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WELCOME

Dear Colleagues,

It is our pleasure to welcome you to the Workshop on “European Semiconductor
Laser Workshop 2018” at Universita degli Studi di Bari, Ttaly.

The workshop is jointly organized in Bari, Ttaly by the Department of Electronics
and Telecommunications, Politecnico di Torino and the Department of Physics, Po-
litecnico and Universita degli Studi di Bari just before the 44'" European Conference
and Exhibition on Optical Communication (ECOC-2018, September 237 — 27 in
Rome, Ttaly). The ESLW 2018 aims at providing an informal discussion forum on
most recent research results and achievements in the field of semiconductor lasers,
related devices, applications and technology.
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Session I — N. Andriolli et al.

Monolithically integrated optical frequency comb
generator based on cascaded modulators

N. Andriollit2”, T. Cassesel?, M. Chiesal2, and G. Contestabile!?

1 Scuola Superiore Sant'Anna, Via Moruzzi, 1, 56124, Pisa, Italy
2 CNIT, Photonic Networks & Technologies National Lab, Via Moruzzi 1,56124 Pisa, Italy
* nicola.andriolli@santannapisa.it

Summary: We present an InP photonic integrated frequency comb generator realized on a
generic integration platform and composed of a DBR laser and a cascade of intensity and phase
modulators. The maximum tested repetition frequency was 10 GHz, mainly limited by the
bandwidth of the available lumped modulators. 28 spectral lines within a 5 dB power range have
been demonstrated at a repetition frequency of 5 GHz.

1. Introduction

The use of optical frequency comb generators is promising for many applications, comprising metrology,
spectroscopy, optical communications, THz generation, optical arbitrary waveform generation, and microwave
photonic filters [1-5]. Each application imposes its own design specifications and constraints, however a high
correlation between optical modes and a small footprint are typically required. To this aim, the implementation of
a comb generator in a single integrated device is desirable. Various techniques have been used for the purpose,
such as mode-locking laser diodes [6], microresonators [7], pulsed operation in a semiconductor gain switched
laser or vertical cavity surface emitting laser (VCSEL) [8]. The solution that we studied consists in a cascade of
optical modulators driven by synchronous electrical sinusoidal signals [9]. This scheme allows the generation of
stable optical combs with tunable frequency separation. However, the implementation typically requires a bulky
setup comprising a monochromatic laser and a number of modulators. In this paper we present, to the best of our
knowledge, the first photonic integrated implementation of such a scheme.

2. Integrated comb generator design

We designed and realized the monolithically integrated comb generator based on cascaded modulators shown
in Fig. 1. Fig. 1(a) sketches the scheme of the photonic integrated circuit (PIC), Fig. 1(b) shows a microscopy
image of the fabricated device, and Fig. 1(c) a picture of the packaged PIC. The CW signal at a selectable
wavelength is provided either by an on-chip tunable distributed Bragg reflector laser diode (DBR-LD), or by an
external laser and injected into the PIC via a spot-size-converter (SSC) used to maximize the coupling between
fiber and waveguide. The CW signal, coupled through a 2x2 MMI, can either be sent out of the chip through
another SSC for monitoring purposes or be directed to a Mach-Zehnder modulator (MZM) realized by means of
a 1x2 multi-mode interference device (MMI) used as a splitter, two 1-mm-long phase modulators (PM), and a
2x1 MM used as a coupler. The output of this coupler is fed into a series of two further 1-mm-long PM, identical
to the previous ones. Finally, the modulated signal crosses a 0.5-mm-long multi quantum-well SOA before
reaching the output SSC. Anti-reflective coating has been added on the chip facets. Arrays of square and round
metal pads (for DC and RF contacts respectively) have been placed for bare chip testing by means of multiprobes.

The InP PIC has been fabricated by Oclaro Technology plc, UK, in a multi-project wafer run exploiting generic
integration technology [10]. The footprint of the integrated comb regenerator is around 4.5x2.5 mm?, limited by
the orthogonal placement constraint of phase modulators and gain sections. The chip was mounted on a metal
base using a thermally and electrically conductive epoxy, and then wire bonded to a custom-built PCB, as shown
in Fig. 1(c). The temperature was controlled by means of a thermo-electric cooler (TEC) placed below the metal
base.

Monitor output

S MMIb2 e
—- Q‘»m

—>MMI 2x2

SSC

M

~~——>External laser input
—>Output

Fig. 1. (a) Scheme of photonic integrated circuit (PIC) implementing the optical frequency comb generator.
(b) Picture of the fabricated PIC (Footprint: 3x2.5 mm?). (c) PIC-PCB assembly.
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Session I — N. Andriolli et al.

3. Experimental characterization

The performance of the PMs was assessed through a test MZM identical to the one in the comb generator: we
measured an extinction ratio of 27 dB, a 3 dB bandwidth for the PMs of 6.8 GHz and V; = 4.5V at Vpias = -10V.
Due to the limited bandwidth of the available lumped modulators, we utilized a maximum repetition frequency of
10 GHz. Fig. 2 depicts the experimental setup used to test the comb generator. Synchronous modulation is
obtained by means of a low-noise sinusoidal signal generator, whose signal was then split in four and crossed four
different RF phase shifter used as delay lines. The signals were then amplified by electrical drivers and coupled
to the bias voltages through four high bandwidth bias-tees. The DBR laser and the SOA were controlled by means
of laser drivers connected to the PIC through a multiple pin interface on the PCB.

BiasV
supply) | (T
: l Analyzer

- ----éri
H driver

i
= Bias Ts m-----> SS5Cs. ECL
L-+(Delay line}---- - . _SOoA
pill e
+

*-+ [Delay line}---+

t

T

i
|
supply

Fig. 2. Comb generator measurement setup.

Tapered

| Fiber Array

J DBR
=¥ taser

To achieve a larger comb line count and enhanced comb flatness, phase modulators should be driven with multi-
V. voltages and the MZM with around V, voltages. However, in our setup voltage swings were limited by the
available electrical driver amplifiers. Some results of the measurement are reported in Fig. 3, showing the optical
spectrum at the output of the comb generator driven by a 5 GHz sinusoidal signal: Fig. 3(a) exploits the integrated
DBR, while Fig. 3(b) exploits an external cavity laser. The former spectrum shows 28 lines in a 5 dB power range,
while the latter spectrum appears cleaner, showing less noise at low power levels due to a much larger SMSR and
smaller linewidth.

5 GHz Comb with ECL

5 GHz Comb integrated DBR

a) =20 ‘ o ‘ b) 20 ‘ ‘

-30 . -30
g g
g -40 | s -40
& 50 g 50
[s] o
o 60 & 60

-70 |- -70 |

-80 sy L -80 ;

192.88 192.96 193.04 193.12 193.20 193.30 193.35 193.40 193.45 193.50 193.55
Frequency (THz) Frequency (THz)

Fig. 3. Comb generation at 5 GHz with optimal electrical driving voltages and a) the on-chip DBR, b) an off-chip ECL.

4. Conclusions

We demonstrated an InP monolithically integrated tunable comb generator made by a DBR laser and a cascade
of optical modulators, realized in a generic integration technology. Up to 28 tones within 5 dB power range have
been obtained with repetition frequencies of a few GHz, exploiting both the integrated DBR and an ECL.
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Session I — C. Weber et al.

Radio-frequency and relative intensity noise analysis of
a self mode-locked single-section quantum-dot laser

C. Weber'*, P. Bardella?, L. L. Columbo?, L. F. Lester?, M. Gioannini?, and S. Breuer!

!nstitut fiir Angewandte Physik, Technische Universitiit Darmstadt, Schlossgartenstrafie 7, 64289 Darmstadt, Germany
’Dipartimento di Elettronica e Telecomunicazioni, Politecnico di Torino, Corso Duca degli Abruzzi 24, 10129 Torino, Italy
*Bradley Department of Electrical and Computer Engineering, Virginia Polytechnic Institute and State University, Blacksburg,

Virginia 24061, USA
*christoph.weber@physik.tu-darmstadt.de
Summary: We investigate numerically and by experiment the radio-frequency linewidth and
the integrated relative intensity noise of a single-section InAs/InGaAs quantum dot
semiconductor laser. By simulations a transition from unlocked multi-mode emission to self
mode-locking is predicted and experimentally confirmed by a significant reduction of the mode-
beating frequency linewidth in the radio-frequency spectrum and the integrated relative
intensity noise of all optical modes. In the regime of self mode-locking a radio-frequency
linewidth of 20 kHz is measured. Simulations and experimental results are in good agreement.

1. Introduction

Semiconductor diode lasers (SCLs) generating optical frequency combs (OFCs) consisting of phase locked,
frequency equidistant lasing modes with nearly equally distributed spectral power and low phase noise [1] are
compact sources for high-data rate optical interconnections based on silicon photonics optical modulators [2], sub-
THz signal generation by comb line mixing on fast photo detectors [3,4] or dual-comb spectroscopy applications
with high speed and good precision [5]. Self mode-locking (SML) in single-section SCLs with active regions
based on quantum-well [6], quantum-dash [7,8,9] or quantum-dot (QD) [10,11,12] material or in quantum-cascade
lasers [5] without any saturable absorber has been proven to be one way to produce OFCs. Short pulses are
observed either directly at the laser output facet [10] or after dispersion compensation [13]. Phase locking of the
individual optical modes in SML SCLs occurs by internal nonlinear processes in the semiconductor active
material, which could either be four-wave-mixing [8,9,14] or Kerr lensing [11] and are the subject of ongoing
theoretical investigations. By modeling a single-section SML QD SCL using a time-domain traveling-wave
(TDTW) model, the underlying physical process has been investigated and a transition from unlocked multi-mode
emission to SML has been proposed [ 14].

2. Results and discussion

In our simulations we consider a 250-pm long single-section QD laser with a corresponding optical mode
spacing frequency of 178 GHz. The laser is a ridge waveguide laser with a ridge width of 5 pm, 15 layers of QDs
in the active region and a facet reflectivity of 60 %. For insight into the TDTW model and further simulation
parameters, see Bardella et al. [14]. The laser under experimental investigation is a 1-mm long single-section ridge
waveguide device with an active region consisting of 10 layers of InAs/InGaAs QDs. The ridge width amounts to
4 um and the facets are as-cleaved. The laser is mounted on a copper cooling block, whose temperature is held
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[16,17]. First, RF beat note
spectra are measured for
increasing gain injection
current. Figure 1 and
Figure 2 depict the resulting
RF beat note linewidths from experiment and simulation, respectively, as a function of the gain injection current.
In both Figures, two regimes can be clearly differentiated depending on the gain current. For low currents the RF
beat note is very broad (two-digit MHz) whereas at a sharp transition the RF beat note is narrowed significantly
to below 100 kHz in the simulations and down to 20 kHz in the experiment. The simulations suggest that at low
gain current, in a first regime, the emitted light consists of several longitudinal modes without a constant phase
difference in time and thus varying frequency difference between the modes. At the threshold towards a second
regime, the beat note linewidth decreases significantly and the phase-difference between adjacent modes is
constant as is the frequency difference. Additionally, we investigate by simulation and in the experiment the
integrated RIN of all modes depending on the applied gain current. The simulated RIN is integrated from 10 MHz
to 20 GHz. In the experiment the RIN is measured between 40 MHz and 50 MHz where the spectral noise density
is observed to be flat. The results are depicted in Figure 3 and Figure 4. In the simulation, a significant RIN
decrease at the threshold to the second regime, obtained in the experimental and simulated linewidth
measurements, is evident. A RIN decrease for currents above this threshold is also confirmed by experiment.
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linewidth analysis. analysis.

4. Conclusions

In this work, we studied experimentally and theoretically, applying the model in [14], the RF beat note
linewidth and the RIN dependencies on laser injection current. Both simulation and experiments indicated a current
threshold where the optical modes appear to be phase-locked and the laser emission changes from multi-mode to
SML. This threshold is characterized by a reduction of the RF beat note linewidth, with the lowest experimentally
measured linewidth of 20 kHz, and a reduction of the integrated RIN. Experimentally observations are in good
agreement with simulations.
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Summary: We present a detector-free bidirectional symmetric communication scheme based
on two mutually coupled 1550 nm discrete mode diode lasers. The information is encoded into
compound states of the coupled laser system. The communication is established without
additional detectors reading out only DC-voltage changes at both lasers under message
exchange. The proof-of-principle experiment shows a good reliability demonstrated with an
error-free transmission of more than 100 words.

1. Introduction

In the recent years a dramatic expansion of internet data traffic has been reported[1]. To provide high data
rates in two directions via optical fibers, several methods have been developed. Most of them require both at each
end a light source to transmit the data and a detector to receive the data[2]. Coupled semiconductor lasers - a
system of two spatially separated nonlinear oscillators - are receiving major interest, because of a variety of
interesting dynamical phenomena including chaos synchronization[3] and injection locking[4]. In order to realize
a communication scheme without additional expensive detectors, i.c. the transmitter is also the receiver, we take
advantage of a coupled injection locked semiconductor laser setup utilizing two 1550 nm discrete mode diode
lasers (DL). In this remarkably simple scheme, the data is transmitted exploiting compound states of the coupled
laser system containing upstream information of DL1 and downstream information of DL2 simultaneously. The
data acquisition is accomplished by evaluating the compound state utilizing the DC-voltage change of both lasers
with respect to their solitary, i.e. uncoupled voltage.

