they correspond well with the EM field simulations shown in Figure 11(b).

(a) Spectrally resolved near field and optical spectra (b) EM field simulation (c) Streak camera PPR measurement

(=]

20
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40
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0 5 10 15 20
Current (mA)

Figure 11: (a) Spectrally resolved near-field of a four-element array at different currents, (b) EM simulations of the supermodes emitted by the structure
and (c) Externally excited streak camera data acquired at different currents, Fourier-transformed.

Streak camera measurements represented in Figure 11(c) confirm the hypothesis that the resonance frequency
will be reduced by the 4-array element symmetry and show a resonance occurring between the first two supermodes at
~25 GHz. This is a reduction of the resonance frequency by a factor from 2 to 3 compared to a 2-element array (Figure 6).
Due to larger dimensions of the array and thus much higher coupling losses compared to 2-element array, a fiber-coupled
measurement was not yet performed for this chip. The same issue occurred in the study of 10-element array (Figure 12).

(a) Spectrally resolved near-field (b) EM field simulation

3mA

10mA

30mA

Figure 12: (a) Spectrally resolved near-field of a ten-element array at different currents and (b) EM simulations of the supermodes emitted from the
structure.

Moreover, based on the near-field measurements (Figure 12(a)) it seems that a 10-element-array is much more
sensitive to the inhomogeneous overheating of the array and thus the mode structure cannot be accurately predicted by EM
simulations (Figure 12(b)) which does not include those effects. Regardless of this, the mode distance between the
supermodes is, as expected, further reduced compared to two- and four-element arrays.
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5. PATHS TOWARDS INCREASED CONTROL OVER THE RESONANCE BEHAVIOUR

In conclusion we show a series of simulations that confirm the interpretation of the effects presented in this paper and
show how the resonance frequency, amplitude and width can be influenced. The simulations were performed on the basis
on the inhomogeneous scalar wave equation [24] and are described in detail in Ref. 25. One of the factors that can influence
the resonance to enable its fine-tuning is the gain difference of the supermodes. Figure 13 shows a simulation of a frequency
response of a two-aperture array structure with a simulated gain difference between the first odd and even supermodes.
The resonance width can be engineered by the modal gain difference.
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Normalized impulse response (dB)

Figure 13: Numerical simulations of a frequency response of a two-aperture array structure with a simulated gain difference between the first odd and
even supermodes.

The gain difference between the modes can be achieved through surface gratings, coatings or patterning of one
of the apertures, for example, through etching, as shown in the images below (Figure 14). Selected etching of the part of
the dielectric cap and of the several top DBR periods allows manipulation in external losses in one of the cavities paving
the way towards controllable broadening of the PP resonances. The work in these directions is ongoing.
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Figure 14: Electron microscopy images of Selected etch of the part of the dielectric cap and of the several top DBR periods applied to intestinally
detune external losses in one of the cavities.

CONCLUSION

Coherently coupled VCSEL array are progressing towards industrial applications. A strong coupling between the
resonating modes is preferable to ensure strong PP resonance features, while gain/loss mismatch between the interacting
cavities is important to broaden the frequency resonances. High reflection, anti-reflection or absorbing coatings allow
selective outcoupling of light of the interacting modes enhancing the frequency resonance. The work is critical for the next
generation of VCSELSs for data communications at -3 dB modulation bandwidths of ~40-100 GHz and beyond and for
applications in optical computing based on coherently-coupled photon states. Long chains of coupled apertures are
important for beam steering in sensing applications and in reconfigurable optical wireless networks. Novel designs based
on coherent coupling and switching in VCSEL arrays pave the way towards applications in quantum computing and
artificial intelligence.

Proc. of SPIE Vol. 12904 1290405-8
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