2. Experimental setup

Figure 1 schematically depicts the experimental setup with the mutually coupled 1550 nm discrete mode DLs.
They are independently driven by a constant current source. The DC-voltages are individually measured by two
external voltmeters. One current source, a voltmeter and one DL represent a combined receiver-transmitter
(Rx / Tx) unit. The 2.25 m long coupling path contains a neutral density filter (NDF) to fine tune the coupling
strength such that the injection locked DLs operate in a non-chaotic regime. For reference measurements the
integrated shutter allows disconnecting the coupling path to measure the DC-voltage in non-coupled mode. With
the polarization controller integrated in a 2 m fiber we provide polarization matching of both lasers. The control
unit encodes the message into a series of bits using UTF-8 and transfers the bit series to the Rx / Tx units. It
simultaneously receives the bit series of the Rx / Tx units and decodes them back into text.

upstream
—_—

Shi
Re/Tx . DL1 | F  pojarizadion. S (TDBLZ Ra/Tx
unit 1 m E unit 2
s 1 controller ; |

downstream
—

IE‘ control unit IEl

DC volt-  current current  DC volt-
meter 1 source 1 source 2 meter 2

Figure 1: Schematic experimental setup showing the mutually coupled discrete mode DLs with receiver-
transmitter (Rx / Tx) units (grey boxes), coupling/communication path (red) and control unit. We define
traffic from Laser 1 to Laser 2 as ‘upstream’ and in the reverse direction as ‘downstream’.

3. Communication principle

The so called locking range ALR is a bandwidth in the optical frequency detuning domain, where the optical
frequencies of both lasers lock on a joint operation frequency w,p[5] and the lasers occupy a compound state. If
the lasers are driven with a constant current, the compound state causes a DC-voltage change with respect to the
solitary voltage in both lasers. This voltage change can be adjusted by detuning the lasers optical frequency within
the locking range, which is exemplarily visualized in Fig. 2.
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To realize a unidirectional transmission from Rx / Tx unit 1 to unit 2, we set DL2 to a fixed current .
DL1 can either send “0” by setting its current to I, (i.e. Aw,p = 0) or send “1” by setting its current to I; > I
(i.e. Awyp > 0). In these cases DL2 responds in a voltage change AUp;, = 0 or AUp;, < 0. According to the
keypad this yields a recovered message of “0” or “1”, respectively. These voltage changes at DL2 with
corresponding received bits are depicted with circles in Fig. 2a. This scenario can be interpreted as the case, where
DL2 sends “0” and receives either “0” or “1” from DL1.

In the same manner it is possible to reverse the communication by interchanging DL2 with DL1 and setting
the fixed current of DL1 to I;. Therefore, this scenario represents the case, where DL1 sends “1” and receives
either “0” or “1” from DL2.

With this knowledge, also a symmetric, simultaneous transmission of the bidirectional bits “00”, “01”, “10”
and “11” can be established. The data recovery is then performed via an exclusive OR gate (XOR gate), where its
first argument is the sent bit from the individual Rx / Tx unit and the second argument is a Boolean, which decides
whether a voltage change at the Rx / Tx unit has been recognized or not.

a) Detuning Aa_ in GHz Detuning Ao, i
76 121 51 5 5. 7, - 6.1 5

o4 [, Locking I

E) a0 s )

S an
earrent of DLL in mA

current of DL1in mA
Figure 2: Exemplary voltage change of both lasers, when one DL scans its optical frequency across a fixed
optical frequency of the second DL. The vertical line marks the fixed current of the DLs indicating its fixed
solitary optical frequency a) in the case Ip;, = Iy and b) Ip;; = ;. The upper detuning x-axis is obtained by
reference measurements of the optical spectrum of each laser operating solitarily. The detuning Aw,p, is defined as
the difference optical frequencies, when the DLs operate in solitary mode. The yellow area visualizes the locking
range ALR. The circles with numbers depict the voltage change of DL2 receiving bits “0” or “1”, respectively.

With this method we succeeded in transferring the words “vinorosso” in upstream direction and “pizzaiolo”
in downstream direction both containing 72 bit. We found that this proof-of-principle data transmission scheme
is remarkably reliable. We achieved error-free transmission for more than 100 words. The speed of the data
transfer is limited in this experiment by the communication speed between control unit and current source.
Therefore, the time to send a bidirectional bit amounts to 1.5s. In our setup this results in a bidirectional
transmission speed of 1.3 bit/s. However, it is expected that data transmission speed can be significantly increased,
because its maximum is only restricted by the time it takes to establish the compound state. This timescale is
determined by the delay between the DLs (in our setup ~7.5 ns) and the internal timescales of the DLs (few ns).

4. Conclusions

We have demonstrated a detector-free bidirectional symmetric fiber-communication scheme based on two
mutually coupled 1550 nm discrete mode diode lasers. It shows a remarkable reliability demonstrated with an
error-free transmission of more than 100 words or 9800 bits. Using other types of semiconductor laser pairs, this
proof of-principle experiment can be transferred to other wavelengths where detectors are expensive or even not
available. The scheme can be significantly improved in order to perform much faster data transmission and could
be applied especially for short distance transmission with nearly symmetric traffic.
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Summary: This work demonstrates a curved electroabsorption modulator based on a
trapezoidal bend. This curved modulator design is compatible with flip-chip integration and
packaging by using planar pedestal contact pads. The prototype was monolithically integrated
with two DC sections to facilitate pre-packaged characterization. The device exhibited a DC
optical extinction of >17 dBm over a 1 V range and an electro-optic 3 dB bandwidth of 11.75
GHz. This information was used to produce a 7.5 Gbps eye diagram, verifying the correct
operation of this design. The device was fabricated using UV lithography and did not require
any epitaxial regrowth.

1 Introduction

Interest in photonics integrated circuits (PICs) continues to grow due to the wide range of applications from short-
distance data communications to long-haul optical transmission. Such PICs have been demonstrated using various
techniques such as monolithic integration, epitaxial regrowth, quantum well intermixing and the
hybrid/heterogeneous integration of InP and Si. One such hybrid approach involves the flip-chip bonding of Il1-
V devices onto silicon substrates as outlined in [1]. InP based electroabsorption modulators (EAMSs) are a key
component of PICs as they offer high speed operation, a large extinction ratio and a low driving voltage. Lumped
element EAMs are commonly favoured over their traveling wave counterparts for such applications due to their
compact design and simpler layout. Therefore, a flip-chip compatible, lumped EAM is ideal for hybrid integration
formats based on lateral coupling. Moreover, a device whose input and output were located on the same side of
the chip would minimize integration complexity by simplifying the layout for optical coupling between it and the
host silicon platform.

Small low loss optical waveguide bends has been identified as a critical component for achieving compact
photonic devices and integrated circuits. An important consideration in designing these curved waveguides is the
matching of the optical mode as it propagates through the bend. While constant curvature bends provide a short
path length, they are optically lossy due to mode mismatching attributed to the abrupt change in curvature.
Research has been published on the design and application of Euler bends [2], which apply a linearly changing
radius of curvature to achieve low loss bends on a silicon platform. An alternative to Euler bends is a trapezoidal
bend. These trapezoidal bends have a more rapid change of curvature than the equivalent Euler bend but a
significantly smaller maximum curvature. This property gives the trapezoidal bend a shorter path length when
applied to angles exceeding 120 degrees. A detailed geometrical description of these three bend types is given in
[3].

2. Device design and characterisation

In this work, a curved electroabsorption modulator based on a trapezoidal bend is proposed and demonstrated.
This lumped element EAM bends 180 degrees so that its input and output face the same direction. This alignment
of the ends of the modulator results in the realization of a device which can be coupled from a single facet into a
fiber or waveguide array, while maintaining a small footprint. This prototype EAM was monolithically integrated
with two semiconductor optical amplifier (SOA) sections without the use of epitaxial regrowth. These sections
were added to make the device compatible with our testing facilities and were lightly biased during testing to
minimize absorption losses.

The device design centres around a 2.0 um wide rib waveguide structure which penetrates through the quantum
wells and into to N layers to provide high optical confinement. The EAM section is based on a 180-degree
trapezoidal bend with an effective radius of curvature of 75 pm which equates to a device length of 200 pm. Two
angled slots provide electrical isolation between the EAM and the adjacent 180 pm long SOA sections. The design
utilizes a planar isolated pedestal GSG configuration with a pitch of 125 um. The pedestals are electrically isolated
by a trench which encircles the signal pad. These planar pedestals provide an excellent platform for flip-chip
integration and packaging due to the planarization of the contacts and the ridge waveguide.

The epitaxial structure used for the EAM was based on the work reported in [4]. It contained eight compressively
strained AlinGaAs quantum wells with a photoluminescence peak at 1510 nm and was grown on a semi-insulating
InP substrate. A 70nm undoped AlInGaAs layer was added between the wells and the p layers to minimize valance
band discontinuities, reducing photogenerated hole pile up. The quantum wells were grown on a 210 nm undoped
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InGaAsP layer to create equal carrier transit times. This 420 nm think intrinsic region also reduced the capacitance
of the waveguide. The fabrication process used is similar to that described in [5]. However, the signal pad was
contacted to the EAM ridge by means of a bridge metal resting on Benzocyclobutene (BCB). This approach was
favored over an airbridge structure which proved impractical due to the incompatibility of the required
crystallographic dependent wet etch and the curved nature of the ridge design. The DC optical extinction of the
device was shown to be >17 dBm over a 1 V range. An electro-optic 3dB bandwidth of 11.75 GHz was also
recorded. The correct operation of this device was demonstrated by producing a 7.5 Gbps open eye diagram.
Fabrication costs were minimized as the device is UV lithography compatible and does not require epitaxial
regrowth.
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Figure 1: (a) Scanning electron microscope image of the device. (b) Optical extinction corresponding to a
Vpp of 1 V for varying wavelength. (c) Electro-optic response of the electroabsorption modulator. (d)
Experimentally observed 7.5 Gbps eye diagram.

4, Conclusions

This work has demonstrated a curved electroabsorption modulator based on a trapezoidal bend. The alignment
of the optical input and output of this design coupled with the use of a planar isolated pedestal GSG configuration
provides an excellent platform for flip-chip integration and packaging. The optical extinction and electro-optic 3
dB bandwidth were measured to be >17 dBm and 11.75 GHz respectively. The correct operation of this device
was verified by producing a 7.5 Ghps eye diagram. The maximum bit rate from this device could be increased by
reducing its bend radius which would shorten the device length, lowering the diode capacitance. Another possible
improvement would be to reduce the parasitic capacitance of the RF pads by widening the isolation trench. The
device was fabricated using UV lithography and did not require any epitaxial regrowth.
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Summary: We analyze experimentally and theoretically the dynamics of an ensemble of
about five hundred coupled spiking elements. We show that the fully connected network can
behave as a low dimensional chaotic system.

1 Introduction

The collective behavior of large ensemble of chaotic or spiking systems is a key question in many fields of
research in- cluding neurosciences, for instance through the many debates on the role of synchronization in
epilepsy [1]. Fortunately, in some cases, it is possible to analytically reduce the dimension- ality of such
complex systems and to analyze their collective dynamics via a considerably simpler mean field model (see e.g.
[2], [3], [4]). In spite of these remarkable theoretical achievements though, actual experiments demonstrating
exam- ples of reduced dimensionality dynamics are very rare. In this contribution, we analyse experimentally
and theoretically a toy complex dynamical system consisting of hundreds of spiking optical devices, each of
them mimicking the dynamics of chaotically spiking neurons [5]. We measure the bifurcations undergone by the
fully connected network and demonstrate experimentally and analytically that the global behavior can be
described to an excellent approximation with a model of much lower dimensionality.

2 Results

In this study we investigate an optical experiment in which a large number of semiconductor lasers are
coupled from one- to-all to fully connected network configurations. This is an analogous experiment to having a
fully connected network of spiking neurons, where the spikes are in the intensity of the emitted laser light. We
achieve this global coupling by means of an electrical feedback loop: the intensity of the light emitted by a laser
is re-injected into the laser control parameter via an optical to electrical converter and a nonlinear function. It
was already shown that with such a feedback with one single laser it is possible to obtain a sequence of slow
chaotic spiking as a result of an incomplete homoclinic scenario to a saddle-focus, where an exact homoclinic
connection does not occur. This is due to the coexistence of three different characteristic time scales, which span
about five orders of magnitude. Here we expand our population to about 500 semiconductor lasers and we study
the emergence of chaos and synchronization when the order parameter of one laser drives the whole population
(one to all coupling) and when the sum of several or even all laser signals drives the common bifurcation
parameter of the array. In particular, we analyse the statistical distribution of laser intensity of sub-ensembles of
the whole array depending on the region of the chaotic attractor which is considered and on control parameters
such as the coupling strength and the operating point of the whole array. We also observe and characterize
complex sequences of mixed-mode oscillations. Finally we are able to reproduce the experimental results with
numerical simulations and analytic study of a detailed physical model of the laser spiking network, where the
dynamics of each node is described in terms of (single- mode) semiconductor-laser rate equations and the
coupling mechanism is provided by a common AC-coupled nonlinear feedback loop. Starting from this model,
we derive and discuss the reduction of the dynamics to that of a simplified mean field model, which is able to
well replicate and explain the behaviour of the whole population.
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Summary: We report on the generation of broad and flat Optical Frequency Combs in an
optically injected 1550 nm laser diode using gain switching with pulsed excitation. Short
optical pulses (40 ps) at a repetition frequency of 500 MHz are obtained, showing a low noise
optical spectrum with 80 tones within 10 dB.

1. Introduction

An Optical Frequency Comb (OFC) Generator is a laser source emitting an equally spaced group of optical
frequencies. OFCs have been used in numerous fields, such as optical communications [1], RF photonics [2] and
infrared spectroscopy [3]. Relatively low repetition rate OFCs (100-1000 MHz) are specially suited for dual
comb spectroscopic applications. OFC generation in semiconductor lasers can be achieved by different
techniques, i.e., gain switching (GS), mode-locking and electro-optic external modulation [1]. Low repetition
rate OFCs from GS semiconductor lasers using sinusoidal excitation have been reported for spectroscopic
applications [4]. On the other hand, pulsed excitation GS has demonstrated ultra-short optical pulses [5], but, as
far as we know, it has not been used for OFC generation. We have recently reported an experimental evaluation
of the quality of OFC generated from GS semiconductor laser with and without Optical Injection (OI) [6]. In
this work, we consider pulsed excitation to generate low repetition rate OFCs, and we demonstrate a high
performance in terms of noise, flatness and bandwidth, for an optical-injected 1550 nm laser diode.

2. Experimental Setup
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Figure 1. a) Schematics of the experimental setup. ML: Master Laser, SL: Slave Laser, PC: Polarization Controller, VOA:
Variable Optical Attenuator, PD: Photodetector, OSC: Oscilloscope, BOSA: Brillouin Optical Spectrum Analyzer.
Estimated total current though the SL under b) sinusoidal excitation and c) pulsed excitation. The red dotted line is the
threshold current.

The experimental setup is shown in Fig. 1a). The OFC generator is based on a typical master-slave scheme.
The master laser is a tunable laser which can be tuned along the C-Band with a linewidth ~ 75 kHz. The Slave
Laser (SL), a Discrete Mode Laser (DML), is driven in GS operation using a combination of two signals: a bias
current and, either a sinusoidal signal provided by a microwave/RF generator, or a 5% duty cycle square signal
provided by a pulse pattern generator (Fig. 1c)). The repetition frequency is 500 MHz. The estimated temporal
evolution of the injected current, calculated taking into account the input impedance of the laser [6] is shown in
Figs. 1b) and 1c) for sinusoidal and pulsed excitation, respectively.

3. Results and discussion

Fig. 2 shows the temporal and the spectral responses of the laser under different regimes of operation. The
temporal trace in Fig. 2a) corresponds to sinusoidal excitation without OI. In the lowest part of the negative
cycle of the sinusoidal signal, the instantaneous current lays below threshold and the laser is switched off; when
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the current rises above threshold an initial spike corresponding to GS can be observed, followed by a sinusoidal-
like profile in which features reminiscent of the relaxation oscillations are apparent. The corresponding optical
spectrum (Fig. 2d)) is not an OFC. As we reported in [6] at this repetition frequency OFCs appear only if the
laser is not switched-off, i.e., under direct modulation conditions. Under pulsed excitation without Ol a short
optical pulse is generated (45 ps at Full Width Half Maximum FWHM), as is shown in Fig. 2b). The optical
spectrum (Fig. 2e)) is wide and continuous without any discernible peaks, i.e., it is not an OFC. This is due to
the lack of coherence between pulses, as each pulse is built-up from spontaneously emitted photons with random
initial phases. Fig. 2c) corresponds to pulsed excitation with Ol; it shows short optical pulses (40 ps at FWHM)
similar to those of Fig. 2b). In this case, a broad and flat OFC is obtained (Fig. 2f)). This effect is due to the Ol,
as the externally injected photons are acting as the seed for the GS pulses, providing a common phase and
therefore coherent emission. The OFC in Fig. 2f) has a very high Carrier to Noise Ratio (CNR), around 34 dB,
and 80 tones within 10 dB, a factor 10 in comparison with the best value measured at this repetition frequency
with sinusoidal excitation [6]. Furthermore, the flatness at 3 dB reaches 44 tones, indicating promising
properties for spectroscopic applications.
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Figure 2. Temporal traces (upper row) and optical spectra (lower row) of the SL for different regimes of operation: a) and d):
Sinusoidal excitation without Ol; b) and e): Pulsed excitation without Ol; c) and f): Pulsed excitation with Ol.

4. Conclusions

Gain switching with pulsed excitation in combination with optical injection is demonstrated as an excellent
technique to generate broad and flat OFCs with a relatively low repetition rate.
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Summary: Dual-cavity optical self-feedback stabilization of a monolithic passively mode-locked
quantum-well laser is demonstrated. A long optical feedback cavity allows for reduction of the
timing jitter to 330 as. Simultaneously, a short optical feedback cavity allows to tune the repetition
rate by 1 GHz. Additionally, a complete radio-frequency sideband suppression is achieved.

1 Introduction

Monolithic passively mode-locked (PML) semiconductor lasers (SCL) with multi-GHz repetition rates (RR)
emitting at wavelengths of around 1070 nm are attractive ultrafast sources for seeding ytterbium doped fiber
amplifiers and for photonic communication at high data rates [1]. For these applications a low pulse train timing
jitter (TJ) and a high amplitude stability as well as a broad RR tuning range of the emitted pulse train are necessary.
In the emission wavelength range around 1070 nm, TJ and amplitude stability analysis for PML quantum-
well (QW) lasers [2], modeling the impact of single cavity optical feedback (OFB) on the pulse train stabilization
by a time-domain stochastic model [3] and RR tuning range dependencies on the OFB cavity length [4] were
studied. To improve the TJ, self-feedback of the pulsed laser emission by an external-cavity OFB configuration
can be explored on monolithic PML SCL [5]. Dual-cavity (DC) OFB has been investigated in [6, 7] and it was
found to substantially reduce sidebands around the RR, induced by single cavity OFB. In this contribution, we
experimentally study the impact of DC OFB by two fine-delay controlled optical cavities on the pulse RR and the
TJ of a PML QW SCL emitting at 1070 nm in dependence on the OFB strength as well as the feedback delay.

2. QW Laser and DC OFB Set-up

The investigated PML QW laser is a monolithic multi-section ridge waveguide laser consisting of 30
individual 100 pm long electrically isolated sections with a ridge width of 4 um. Individual sections are
electrically connected to form one long gain and one absorber section, with a saturable absorber length amounting
to 10% of the total cavity length. The active region consists of an InGaAs double QW structure embedded in
GaAsP spacer layers. The facets are as-cleaved. At a gain current of 300 mA, an absorber reverse bias voltage of
-1.2 V and a laser cooling block temperature of 20°C, the laser emits at a RR of 13.6 GHz and exhibits a pulse to
pulse TJ of 83 fs obtained from the radio-frequency line-width [8]. The pulse width amounts to 8 ps. The
developed DC OFB set-up is depicted in Figure 1. Two external cavities are chosen consisting of a very short free
space cavity (1 - 2 times the optical laser cavity length) to achieve a broad RR tuning range [4] realized by a glass
plate with a wedged back-surface mounted on a high-precision linear translation stage and a long fiber-based
cavity (Lmac= 5.9 m) for improved TJ reduction. Another benefit of this DC OFB configuration in comparison to
a single cavity OFB set-up is the capability of a complete suppression of noise-induced sidebands by the external
OFB cavities.
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Figure 1: OFB set-up consisting of one short-cavity OFB arm composed of a semi-transparent glass and a long-cavity
fiber-based OFB arm. The OFB strength is fine-controlled by variable attenuators based on neutral density filters.
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3. Experimental Results & Discussion

The DC OFB configuration allows for a fundamental RR tuning range from 12.7 GHz to 13.9 GHz thus
exceeding 1 GHz. A minimum pulse to pulse TJ of 330 as and complete sideband suppression is demonstrated
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which constitutes an improvement by a factor 250 as compared to the laser without OFB. The RR tuning by the
DC OFB set-up is depicted in Figure 2a colour coded as a function of both OFB fine-delay lengths. A horizontal
and a vertical cut through the experimental map shows the influence of both OFB cavities on the RR. The short
OFB cavity mainly determines the RR and also the transitions to higher harmonic mode-locking
orders (HMLO) [9] depicted as white regime in Figure 2a. The laser can be tuned to the fourth HMLO which
corresponds to a RR of 54.4 GHz. Intensity auto-correlation (AC) traces for a HMLO of 1,2,3 and 4 are given in
Figure 2b. At particular settings in the fundamental mode-locking regime a full sideband suppression in the radio-
frequency spectrum around the main RR line is achieved. Exemplary timing phase noise power spectral
densities (TPN PSD) [3] are given in Figure 3. The orange curve shows non-ideal DC OFB settings with low
sideband suppression and only a moderate TJ reduction. The red curve shows a considerable reduction in the TPN
PSD and thus a high TJ reduction down to 330 as. Additionally a full sideband suppression is achieved.
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Figure 2: a) Repetition rate tuning for the DC OFB set-up. An overall tuning range
exceeding 1 GHz is obtained. On the right, a vertical cut and on the top, a horizontal cut
through the repetition rate map is depicted. b) AC traces for different HMLO.
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4. Conclusions

In summary, a TJ reduction to 330 as and complete radio-frequency sideband suppression is achieved for a
PML QW laser emitting at a RR of 13.6 GHz by DC OFB. The RR tuning range exceeds 1 GHz.
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Summary: We study entrainment in a semiconductor laser with optical feedback, operated in
the regime where the laser randomly emits abrupt spikes. To quantify the quality of the
entrainment of the optical spikes to periodic, small-amplitude pump current perturbations we
use the success rate (SR) and the false positive rate (FPR). The SR counts the spikes that
occur within a short time window after each perturbation, and the FPR counts the additional
spikes that occur outside the window. We uncover parameter regions where the electric
perturbations fully control the optical spikes, entraining them, such that the laser emits, shortly
after each perturbation, one and only one spike (i.e., SR=1 and FPR=0). We also characterize
the locking-unlocking transitions when the perturbation amplitude and frequency vary.

1 Introduction

The entrainment (or locking) phenomenon, by which an oscillator adapts its natural rhythm to an external
periodic signal, is well-known in physics, chemistry, biology, etc. [1]; however, controlling an stochastic
nonlinear system with a small-amplitude signal is a challenging task, and systems that allow for low-cost
experiments are scarce. Here we study experimentally the entrainment of a semiconductor laser with optical
feedback in the low frequency fluctuations (LFF) regime, to a weak external signal directly applied to the laser
current. In the LFF regime the laser emits a spiking output: during a spike the intensity drops abruptly and then
recovers gradually. The parameter region where the LFF regime occurs is quite wide, and includes a sub-region
where the emitted spikes are consistent with events seeded by noise [2]. In this region, we aim to control the
spikes via periodic, small-amplitude electric perturbations of the laser pump current.

To quantify the degree of entrainment we use receiver operating characteristic (ROC) curves obtained by
plotting the success rate (SR, that counts the spikes that occur within a short time window after each
perturbation) vs. the false positive rate (FPR, that counts the additional spikes that occur outside the window).
ROC curves, first developed during World World Il for detecting enemy objects, allow to quantify the
diagnostic ability of a binary classifier as a function of its classification threshold, and are nowadays routinely
used in machine learning algorithms.

2. Experimental setup and method of analysis

The experimental setup is as described in [3, 4]. A 685 nm semiconductor laser (Thorlabs HL6750MG) with
feedback from an external cavity (7:2% threshold reduction, delay 5 ns) is modulated by using a function
generator (Agilent 81150) and its output is sent to a photo-detector, an amplifier and a digital storage
oscilloscope. The bandwidth of the dectection system is 1 GHz. Pulse-down periodic perturbations are applied
to the laser current. The control parameters are the perturbation amplitude, frequency, and the dc value of the
laser current, which controls the natural frequency of the spikes. For each set of parameters, 107 data points are
recorded with 2 GS/s sampling rate, which allow to capture the intensity dynamics during 5 ms.

The intensity dynamics is characterised by the SR and the FPR. The SR measures the response of the laser
per perturbation cycle: if the laser emits one spike after each perturbation, SR=1, if it emits one spike every two
perturbations, SR=1/2, etc. Only spikes emitted within a detection window of duration t = 15 ns are considered
as spikes induced by the perturbation (the length of the window is chosen such that only one spike can be
emitted within the window). The FPR measures the spikes which are emitted outside this window. FPR=0
indicates that the spikes are always emitted within the time interval t after a perturbation, while FPR=1 indicates
that the laser does not emit any spike within this time interval.

3. Results

Figure 1 displays typical examples of the intensity dynamics when the laser current is not perturbed (panel
a), and when it is periodically perturbed (panels b-c) with 2.3% of the current dc value, and different
perturbation frequencies. In panel (b) the frequency of the perturbations is lower than the natural frequency of
the spikes and it is observed that after each perturbation the laser emits a spike, but in between perturbations the
natural dynamics prevails and thus, most of the spikes are spontaneous (false positives). For a higher frequency,
panel (c), locking 1:1 is observed since every perturbation triggers a spike. For a higher frequency, panel (d),
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there is a transition between locking 1:1 and 2:1. In this region the spikes cannot follow the fast external
perturbations and some spikes are delayed with respect to the perturbations. By further increasing the
perturbation frequency, the spike rate adjusts such that there is one spike every two perturbations, panel (e).

Panel (f) displays the ROC curve that characterizes the transition to locking 1:1 when the perturbation
amplitude is increased while the frequency is kept constant (14 MHz). We note that we reach perfect 1:1 locking
(SR=1 and FPR =0) for a perturbation amplitude of 2.4%. Panel (g) displays the ROC curve for the transition
when the perturbation frequency grows while the amplitude is kept constant (2.4%). Here, the transition from
SR=1 and FPR=0 to SR=1/2 and FPR=0, as well as the transition from SR=1/2 and FPR=0 to SR=1/3 and
FPR=0 are observed. During the transition from one locking regime to another, there is an increase of the
number of false positives, followed by a decrease. The increase is due to the re-organization of the spikes: they
cannot follow the external signal as it becomes faster, but, on the other hand, two periods of the signal is a too
long time interval for only one spike.
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Figure 1. (a)-(d): Current perturbation (gray) and laser output intensity (black) vs. time. The green dots
represent the spikes that occur shortly after a perturbation, while red dots mark the spikes that are considered
not entrained to the current perturbations. Panel (a) shows the unforced dynamics; (b) shows the dynamics at
low perturbation frequency (10 MHz); the perturbation amplitude is 2.3% of the current dc value. Panels (c),
(e) display locking 1:1 and 2:1 for 20 MHz and 41 MHz respectively; panel (d) shows the transition between
locking 1:1 and 2:1 observed at 30 MHz. The ROC curves in panels (f) and (g) allow tracking the transition to
locking when (f) the perturbation amplitude increases (in color scale) or when (g) the perturbation frequency
increases (in color scale). To represent in logarithmic scale the value FPR=0 we have set it to a small value
(labeled as 0 in the x-axis)

4. Conclusions

We have proposed a novel technique, based on the ROC curve, to quantify the degree of entrainment of the laser
spikes to the electric current perturbations. We have identified operation conditions such that the success rate
(the number of spikes per perturbation cycle), is equal to 1, 1/2 or 1/3, while the false positive rate (the number
of spikes which are not triggered by a perturbation), is equal to zero. Using the ROC curves we have uncovered
different types of transitions: when the amplitude is increased there is a gradual transition to locked behavior,
while when the frequency is increased, there are rather abrupt locked-unlocked transitions.
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Summary: Optically injected quantum dot lasers are rich in non-linear dynamics and
specifically of excitable phenomena. By varying 3 the control parameters - injection strength,
detuning and pump current - multiple regimes of excitability can be found. Typical Type I
regimes are observed. Type II behaviour can also be observed in this system and we show
here that it arises from a canard explosion. We show that by utilising the unique ability of
quantum dot lasers to lase from the first excited state, a new form of Type I excitability is
obtained, which does not display accompanying 2m phase slips.

1 Introduction

InAs based Quantum Dot (QD) lasers have the unique ability among semiconductor lasers to lase from
several distinct energy states. In particular, they can emit from the ground state (GS), the first excited state (ES)
and simultaneously from both (SIM). Due to their inherent high damping of the relaxation oscillations, QDLs
are also incredibly stable under external optical feedback and optical injection. Together, the two state lasing
and enhanced stability lead to several novel regimes of non-linear dynamics and in particular, excitability.

Here we are concerned with unidirectional optical injection. A commercially available tunable laser acted as
the master (ML) for the QD slave laser. Each of the three free-running regimes (GS, SIM and ES) were analysed
under injection. In each case, regardless of the operating parameters, it was the GS that was injected. That is, the
ML frequency was close to the GS. Even in the SIM and ES lasing regimes, for low detuning and weak
injection, the ES could be completely suppressed and phase locked lasing from the GS only could be obtained.

2. Ground state only phenomena

For the GS only regime, both Type I and Type II excitability can be observed, depending on the injection
strength. The Type 1 Adler-like regions are well known and have been well discussed in the literature [1-4]
These Adler like pulses can be seen for both positive and negative detuning in the case of QD lasers. The Type
II behaviour in this configuration has more recently been reported and is observed only with QD lasers. It relies
on a hitherto unobserved optothermal coupling that leads to a square wave output. Theoretical models predict a
bistability to exist in this region [2]. However, due to thermal effects, the bistability is broken and a
deterministic cycle is instead found as shown in Fig. 1. The square wave regime is found to emerge from a
canard explosion, the first observation of the phenomenon in this laser configuration.
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Figure 1: GS only high injection. (a) shows a non-periodic square pulse train, (b) shows a period square
pulse train and (c¢) shows a non-periodic train of square dropouts.
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3. Dual state phenomena

By operating the slave laser in the ES only but injecting at the GS frequency, novel dynamics can be
obtained. For high injection strengths, optothermal coupling again arises and leads to extremely long lived
antiphase, controllable bursting oscillations and slow passage effects as reported in [5]. Here we show that for
low injection levels in this configuration, Type I excitability is obtained but of a never before seen, non-Adler
variety. We show here a dual state excitability manifested by GS intensity dropouts of several ns duration
accompanied by ES pulses shorter than 100 ps. The phase of these GS dropouts was obtained and shown to
differ from the well-known 2m phase slips of the standard GS only injection configuration. Instead, the phase is
bounded in this system. Further, there is evidence of a saddle focus in the phase trajectory leading to ringing
oscillations in the GS dropout.
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Figure 2: Non-Adler behaviour. The blue trace shows the ES intensity and the excitable pulse. The red
trace shows the GS intensity with the corresponding drop out.

The excitable regimes found with QDLs are of great interest for neuromorphic studies — a multidisciplinary
field of growing interest. Their ability to reproduce such a wide range of neuronal phenomena is unique and
preliminary studies suggest that small networks of such devices could lead to stable, information processing
units.
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Summary: Optical feedback interferometry is being increasingly applied to imaging of both
inorganic and organic samples, especially in the infrared spectral region where imaging
detectors are expensive or bulky. We present an attempt to apply optical feedback
interferometry (OFI) to multispectral analysis of polydimethylsiloxane (PDMS) with organic
(starch) inclusions, covering the near- and mid-infrared spectrum. Absorption at the amide-I
band in the MIR range, resulted in discriminating different starch concentration by OFI, whereas
at the near infrared wavelengths, where the starch is not absorptive, OFI reported congruent
signal amplitudes, in spite of diffusion by PDMS. Following the demonstration of OFI
sensitivity to chemical absorption, chemical imaging of in-vivo tissues would become
foreseeable.

1 Introduction

Visual inspection of skin is the primary and the sole screening method available today to dermatologists.
Naked eye inspection is often supported by dermoscopy imaging [1], that provides better contrast over a wider
spectral range. However, visible light is always being used and diagnosis mostly relies on the medical doctor
expert skill. Suspicious cases of malignant lesions, such as melanoma, are most often treated only after the
histological grading that required a preliminary biopsy. Histological sections are commonly stained by
hematoxylin and eosin (HE stain) to provide the typical blue-pink colored tissue contrast at hands for the
pathologist’s diagnosis. Both of the above necessary steps, biopsy and staining, that are invasive, costly and time
consuming could be replaced by the optical chemical imaging of the tissue acquired in vivo by reflectance
microscopy.

In this context, chemical imaging refers to the identification and localization of molecules in a sample using
light absorption as the contrast agent, instead of refraction or emission that conventional and luminescence
microscopy rely on. It can be more effectively performed at mid infrared wavelengths (MIR) where organic
molecules have their spectral signatures. Reflectance scanning confocal microscopy can be conveniently
performed, at any wavelength, by optical feedback interferometry (OFI) [2]. OFI is a common path detectorless
technique based on the laser self-mixing effect (LSM). In LSM, light emitted by the laser and back scattered by
the sample, mix in the laser cavity providing a modulation signal conveniently acquired either by a photodetector,
or by a voltage probe at the laser terminals [3], in the case of semiconductor lasers. In the infrared region, OFI has
the advantage of being a very sensitive technique with respect to available detectors, to be practical also at
wavelengths where efficient detectors are not yet available and to preserve the sample integrity, since LSM is a
contactless reflectance technique. Additionally, OFI can be adapted to scanning microscopy reaching sub-
wavelength spatial resolution [4] and confocal capability [5].

In this paper we present OFI imaging of synthetic tissue phantoms with dispersed potato starch organic
molecules (PS). OFI imaging were collected at two wavelengths, one resonant with the starch’s amide band around
6 um, and the other in the starch transparency spectral region around 1 pm. Distinctive evidence of different starch
concentration is provided by MIR OFI imaging, whereas NIR imaging, as well as visible inspection cannot
distinguish among different samples.

2. Experimental

The samples are based on cured PDMS and are prepared using the Ayers’s process [6]. Sylgard® 184 silicon
elastomer kit, composed by the silicon matrix and a catalyst, acting as curing agent, was used to prepare the
phantom base. We prepared the sample mixing 10ml of PDMS and 1ml of catalyst obtaining a volume of uncured
PDMS phantom of 11 ml. The silicon matrix was divided into four equal parts to prepare pure cured PDMS
phantoms, three of which then included potato starch at the concentration of 0.01 mg/g, 0.03 mg/g and 0.05 mg/g.
The mixtures were manually mixed for 30 minutes and the uncured phantoms were placed in a vacuum chamber
for 20 minutes to remove residual air bubbles. The phantoms were cured at room temperature for about 24 hours
by placing the final mixtures in rectangular molds of 500pm depth and enclosing them between two plastic plates.

The samples were first characterized by transmittance spectroscopy using an FTIR spectrometer in the range
1538-8333 cm™ (1.2 - 6.5 pum). Spectra are featureless in the NIR region, whereas show a wide absorption band
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in the range 5.9-6.4 um (for pure PDMS) and an additional narrow band (centered at 6.26 um), whose absorption
feature increases with concentration of the potato starch.

OFI was collected at the laser terminals of two semiconductor lasers: a low power dissipation Vertical Cavity
Surface Emitting Laser (VCSEL) at 1.29 um [7] and a Peltier cooled Quantum Cascade Laser (QCL) at 6.26 um
[8]. The laser beams were focused onto the sample by a parabolic mirror, after passing through a pinhole and a
variable neutral filter.

Signal processing consisted of several steps: amplification, digital filtering, removal of DC offset, selection of
fully completed fringes, fringe shaping in a triangle fashion. Height, slopes and full-width at half height were
extracted from the shaped fringes and analyzeed in terms of averaged values, dispersion and uniformity across
the sample surface.

3. Results

Three stripes of PDMS with different potato starch concentration were mounted side by side onto the same
sample holder and scanned together by the VCSEL and the QCL. The voltage amplitude images of the three
stripes are shown in Figure la (at 1.29 um) and 1c (at 6.26 um). The sample holder was scanned continuously
along the horizontal axis and step scanned by 0.5 mm along the vertical axis. Mobile averages over the laser spot
dimension were performed to account for the sample motion.
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Figure 1: Signal amplitude distribution for the three PDMS samples with starch inclusion. Absolute
amplitude scans at 1.29 um (a) and 6.26 pum (c). (b) averaged amplitude over the three scanned areas. Dashed
lines are guide to the eye.

In spite of the relatively large dispersion of the signal, the normalized voltage amplitude, shown in panel (b),
pinpoints the role of the sample absorption coefficient in OFI imaging. The averaged signal over the scanned areas
decreases for increasing potato starch concentration only at the amide-I absorption band (QCL wavelength). The
same samples do not show relevant variations in the NIR region probed by the VCSEL, where potato starch is
almost transparent.

4. Conclusions

Extraction of complex dielectric properties from reflection spectroscopy is a fairly complicated task [9, 10].
Recent attempts to use OFI for materials characterization resulted in a patent application [11], opening commercial
scenarios for future developments. The selective sensitivity of optical feedback interferometry to absorption
features in the molecular fingerprint region by commercially available QCL encourages further efforts to
demonstrate chemical microscopy in reflectance by optical staining
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Semiconductor-based broad-band superluminescent
diodes: a novel light source for photon correlation
metrology: ghost imaging, ghost spectroscopy and ghost
polarimetry
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Summary: We exploit photon bunching of broad-band amplified spontaneous emission light
emitted by semiconductor-based superluminescent diodes. We demonstrate ghost metrology
applications as ghost imaging and ghost spectroscopy based on the spatial and spectral
correlations of these classically correlated photons. We conclude by discussing further
perspectives and possibilities of photon bunching for ghost metrology applications as e.g.
ghost polarimetry.

1 Introduction

Ghost imaging (GI) is by far not a “spooky action” but rather a photon correlation imaging modality based
on the fundamentals of quantum optics, either realized with entangled photons in the quantum GI version or
with bunched photons from classical thermal sources. In contrast to conventional imaging systems, Gl exploits
intensity correlations of light to retrieve an image of an object. Ghost Imaging (Gl) or photon-correlation
imaging is one of the recent topics of quantum optics. After the first demonstration in 1995 with entangled
photon [1] also classical Gl [2,3] has been demonstrated with light emitted by rather complex, bulky thermal
light sources. The name Gl results from the fact that the image is formed by light which has never interacted
with the object. Hereby, the total intensity of the transmitted or reflected light of an illuminated object and the
spatially resolved intensity of a highly (position)-correlated reference beam which itself has never interacted
with the object, are detected. The information of both intensities alone is not enough to form an image of the
object. However, correlating the two intensities in terms of the intensity autocorrelation or second order
correlation yields an image, the ghost image.

2. Ghost metrology: ghost imaging and ghost spectroscopy - concepts, results and discussions

Very recently, we introduced to the field of ghost modalities a novel, extremely compact ultra-miniaturized
superluminescent diode (SLD) source [4] emitting at 1250nm based on Amplified Spontaneous Emission
(ASE). In a classical Gl experiment we exploit the full in-coherence of light as requested for classical Gl,
namely in 1% order coherence being spectrally broad-band, in 2™ order coherence exhibiting Hanbury-Brown &
Twiss photon bunching with a correlation coefficient of two and being spatially incoherent due to the dynamic
mode filamentation of the broad-area waveguide structure.
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Fig. 1 Experimental set-up for the realization of a Fig. 2 Ghost Image (part A) of a double slit object (as
ghost imaging with classical light form a | shown in part B) in terms of the second order correlation
superluminescent diode coefficient g@ (), i.e. the ghost image
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Here, the presentation will start with the discussion of the experimental results of investigations of the
second order coherence of SLDs, i.e. demonstrating the fundamental photon bunching. We then proceed to the
basics of ghost modalities by illustrating the key elements of Gl with classical correlated light emitted by super-
luminescent diodes with the set-up schematically shown in Fig.1 and demonstrate ghost imaging results of a
macroscopic double slit transmission object as depicted in Fig. 2.

We then extend the field of ghost modalities in analogy to this classical spatial GI principle with classical
light to ghost spectroscopy. We propose and realize a first ghost spectroscopy (GS) experiment with classical
light by exploiting spectral correlations of light emitted by a broad-band semiconductor-based superluminescent
diode (SLD) and demonstrate the applicability of this ghost modality in a real-world proof-of-principle
experiment by measuring a ghost absorption spectrum o)) of the characteristic absorption features of
chloroform at 1214nm, i.e. a ghost spectrum [5]. Figure 3 shows the schematic realization of this set-up and Fig.
4 shows the proof-of-principle demonstration experiment with the ghost absorption spectrum of chloroform.

Single mode fiber
Wavenumber A~ in cm™*
8350 8300 8250 8200 8150 8100 8050 8000 7950

1400 135
—— QD-5LD with chioroform sample 4 9%r=0)of QDSLD
1200 { — QD-5LD without sample

Polarizer
with chloroform sample [ 1.30

Polarization

Controller 1000

TPA Photomultiplier tube

with longpass filter s00

600
‘Tunable monochromator

Cuvette
with sample

“*=absorption line b g 1.05
of chieroform

7
‘alf 0 1.00
7 1200 1210 1220 1230 1240 1250 1260
P Wavelength A in nm
Blocker

Spectral distribution S{A) in a. u.

Beamsplitter

Fig. 3 Experimental set-up for the realization of a Fig. 4 Ghost spectrum of an absorption feature of
ghost spectroscopy experiment at the absorption line of | chloroform at 1215nm measured with the set-up of Fig.3. (SLD
chloroform. spectrum  (green), conventionally measured absorption
spectrum of chloroform(blue, both left scale) and ghost
spectrum (red) obtained via the spectral intensity correlation
(right scale))

3. Conclusions

This is the first time, that ghost spectroscopy has been realized with a broad-band semiconductor-based light
source by exploiting the spectral correlations of a broad-band thermal semiconductor light source. Finally, we
shall discuss further perspectives and possibilities of photon bunching in amplified spontaneous emission light
suggesting the realization of ghost polarimetry (GP) by exploiting polarization correlations [6]. We are
convinced that this amplified emission source concept and the pursued and exploited analogy between ghost
imaging and ghost spectroscopy will further fertilize the field, thus allowing to develop a deeper understanding
of the experimental scheme and even leading to other ghost metrology protocols.
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Improved feedback stability of semiconductor
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Summary: The photonic crystal Fano laser is presented, including the laser structure and
theoretical model. The model is utilised to investigate numerically the sensitivity of the laser to
external feedback with respect to the stability of the output signal, and the results are compared
to the well-known behaviour of conventional Fabry-Perot-type lasers. The conventional
operational regimes are observed, including continuous-wave, periodic modulation, pulse
generation and chaos. However, it is then demonstrated how the narrowband reflectivity of the
Fano mirror works to filter de-stabilising frequency components, leading to significantly better
operational stability, so that the sensitivity toward external feedback is drastically improved.

1. Introduction

Photonic crystal (PhC) lasers are promising light sources for applications in photonic integrated circuits such
as on-chip signal processing [1], with much progress being made towards thresholdless lasing [2] and integration
onto silicon [3]. Recently, a novel type of PhC laser was realised by replacing one of the conventional laser mirrors
by a Fano resonance, which creates a narrow resonance in the reflection spectrum [4]. This Fano laser (FL) showed
desirable properties such as pinned single-mode lasing and self-pulsing [5], and it has been predicted that the laser
has a modulation bandwidth greatly exceeding that of conventional lasers [6].

One particular issue for on-chip applications of semiconductor nanolasers is the lack of a readily available
optical isolator, since it is well established that semiconductor lasers in particular suffer from high sensitivity to
external feedback [7]. Even extremely weak external feedback on the order of -30 dB can lead to dynamic
instabilities and chaos, undermining the operational reliability [8]. In this work, we compare the feedback stability
of the Fano laser using an iterative travelling-wave model to the results for a conventional Fabry-Perot (FP) laser,
as modelled using the well-known Lang-Kobayashi (LK) model for lasers with external feedback, and find that
the Fano laser is significantly more resilient towards feedback-induced instabilities.

2. Fano laser structure and model

The Fano laser is realised in an InP photonic crystal membrane structure, as a line-defect waveguide with a
nearby point defect HO nanocavity, as shown in figure 1(a). One laser mirror is created by termination of the
waveguide, while the other mirror is formed by Fano interference due to the coupling of the continuum of
waveguide modes to the discrete mode of the nanocavity.
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Figure 1: (a) Fano laser structure. The grey region is an InP membrane, and the white circles represent air holes. The laser
mirrors are indicated, as are the coupling channels into and out of the nanocavity. The red dots represent the quantum dot
active material. (b) Calculated relative intensity noise as function of the external power reflectivity for both the conventional
laser (red circles) and the Fano laser (green, blue, black). As the quality factor of the Fano laser increases, so does the feedback
stability, due to the narrowing of the mirror linewidth, far outperforming the conventional laser. The dashed black line indicates
an analytical prediction for the onset of coherence collapse for the Lang-Kobayashi model.
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This coupling leads to a narrow resonance in the reflection spectrum with a bandwidth inversely proportional to
the Q-factor of the nanocavity. The active material of the laser consists of InGaAs quantum dots embedded in the
membrane, and the device is pumped optically.

The dynamics of the Fano laser are modelled using an iterative travelling wave model, where the evolution of
the laser cavity field is coupled to the nanocavity field, as described by coupled-mode theory, in order to account
for the dynamic interference phenomenon that forms the laser mirror [4].

3. Feedback dynamics and stability comparisons

Figure 1(b) shows the calculated relative intensity noise (RIN) of the laser as a function of the external
amplitude reflectivity for both the FP laser and Fano lasers with different Q-factors of the nanocavity. All other
parameters are identical, including mirror reflectivity, laser threshold, and pump power. The RIN is calculated as

5pP?
RIN = = )]

where 8P is the standard deviation of the output power and (P)? is the square of the mean power. In the low Q-
limit the FL curve approaches the LK curve. This agrees well with theory, where the FL model converges to the
LK model if the feedback is weak and the nanocavity field can be adiabatically eliminated. As such, the green
curve is essentially a convergence check, while the blue and black curves represent realistic FLs. We note here
that spontaneous emission noise is excluded from the analysis, so that the RIN calculated by equation (1) is purely
deterministic and is used to quantify the stability of the laser.

As the quality factor of the nanocavity is increased, the bandwidth of the mirror resonance decreases and the
evolution of the FL RIN curve changes significantly. In particular, it is evident that the dramatic increase in RIN
that signifies the onset of instabilities and chaos requires a significantly larger external reflectivity when the
quality factor of the nanocavity is increased to realistic values. This significant increase in stability is attributed
to the Fano mirror functioning as a narrowband filter, which decreases in linewidth as the quality factor is
increased. As such, additional frequency components do not stay in the laser cavity to be amplified, retaining the
narrow linewidth and stable operation even for large levels of feedback.

Generally, the shape and evolution of the RIN curves depend strongly on a number of parameters, including
the pumping strength, delay time, and linewidth enhancement factor, but in all cases the Fano laser has a much
lower feedback sensitivity than conventional FP lasers. For some parameter combinations, the difference in
external feedback level for the conventional and Fano lasers at the onset of instability is orders of magnitude,
showing how the nanocavity dynamics serve to strongly damp any fluctuations. This effect can also be observed
by looking directly at the small-signal IM response, as in [6], where it was demonstrated how the IM response of
the FL is damped in proportion to the quality factor of the nanocavity. This agrees with results for conventional
lasers, where increased damping improves stability [7].

4. Conclusions

The Fano laser was presented, and it was demonstrated how the replacement of a conventional Fabry-Perot
mirror by a Fano resonance in a photonic crystal laser may lead to improved feedback stability due to the strong
dispersion of the Fano mirror. This was illustrated by calculations of the evolution of the relative intensity noise
as the external feedback increases, showing how the onset of instabilities and chaos occur at a much higher
external feedback for Fano lasers. The improved stability was attributed to the narrow bandwidth of the Fano
mirror, which scales with the quality factor of the nanocavity, as was also observed for the feedback sensitivity.
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Summary: NanoLEDs and nanolasers are both being considered as low-power sources for
optical interconnects. In this talk some fundamental aspects related to light emission in these
nanoscale sources will be reviewed. First, experimental results on nanoLEDs coupled to optical
waveguides on Si will be presented. The role of surface recombination and effective passivation
methods will be discussed. In the second part of the talk, the ultimate limits to scaling in LEDs
and lasers will be analyzed, using a simple theoretical model. Particular attention will be given
to the role of the mode volume scaling on the spontaneous and stimulated emission rates and
therefore on the modulation bandwidth.

1 Introduction

Short-distance optical interconnects require optical sources operating efficiently at low output powers. As lasers
are only efficient above threshold, and the threshold current scales with the volume of the active region,
miniaturization of semiconductor lasers has been a hot topic in research, with a race towards sub-micrometer
lasers [1]. However, making a small and efficient laser is challenging, and the alternative option of efficient nano-
light-emitting diodes (nanoLEDs) is also under investigation. While the efficiency of conventional LEDs is
limited by the fact that only a fraction of spontaneously emitted photons can be collected, the modification of the
spontaneous emission rates occurring in a wavelength-sized cavity can in principle offer a solution. Indeed, the
spontaneous emission rate scales as the inverse of the mode volume, and, in the case of a spectrally narrow emitter,
with the quality factor of the cavity, leading to large enhancements for small and low-loss cavities (the so-called
Purcell effect). Additionally, emission into other, unwanted modes can be suppressed in small cavities. This has
led to the expectation that nanoLEDs could be both efficient and fast. Moreover, the enhancement of the
spontaneous emission rate also has consequences for the shape of the light-current curve in a nanolaser, leading
to the disappearance of a clear threshold. NanoLEDs and nanolasers are often modeled by introducing the Purcell
enhancement factor and/or the spontaneous emission coupling factor as ad-hoc parameters, while they are
intrinsically connected to the physical cavity parameters, such as mode volume, cavity linewidth and emitter's
homogeneous and inhomogeneous linewidth. In particular, the deep connection between spontaneous and
stimulated emission rates (Einstein's relations) should always be explicitly considered when modeling the effect
of mode volume reduction in a nanolaser.

2. Experimental results

We will first discuss the experimental characterization of a nanoLED, designed to be efficiently coupled to an
on-chip waveguide on an InP-on-Si platform [3]. It provides waveguide-coupled output powers in the ~20 nW
range and a sub-ns electro-optical response. We show that the main limiting factor in the efficiency is represented
by surface recombination, and we discuss a passivation method which allows reducing the surface recombination
velocity by two orders of magnitude in InGaAs nanoscale active regions [4].

3. Modeling

We discuss a simple rate equation model which treats spontaneous and stimulated emission rates on the same
footing and thereby captures the main features of size scaling in nanoLEDs and nanolasers [5]. The effect of
homogeneous and inhomogeneous broadening of the semiconductor active medium is also explicitly taken into
account. The main conclusions are that the Purcell enhancement factor is strongly reduced and becomes close to
one in realistic structures, due to linewidth broadening, and that the enhancement of the stimulated emission rate
(i.e. increase in modal gain) with mode volume has the most prominent effect in the static and dynamic
characteristics of nanolasers. The expected modulation bandwidths for different nanolaser designs will be
discussed.

5. References

[1] M.T. Hill and M.C. Gather, "Advanced in small lasers", Nature Photonics, Vol. 8, pp. 908-918, 2014

[2] E. M. Purcell, “Spontaneous emission probabilities at radio frequencies,”, Phys. Rev., Vol. 69, p. 681, 1946.

[3] V. Dolores-Calzadilla et al., "Waveguide-coupled nanopillar metal-cavity light-emitting diodes on silicon”, Nature Comm., Vol. 8, p.
14323 (2017)

25



Session 111 — A. Fiore et al.

[4] A. Higuera-Rodriguez et al., “Ultralow Surface Recombination Velocity in Passivated InGaAs/InP Nanopillars”, Nano Lett. VVol. 17, pp.
2627-2633, 2017

[5] B. Romeira and A. Fiore, "Purcell Effect in the Stimulated and Spontaneous Emission Rates of Nanoscale Semiconductor Lasers", IEEE
J. Quantum Electron., Vol. 54, p. 2000412, 2018

Acknowledgements

This research was supported by the EU FP7 project NAVOLCHI (288869), the ERC project NO LIMITS, NanoNextNL, a micro- and nano-
technology program of the Dutch Ministry of

Economic Affairs and Agriculture and Innovation and 130 partners, the Marie Sktodowska-Curie fellowship NANOLASER (2014-IF-659012)
and the Dutch Gravity program "Research Centre for Integrated Nanophotonics”

26



Session 1V — J. Hausen et al.

Understanding the emergence of non-equidistant multi-pulse emission in
passively mode-locked VECSELSs

J. Hausen'*, S. Meinecke', B. Lingnau' and K. Liidge'

1 Technische Universitct Berlin, Hardenbergstrafle 36, 10623 Berlin, Germany
*hausen @ campus.tu-berlin.de

Summary: Mode-locked semiconductor lasers are widely used for the generation of short
pulses. If the amplifying and the absorbing material are embedded in a V-shaped external
cavity, new multi-pulse solutions emerge. We theoretically model the device by multi-delay
differential equations and apply numeric integration as well as path-continuation to understand
the underlying bifurcation scenarios. Our investigations predict various parameter regions
with complex non-equidistant pulse emission that emanate by repositioning the gain chip. We
show that the degree of multi-stability increases with the cavity size and that the new solutions
emerge from the fundamental mode-locking solution in a series of saddle-node bifurcations.

1 Introduction

Mode-locked lasers are exceptional sources for the generation of short pulses of light. Depending on the
operation conditions different dynamical regimes, ranging from Q-switching to high-order harmonic mode-
locking, exist and are well understood for monolithically integrated devices [1][2]. However, if the amplifying
and the absorbing material are embedded in an external cavity (VECSEL) with a V-shaped geometry, e.g. done
to obtain pulses with a duration of 100fs and repetition rates in the GHz ranges [3], new solutions with multiple
non-equidistant pulses emerge [4][5][6]. We investigate the device as shown in Fig.1a from a dynamical point of
view and analyse the underlying bifurcations leading to the various dynamical regimes. A special focus is set to
the cavity geometry, i.e. the influence of the delays/length of the optical arms.

2. Bifurcation analysis

To understand the underlying mechanisms of these new non-equidistant pulse train dynamics (pulse clusters)
and to unravel the respective bifurcation scenario, we derive a system of multi-delay differential equations from
a travelling wave approach including the electric field and charge-carrier dynamics in the gain/absorber chip.
After introducing a variable transformation [7], we obtain a system with three delays, which in turn depend on
the gain chip position relative to the outcoupling facet/absorber and the total cavity roundtrip time (see Fig.1a).
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Figure 1: a) V-shaped cavity geometry with forward (backward) propagating field E* (E’) indicated as blue
(red) arrows. b) Path continuation of the fundamental periodic mode-locking (FML) branch (solid line)
emerging from the continuous wave solution (CW, dashed line). Pulse cluster solutions (PC shown in b))
emanate from the FML solution (shown in bs) in a series of saddle-node bifurcations (SN), where an
additional a side pulse appears (shown in b,) which grows in amplitude with increasing pump power.
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Taking into account the dynamical variables of the electric field £ and the integrated carrier densities of the gain
G and the absorber Q the DDE system reads as follows:

B = —yE(t) + y/RE(t — T)e 5 2(GU—T+2m2)+G(1—T)+(1—iag)Q(t—T)
G =Jy—7G(t) = (D = D{| B(t) |” + | E(t —2m3) |? 2@U—2m2)03GU=2m2)) - Eq(1)
Q = Jg —71Q(t) — rs (291 —1)e“M) | B(1) |?

The evoking dynamics in turn depend on the gain bandwidth y, the pump current J,, the unsaturated absorption
J, the carrier recovery rate in the gain y, and absorber y, section, the ratio of the saturation energies r, the mirror
losses at the facet x and the amplitude phase coupling coefficients of gain a, and absorber a, section. While the
model given in Eq.(1) is able to accurately describe the dynamics, it is simple enough to allow for a
comprehensive bifurcation analysis. On that account we apply numeric integration techniques as well as the path
continuation software DDE-biftool for delay differential equations. Specifically, we study the dependencies of
the dynamics and bifurcations on the pump parameter J,, the gain bandwidth y, the cavity roundtrip time 7 and
the gain chip position (z; and 7).

Our investigations predict various parameter regions with complex non-equidistant pulse trains and a high
degree of multi-stability, that critically depend on the cavity configuration. Furthermore, our bifurcation analysis
leads to an in-depth understanding of the emerging multi-pulse solutions and shows that they emanate from the
fundamental mode-locking solution, which branches off the continuous wave emission solution branch (CW) in
the Hopf-point H, as indicated in Figure 1b. Subsequent saddle-node (SN) and torus bifurcations (T) lead to
changes in stability of the pulse clusters and furthermore pulses are added to the cluster. This can be seen in
Fig.1b where stable regions of pulse cluster emission are marked and examples of pulse shapes along the branch
are shown. Higher numbers of pulses are created with increasing pump power and cavity roundtrip time. With
an increasing roundtrip time (starting from 200ps), the fundamental mode locking solution as well as the pulse
cluster solutions detach from the H, branch and become independent, i.e. not connected to the remaining
solutions.

3. Conclusions

We model a V-shaped cavity passively mode-locked laser using a system of delay differential equations in
which the delays depend on the spatial position of the laser components. We find pulse clusters emerging from
the continuous wave solutions in the first Hopf bifurcation. Their stability and number of pulses in the cluster is
changed in a series of subsequent torus and saddle-node bifurcations. Increasing the cavity roundtrip time while
maintaining a symmetric positioning of the components, leads to a detaching of the lower order pulse cluster
solutions and to an emergence of higher order pulse clusters with several pulses per cluster. Breaking the
symmetry of the cavity by repositioning the gain chip shifts the stability to higher order pulse clusters.
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Summary: We present a theoretical framework that allows accurate master equation
modelling of coherent effects in modelocked lasers with fast gain, where the well-known Haus
theory fails. The novel master equation contains the Risken-Nummedal-Graham-Haken
coherent instability and reproduces well the experimental dynamics of pulses generated by a
semiconductor laser with external cavity, modelocked through periodic loss modulation.

1. Introduction

The paradigmatic model describing modelocking in lasers, Haus master equation [1,2], holds under the
hypothesis that the gain recovery time is much larger than the cavity roundtrip time. Such limitations impose
severe constraints on Haus theory applicability to semiconductor or quantum cascade lasers, where the gain
recovery time can be in general faster, being even close to the picosecond or shorter.

We have developed a novel theoretical approach that allows deriving master equations for modelocking in
lasers valid beyond the Haus limit, while agreeing perfectly with Haus equation in the parameters region where
the latter applies. In particular we present here a master equation for active modelocking that captures the
Risken-Nummedal-Graham-Haken coherent instability, claimed to be at the basis of modelocking and frequency
comb generation in some semiconductor lasers, like quantum cascade lasers.

Experiments confirm quantitatively the predictions of our model in the case of a modelocked semiconductor
laser, capturing both the pulse shape and the stability region of the pulses.

2. Coherent effects in mode-locking

A key point of our approach is the splitting of the gain into a slow component, which doesn’t display
variations on the cavity roundtrip timescale, and a fast component. Our model consists in a dynamical equation
for the electric field envelope coupled to another one for the slow gain component, while the fast gain
component follows adiabatically (is dynamically slaved to) the other two variables. It is the fast gain component
that carries coherent effects information. The master equation has been derived from Maxwell-Bloch equations;
by employing an improved adiabatic elimination technique, we have been able to incorporate in our model the
full coherent effects arising from the light-matter interaction inside the gain medium. We show that indeed such
coherent effects become relevant for the dynamics of pulses when the gain lifetime approaches the cavity
roundtrip time.

By preserving features characterizing light-matter interaction our model perfectly captures the coherent
Risken-Nummedal-Graham-Haken instability [3,4] being hence able to model spontaneous modelocking.

3. Experimental test

We have performed experiments in a ring cavity resonator using a bulk semiconductor amplifier as a gain
medium while modelocking operation has been achieved through modulation of losses performed using a Mach-
Zehnder modulator. We have performed different series of experiments under different harmonic modelocking
orders. This approach allows us varying the effective cavity roundtrip time by more than one order of magnitude
without changing the cavity setup [5]. Here we show results corresponding to a cavity roundtrip time on the
order of the nanosecond, which is comparable to the estimated value of the gain recovery time. Even in this case
Haus theory is unable to account for the experimental observations. In particular two key features completely
absent in Haus theory are well captured by our model: the pulse shape deviates from Gaussian (exhibiting
different shapes according to the amount of applied detuning: asymmetric bell-shape, pulses with one or more
bumps, and sech-like pulses) and is asymmetric with respect to the action of modulator frequency detuning with
respect to resonance.
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4. Conclusions

Our novel master equation, whose predictions have been successfully verified experimentally, is a compact
model that can be easily integrated numerically and can be potentially generalized to a great variety of
modelocking techniques (pump current modulation, saturable absorber, Kerr-lens, and spontaneous modulation
instability: Benjamin-Feir and Risken-Nummedal-Graham-Haken instability).

Potential applications of our new model may be found in describing modelocking dynamics in
semiconductor and quantum cascade lasers being much more compact than the full set of Maxwell-Bloch
equations.
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Summary: A modelling tool based on a nonlinear finite-difference bidirectional Beam
Propagation Method (BPM) was developed to study the optical filamentation of the near field
in high-power broad-area laser diodes. The near-field pattern, resulting from the multimode
laser waveguide in the slow-axis direction, can show strong peaks whose optical density could
exceed the Catastrophic Optical Mirror Damage (COMD) threshold. A control of the optical
filamentation at the design stage is thus of utmost relevance to fabricate highly reliable
high-power semiconductor lasers.

1 Introduction

Semiconductor lasers emitting in the 9xx nm range whose optical output power significantly exceed 10W are
commonly used for many applications including fiber-laser pumping and direct-diode material processing. In
order to manage high optical powers, these devices necessarily have a broad-area multimodal active waveguide
in the lateral direction (slow-axis) causing optical filamentation of the lateral far- and near-field by self-focusing
mechanism and mode instability [1], see Fig. 1(a). The waveguide is single mode in the vertical direction
(fast-axis), where the optical confinement is due to the epitaxial heterostructure embedding the quantum well
active layer. The main issue associated with the slow-axis near-field filamentation pattern is the possible presence
of peaks whose optical density can reach several tens of MW/cm? causing high facet-temperature spots followed
by COMD [2].

Nonlinear bidirectional BPM results
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Figure 1: (a) slow-axis near field of a high-power broad-area semiconductor laser, (b) modelling results

In order to address the issue at the device design stage we have developed a numerical tool based on the
nonlinear finite-difference bidirectional BPM. The tool was used to identify laser structure changes affecting the
near-field pattern with the goal of reducing the strongest peaks, thus increasing the laser-facet reliability.

2. High power laser structure

Our laser epitaxial structure consists of a single 8nm InGaAs/AlGaAs QW embedded between asymmetric
GRIN-SCH AlGaAs layers. It was grown by MOCVD on a n-doped (100) 2-degree-off GaAs substrate. The QW
and the cladding layer’s thickness, doping, and composition were designed to achieve a reduced vertical and
lateral far-field width (FWHM@1/e? < 58° L, 12°|)), an high differential efficiency (> 1 W/A) and a low series
resistance (< 20mQ). Low optical losses (< 0.8cm™) allowed a 5mm cavity length and lateral optical confinement
was provided by a broad area ridge waveguide structure 130pum wide. A low reflective (~2%) and a high reflective
(> 95%) mirror coatings were applied to laser facets, after protection with a proprietary passivation technology.
Fabricated chips were mounted in 90W multi-emitters for CW fiber-laser pumping.
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3. Modelling tool and results

The numerical tool, developed with a Matlab and Fortran code, is based on the Crank-Nicholson scheme
solution for the finite-difference bidirectional BPM including the transfer-matrix method to account for
reflectivity at the numerical-grid points [3, 4]. A model of the quantum-well’s non-linear complex refractive index
[5] and the photon-carrier rate equation are self-consistently included in the calculation scheme. The propagation
equations for the BPM are:

oyt
oz B

1+l<k2ﬁ2—f52 +a_2 -1yt

pz\ "° ox2

and its time-reversed for the counter-propagating field y~, where the squared-root operator is evaluated using the
Pade approximants [3]. The tool allows the calculation of the optical property variations, the carrier density and
the nonlinear electromagnetic field propagation along the resonant cavity at varying injected currents, see fig. 1(b).
Nonlinear effects like the Spatial Hole Burning (SHB) and the induced transparency in waveguide surrounding
regions are numerically reproduced. The tool has been used to calculate the near field pattern, showing a
qualitative agreement with the experimental findings. In particular, we observed the highest-intensity peak
location toward waveguide edges, where COMD statistical frequency shows a maximum. We studied, both
experimentally and numerically, the flattening of the near-field profile by increasing the waveguide optical
confinement by means of the ratio between the average intensity and the maximum peak, see fig.2.
In order to evaluate the mode distribution (Parseval’s coefficients) contributing to the emitted field, a modal
decomposition of the calculated field was performed.
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(a) Near field measurements:
(left) Process PE102 (An=4x10"%),
(right) Process PE104 (An=2x107)
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(c) Nenlinear bidirectional BPM results: near field and relevant
average/peak values for a low confining and a high confining waveguide

Figure 2: Slow-axis near-field measurements of laser chips belonging to wafer processes with different
optical confinement (a), statistical comparison of average/peak values (b) and numerical calculations (c)

5. Conclusions

The nonlinear finite-difference BPM is a powerful tool to study and control the optical filamentation of the
high-power broad-area semiconductor-laser slow-axis near-field. The effect of the optical confinement was
investigated. Future analysis will be focused on other structure parameters and waveguide-side geometry in order
to control the mode distribution. Future developments of the tool could consider the photoelastic and the
thermorefractive effects in order to reproduce realistic behaviour of mounted laser devices under CW operation.

5. References

[1] H. Wenzel, “Basic aspects of high-power semiconductor laser simulation”, IEEE J. Sel. Topics Quantum Electron., Vol. 15, pp.1502913,
2013

[2] M. Bou Sanayeh et al., “The physics of catastrophic optical damage in high-power AlGalnP laser diodes," Proc. SPIE 6997, Semiconductor
Lasers and Laser Dynamics 111, 699703, 2008

[3] H. Rao et al., “A Bidirectional Beam Propagation Method for Multiple Dielectric Interfaces”, IEEE Photon. Technol. Lett., vol. 11,
pp. 830-832, 1999

[4]J. P. Leidner, “Spatial and Spectral Brightness Enhancement of High Power Semiconductor Lasers™, PhD Thesis (University of Rochester),
ISBN: 9781321749861, 2015

[5] D. Campi et al., “Optical nonlinearities in multiple quantum wells: Generalized Elliott formula”, Phys. Rev. B, Vol. 51, pp. 10719-10728,
1995

Acknoledgements

The authors gratefully acknowledge the whole Diode Fab Team of Prima Electro, led by R. Paoletti, and in particular P. Gotta and M. Rosso
for providing devices and experimental support.

32



Session IV — M. Wasiak et al.

Numerical model of small signal modulation response
for vertical-cavity surface-emitting lasers

M. Wasiak'*, P. Spiewak!, E. Pruszynska-Karbownik!, M. Gebski!, P. Komar', J. A. Lott?

and R. P. Sarzala!
1 Institute of Physics, Lodz University of Technology, £6dz, Wolczanska 219, 90-924, Poland
2 Institute of Solid State Physics and Center of Nanophotonics, Technische Universitdit Berlin,

Hardenbergstraf3e 36, Berlin, Federal Republic of Germany

*michal. wasiak@p.lodz.pl

Summary: We present our new model of small signal modulation (SSM) response curves for
vertical-cavity surface-emitting lasers. This model takes into account electrical, optical and
recombination processes. All the necessary parameters are calculated using numerical models
without the necessity of fitting to experimental data. The SSM curves calculated using this
model show a good prediction of subsequent experimental results and thus the model is valuable
for VCSEL design and integrated system modeling.

1. Introduction

Vertical-cavity surface-emitting lasers (VCSELs) are commonly used as the light emitters in optical data
communication systems. In such applications it is crucial that a laser’s output can be modulated with very high
frequencies of the order of GHz or tens of GHz. The small signal modulation (SSM) experiment is one standard
method to measure the intrinsic SSM bandwidth and thus to determine the laser’s ability to switch between low
and high optical output emission states as a function of the input electric modulation frequency. Here we present
results of our new model designed to calculate small signal modulation response characteristics, that is applicable
to all VCSEL designs and if expanded may as well be valuable for the modelling and deign of vertical-external-
cavity surface-emitting lasers (VECSELs)

2. Model

The laser’s optical response to a voltage modulation depends on three primary factors:

1) the electrical properties of the laser;
2) the photon-carrier dynamics in the active region; and
3) the quality factor of the optical cavity.

A model addressing the first factor has already been developed in the Photonics Group at the Lodz University
of Technology [1]. The quality factor of a cavity can be calculated using an optical model that finds optical modes
and their complex wavelengths. A model describing photon-carrier dynamics based on two rate equations for
semiconductor lasers is presented in, for example [2]. Our model uses a modification of the theory given in [2],
but instead of fitting the parameters of this model to experiment, we calculate the parameters based on the results
given by our computer model of continuous-wave operation of semiconductor lasers [3]. A model that does not
require any fitted parameters enables an analysis of the impact of different and limitless modifications of the
device structure with the goal of optimizing certain performance parameters and device figures-of-merit before
the actual device fabrication.

3. Results

We model a GaAs-based, oxide-confined VCSEL designed and fabricated at TU Berlin [4]. First we simulate
the static light-current-voltage (LIV) characteristics. Then, all the necessary parameters used in the dynamic model
are calculated for the chosen values of the driving current. Figure 1 presents simulated SSM response curves (that
is, scattering parameter magnitude Sy; versus frequency) for the modelled VCSEL structure at three different
values of the driving bias current. When the current increases, the resonance peak shifts towards higher
frequencies, its height decreases, and the -3dB frequency (defined as the SSM bandwidth) increases. This in
agreement with what is observed in experimental VCSEL S;; curves.
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Figure 1: Calculated SSM response curves for different values of the driving current for a 4.2 um oxide
aperture diameter VCSEL produced by TU Berlin [4]. The dashed black line shows the -3dB level.

4. Conclusions

We have developed a model that allows us to calculate the SSM response curves for VCSELs without the need
to fit the model to experimental results. We obtained qualitative agreement with experimental results, thus making
our model highly vaulable for use in comparing and testing VCSEL designs and VCSEL geometries before
accepting the expense and time of growing the epitaxial wafers and processing the VCSELs.
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Summary: We present results of numerical calculations of small signal modulation response
for GaAs-based, oxide-confined vertical-cavity surface-emitting lasers. The results show that
the VCSEL’s -3 dB small signal bandwidth increases with driving current and its dependence
on the cavity quality factor for a fixed value of the current is non-monotonic.

1. Introduction

Small and compact optical data transfer systems are replacing traditional data communication solutions in
many applications, most especially in very short-reach and integrated systems. Semiconductor VCSELSs,
because of their small size, high efficiency, and the fact that they can be directly modulated at very high
frequencies are widely developed for applications such systems. The modulation properties of a diode laser are
determined by numerous factors that may depend on both the laser's construction and on the operating
conditions.

A model developed by the Photonics Group at the Lodz University of Technology allows us to calculate the
small signal modulation (SSM) response of vertical-cavity surface-emitting lasers (VCSELS). It is an extension
of the existing static model [1,2,3]. Using this new SSM model we analyse the impact of the driving current and
modifications of the VCSEL's epitaxial structure on the modulation properties.

2. Results

The modelled VCSEL is a GaAs-based, oxide-confined VCSEL emitting at around 980 nm [4]. Figure 1
shows the -3 dB bandwith fsgs calculated for a laser structure with 15.5 pairs of the top distributed Bragg
reflector (DBR) mirror as a fuction of the driving bias current. We use a variable high frequency modulation
voltage on top of the bias voltage. Figure 2 presents results of simulations of SSM response of VCSELs
differing from the above structure only in the number of the top DBR pairs. As one can see, for a fixed value of
the driving current of 1.2 mA there is a maximum of the bandwidth.
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Figure 1: The simulated -3 dB small signal modulation bandwidth (fass) as a function of the bias currentin a
980 nm VCSEL with 15.5 top coupling DBR pairs.
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Figure 2: The simulated -3 dB small signal modulation bandwidth (f3dB) and the simulated emitted optical
power as functions of the number of the top DBR pairs for the driving bias current of 1.2 mA.

3. Conclusions

The results of our calculations show that the fsg of a VCSEL increases with bias current, which is in line
with general experimental observations. However, the dependence of fsgs on the number of top DBR pairs (and
hence the cavity Q-factor) is less trivial. There is a number of DBR pairs for which the -3 dB bandwidth has a
maximum and this is not correlated with the maximum value of the emitted optical power.
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Abstract: A coupled Bloch-wave approach is employed to analyze active photonic-crystal
(PhC) waveguides and cavities. The impact on group index of a generally complex refractive
index perturbation is discussed. This perturbation couples the otherwise independent Bloch
modes and limits the maximum attainable slow-light enhancement of gain.

1 Introduction

A major advantage of photonic crystal (PhC) line-defect waveguides is the slow-light (SL) enhancement of
gain per unit length. In particular, PhC lasers based on line-defect waveguides, having ultralow threshold current,
are ideal candidates for energy efficient light sources in high density PhC integrated circuits [1,2]. A rigorous, but
computationally demanding approach to analyze PhC lasers is solving Maxwell-Bloch equations by a finite-
difference-time-domain (FDTD) technique [3]. An alternative approach is represented by coupled-mode theory.
In this work, we employ the theoretical approach of [4] to model an active PhC waveguide and we further exploit
it to study a PhC laser in the frequency-domain as made up of an active PhC waveguide and two mirrors. In
particular, we push further the formulation of [4] to generally take into account both a real and imaginary refractive
index perturbation; therefore, we explicitly derive the Bloch modes of the perturbed waveguide and discuss the
impact of the refractive index perturbation on their dispersion relation. Consistently with the rigorous, non-
perturbative approach of [5], we show that the maximum attainable SL gain-enhancement is limited by the gain
itself. These results could be also useful in further investigations of the impact of the gain-induced coupling on
the threshold gain properties of PhC lasers.

2. Numerical model

The forward- (+) and backward-propagating (—) Bloch modes of the unperturbed, reference waveguide in the
frequency-domain are denoted by E, .. (r,w) = €+ (T, w)e*#z(®)Z where ey . (x,y,2) = eo+(x,y,z + a), with
k, propagation constant and a the PhC lattice constant. By expanding the electric field as E = ¢, (z, w)E 4 +
Y_(z, w)E, _ , two coupled differential equations for 1, (z, w) are derived [4]:

)

{a‘”a—“’) = k11 (2, )4 (2, ) + iky (2, 0)e ™27 _(z,0)
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The self- and cross-coupling coefficients induced by the generally complex refractive index perturbation are written
aS Ky1,12:01(2, @) = P [(w/¢) (ng(w)/n2)/2] Ty 11:12:21 (2, ), Where n and n, are the slab material refractive
index and the unperturbed waveguide group index, while P is a scaling factor depending on the refractive index
perturbation. Specifically, P = 2[n;Ang + ingAn;], where Ang and An; = —(c/w) go/2 are, respectively, the real
and imaginary refractive index perturbation, with g, being the active material gain. Confinement factors
Ty 11;12;21 (2, w) are given by

a [ eontleq(r, )|*F (r)ds
J, €onp()leo(r, w)|2dV

a [;en? [eo-(r, @) - €}, (r,w)|F(r)dS
J, €onZ (leo(r, )[2dV

ny,ll(zv w) = ny,lZ(Z' w) =
with Ty 51 =Ty, 12 V is the volume of a PhC supercell, S the transverse section at z and n,,(r) the background
refractive index, whereas F(r) = 1 (= 0) in the slab (holes). Due to the z-periodicity of e, and F(r), the
coupling coefficients are periodic with z. By putting 1, = c*e*:z%, equations in (1) are turned into a system of
two coupled differential equations in c*(z, w) with periodic coefficients. Therefore, c* at the input and output of
the generic Ny, cell are related by [cf (w) cy(w)]T = T (w)[cfi_1(w) cy_1(w)]T, where T, is the unit cell
transmission matrix. The eigenvectors u; = [U11  U21]Tand u, = [U12  U22]T of T, are the Bloch modes of the
perturbed waveguide. The corresponding eigenvalues are 1, , = e*i¢8(@) Therefore, ¢ is the phase-shift per
cell of u, and u,, i.e. the dispersion relation of the Bloch modes of the perturbed waveguide. Consequently, the
perturbed waveguide group index is readily obtained as nge.(w,P) = ¢ Re{d0¢p(w, P)/dw}. Within this
approach, a PhC laser of N cells consists of the cascade of an active PhC waveguide and two mirrors (see inset of
Fig. 2b). The waveguide transmission matrix is TY , while the mirrors are modelled, for simplicity, with a
frequency-independent reflection coefficient. The cavity loop gain (LG) is computed as the product, at a given
reference plane, of the left and right field reflectivity.
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Fig.1. (a) Magnitude and (b) phase of T,y ,,, at different frequencies, for the same line-waveguide of PhC lasers in [2]; inset in (b): unit
cell reference planes. (c) Group index of the perturbed waveguide with An; = —0.001 and various g, values.

3. Simulation results

The unperturbed, reference structure is the passive line-defect waveguide on which the PhC lasers realized in
[2] are based. Magnitude and phase of the corresponding Iy, 1, (z, w) are shown in Fig. 1a and 1b at different
frequencies. On this basis, the impact of a generally complex refractive index perturbation on the waveguide group
index can be analyzed, as shown in Fig. 1c. Firstly, we consider the case a purely real refractive index perturbation,
i.e. Ang = —0.001 and g, = 0. The group index diverges at f = 189.45 THz, which is the band-edge of the
perturbed waveguide, and is zero at smaller frequencies. Indeed, these frequencies correspond to the stopband of
the perturbed waveguide. Secondly, we gradually add gain to the same waveguide. As g, increases, the group
index is gradually reduced in the passband of the waveguide with purely real refractive index perturbation, thus
limiting the SL gain-enhancement; on the contrary, it gradually increases in the stopband, where the previously
evanescent Bloch modes have now become propagative. This is consistent with results reported in [5].
With this coupled Bloch-wave approach, we have then modelled the PhC lasers presented in [2], with the left and
right mirror reflectivity set to 2 = 0.98. The inset of Fig. 2b displays a scheme of the cavity, with the field
reflectivity from the left facet towards the cavity denoted by 7., z. The threshold condition is the level 1/r,
corresponding to the horizontal line in Fig. 2a. The red spots track the longitudinal resonant mode M;, with
frequency f = 191 THz, as it approaches the lasing onset at g, = 16.2 cm™1. The frequency shift of mode
M, towards the SL region as the cavity length increases (Fig. 2c) is consistent with the experimental [2] and
numerical [3] trends.
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Fig. 2. Magnitude of r.q r, at different g,, for L = 5a; black line is level 1/r. (b) Phase of r.qr; inset: scheme of the cavity.
(c) Mode frequencies versus cavity length. (d) Threshold gain for the onset of lasing of the various modes.

4. Conclusions

In conclusion, the impact on group index of both a real and imaginary refractive index perturbation has been
analyzed. This analysis could be useful for future investigations of the lasing mode threshold gain properties of
PhC lasers.
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Summary: We present numerical simulations of a nitride VCSELs (Vertical-Cavity Surface-

Emitting Lasers) created at the University of California, Santa Barbara (UCSB). These

structures have dual dielectric DBRs (Distributed Bragg reflector). The results show how the

construction and material parameters like: the length of the resonator, absorption in n-GaN

influence the laser threshold parameters and the emitted power. We considered also different

values of the efficiency of carriers injection into the active area.

1. Introduction

Operation characteristics of the existing structures of nitride VCSELs do not yet meet commercial
requirements. In VCSELs with dielectric DBRs, it is important to ensure an efficient heat transfer mechanism.
Effective heat transfer can be obtained by using lasers with long resonators, which have thick n-GaN layer. This
thick n-GaN layer enables better heat spreading. On the other hand, a long resonator causes large losses due to
optical absorption, which has an adverse effect on the optical properties of the device.

We present numerical simulations of nitride VCSELSs created at the University of California, Santa Barbara
(UCSB) [1]. Our results show how: the length of the resonator and absorption within it influences the laser
performance. The calculations were done using a self-consistent thermal-electrical-recombination-optical model
developed by the Photonics Group at the Lodz University of Technology [2].

2. Simulated Structure

The analyzed structure is designed to emit a 405 nm wavelength. The original structure had a 23X resonator.
Both DBRs are made of Ta,Os/SiO,. Because the bottom DBR is made of dielectric materials, the n-type contact
is in the form of a gold ring surrounding this DBR. Such bottom contact helps also to remove heat from the laser.
The active area consist of two 14 nm/1nm InGaN/GaN quantum wells (QWSs). The electrical aperture of analyzed
structure is confined by lateral Al ion implanted areas. Scheme of this structure is presented in Figure 1. The
length of the resonator was changed by reduction the thickness of the n-GaN layer above the active area.

z
12 pair Si0,/Ta,0,
Au
4 changing
e
— NX J
DOW
Al ion implant
tunnel junction p GaN
e p**GaN

%— 16 pair 5i0,/Ta, 05

| Au
[ |
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Figure 1: Scheme of the analyzed structure of nitride VCSEL.

3. Sample results

Figure 2 presents experimental and simulation current-voltage (I-V) characteristics for the analyzed structure.
Figure 2 also show light-current (L-1) characteristics for lasers with 10X and 20X resonators of 23.5 cm™ absorption
in n-GaN layer. The five values of carrier injection efficiency into the active area (ninj): 60%, 65%, 70%, 80%,
90% are considered. For shorter resonator (101), the maximal output power is more than two times higher than
for the long resonator (201).
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Figure 2: LIV characteristics for 10\ (left) and 201 (right) resonators for different injection efficiency, the
absorption in n-GaN layer is an-can = 23.5 cmt. U(I) measurement characteristics are from [1].

4, Conclusions

Our above-threshold analysis shows that absorption in n-GaN has great influence on the laser performance,
because the resonator is built mainly from n-GaN. Whereas lasers with thicker resonators have lower thermal
resistances, the increased absorption deteriorates the emitted power.

[1] Charles A. Forman, et al., Forman, Charles A., et al. “Continuous-wave operation of m-plane GaN-based vertical-cavity surface-emitting
lasers with a tunnel junction intracavity contact”, Appl. Phys. Lett. 112, 111106, 2018.

[2] R. P. Sarzala, et al., “Comprehensive self-consistent three-dimensional simulation of an operation of the GaAs-based oxide-confined 1.3-
um quantum-dot (InGa) As/GaAs vertical-cavity surface-emitting lasers”, Opt. Quantum Electron., vol. 36, no. 4, pp. 331-347, 2004.
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Summary: Since the lasing operation of vertical-cavity surface-emitting lasers results from
the interaction of electrical carrier transport, optical and thermal effects, a realistic model
should include each of them and their interplay. Aiming to such an achievement, this paper
presents our in-house Vcsel Electro-opto-thermal Numerical Simulator VENUS, consisting of
the 3D vectorial optical code VELM, a model for the quantum well optical response, a heat
equation solver and a quantum-corrected drift-diffusion simulator. Each of these components
and their coupling strategy is described, and the resulting model is validated through the
comparison with experimental results.

1 Introduction

After consolidating their dominating role in several mass applications like laser mice and datacom, vertical-
cavity surface-emitting lasers (VCSELs) are becoming key components in several other fields such as
smartphone 3D cameras and LIiDAR systems [1, 2, 3]. This fascination of the market for VCSELSs is caused by
their inexpensiveness, reliability, testability and low power consumption, which make them ideal for use in
portable devices. Unfortunately, the VCSEL design is a rather complex task. In fact, most of the commercially
available devices have been designed by means of extensive trial-and-error prototyping campaigns. An obvious
alternative to such inefficient and expensive approaches is given by computer-aided design (CAD) techniques
aimed at replacing several experimental prototyping steps with simulations, cutting down the design costs.

In an effort to advance in this field, in this work we introduce our VCSEL Electro-opto-thermal [see above]
NUmerical Simulator (VENUS). To this aim, the main model constituents are described in Section 2, while
Section 3 presents some preliminary results.

2. Description of the model

VENUS consists of four main building blocks: the 3D vectorial Vcsel ELectroMagnetic (VELM) optical
code, a model describing the optical response of the active region, a heat equation solver and a quantum-
corrected drift-diffusion simulator.

VELM is based on expanding the electromagnetic field in each VCSEL layer in terms of the cylindrical
waves of a reference medium, and all the variations with respect to it are accounted for by coupled mode theory,
allowing to describe the transverse details of the structure. From the coupling matrix it is possible to obtain a
transfer matrix for each layer, and then the transfer matrix of the whole device. By enforcing continuity
conditions at the terminating interfaces and by requiring the round-trip self-consistency it is possible to obtain
an eigenproblem, whose solutions are the VCSEL modal wavelengths and losses, and the field profiles.

The optical response of the quantum wells (QWSs), i.e., the stimulated gain, the spontaneous emission and
the carrier-induced refractive index variation, is carried out by applying Fermi’s golden rule on the QW sub-
bands. These sub-bands are calculated by a k - p finite element method applied to a 1D nanostructure, where the
Hamiltonian is reduced to 4 x 4 (including the electrons, heavy and light holes, and the split-off band) by the
axial approximation.

The thermal problem requires to deal with regions characterized by different physical behaviors: the
substrate, where a quasi-linear temperature increase occurs, and the active region, which is characterized by
steep temperature variations. Starting from this observation, we developed a numerical scheme based on the
spectral element method. This is based on decomposing the problem domain into subdomains, where basis
functions characterized by different orders are defined. In such a way, it is possible to approximate the solution
with different resolutions in the different subdomains, optimizing the model accuracy and computational
efficiency. The heat sources included in the model are the Joule effect, capture heating, optical absorption, non-
radiative recombinations and Thomson/Peltier effects.

The carrier transport model must be chosen as a trade-off between the desired accuracy for the description
of the active quantum regions, where the electro-optical interactions take place, and the computational resources
required to simulate the whole device, including distributed Bragg reflectors (DBRs) and the substrate; this led
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to the choice of the drift-diffusion framework. In addition to the “standard” Poisson and carrier continuity
equations, a special treatment of quantum regions is introduced, which is based on separating carriers into two
sub-populations: bulk carriers, whose transport is described by standard drift-diffusion, and bound carriers,
which are distributed along the confinement direction according to their envelope wave functions and can move
freely in the lateral directions.

Finally, the electrical and optical models are coupled by means of photon rate equations, accounting for
spontaneous and stimulated emission processes obtained from the active region optical response.

3. Preliminary results

Figure 1 reports some preliminary results obtained with VENUS. The room-temperature simulated device is
an oxide-confined 5 um aperture multi-mode VCSEL realized at Philips Photonics. Good agreement is achieved
between simulations (solid blue curves) and experiments (reported in red). Future papers will deal with
additional calibration of the VENUS model parameters, especially investigating their temperature dependence,
and its application to novel devices.
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Figure 1: Comparison of main simulation and experimental results. Top left: current-voltage
characteristics, top right: light-current characteristics; bottom left: differential resistance versus current. The
wavelength versus current curve (bottom right) is shown for the fundamental mode and on a reduced current
span due to a limited set of experimental spectra. Simulations and measurements are indicated with blue (full
lines) and red colors, respectively.
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Summary: We present the first electrically-injected vertical-cavity surface-emitting laser
(VCSEL) incorporating a monolithic high-contrast grating (MHCG) outcoupling mirror.
Thanks to the MHCG mirror, this new type of VCSEL is thinner by 20 % with respect to the
standard distributed Bragg reflector (DBR) VCSEL. Moreover, the device is a semiconductor-
only device, since the MHCG mirror doesn’t require a low refractive index material in the
laser cavity, unlike the generic high-contrast grating (HCG) mirror VCSEL. Our VCSELs
show continuous wave (CW) operation up to 75 °C and single-mode emission from threshold
to rollover. Additionally, the devices show remarkable thermal stability expressed by a
thermal resistance close to the record value of 0.6 W/K.

1. Introduction

Vertical-cavity surface-emitting lasers (VCSELSs) are widely used in optical communication, laser printers,
and optical mice. The state-of-the-art devices are of a standard design where a very short (optically about one
wavelength) cavity is embedded between two high power reflectance (R > 0.98) distributed Bragg reflectors
(DBR). Such a design can easily be realized for a relatively low price in the gallium arsenide (GaAs)/aluminum-
gallium arsenide (AlGaAs) material system where a very low lattice mismatch and similar thermal properties of
those materials enable the MOVPE growth of monolithic laser cavities. Unfortunately, the emission wavelength
from GaAs-based devices is limited to ~600 - 1100 nm range by the available active regions (excluding 1310
and 1550 nm dilute-nitride VCSELs on GaAs). To extend the emission wavelength range beyond this region,
VCSELs should be made based on different materials such as gallium nitride (GaN, ~390-580 nm), indium
phosphide (InP, ~1.3-1.6 um), or gallium antimonide (GaSb, ~1.8-4 um). For those materials however, there are
no lattice-matched, high R DBRs available.

As a solution for this problem, we proposed in [1] a monolithic high-contrast grating (MHCG) as a VCSEL
mirror. The MHCG is a special kind of a wide class of subwavelength grating reflectors (SGR). It can be
designed to provide very high R for any wavelength from ultraviolet (UV) to infrared (IR). It can be made of
most of the common semiconductors used in optoelectronics [2]. The very same idea (called GIRO-grating
reflector) was first proposed by Goeman et al. in [3], and later experimentally verified by Lee et al. in [4].
Unlike the high refractive index contrast gratings (HCG), the MHCG doesn’t require low refractive index
material below the grating and hence can be monolithically integrated with the rest of a VCSEL cavity creating
an all-semiconductor cavity without any air-gap or dielectric layer under the grating. In this work we present the
first experimental realization of a new type of VCSEL with a hybrid MHCG and DBR top mirror emitting at
980 nm. Since the MHCG can be designed for any wavelength in, for example GaN, InP, Si, or GaSb, the same
idea can be used to make a VCSEL emitting from the UV to the IR.

2. Design and experiment

In Figure 1a we present the simulated one-dimensional optical field intensity distribution and the real part
of the refractive index profile in the top-most part of the 980 nm MHCG-DBR VCSEL. The first layer from the
surface is undoped GaAs in which an MHCG mirror is patterned (marked in grey) followed bythin undoped
InGaP lattice-matched to a (p+)GaAs etch-stop layer, a (p)GaAs phase-matching spacer layer (that also spreads
injected current), followed in turn by a 5.5 period (p)GaAs/AlGaAs DBR, a A/2-thick optical cavity, and a 37
period (n)GaAs/AlGaAs bottom DBR (only the first two periods of the bottom DBR are shown). In Figure 1b
we show a top down scanning electron microscope (SEM) image of a processed MHCG-DBR VCSEL with an
oxide-aperture-diameter ¢ ~16.5 pm. The MHCG grating is designed to provide R ~0.99 at 980 nm for TM-
polarized light (thus the only non-zero component of the electric field is perpendicular to the MHCG stripes).
The period, fill factor (defined as the stripe width divided by the grating period), and grating height are 500 nm,
0.45, and 241 nm, respectively. The (u)GaAs layer is patterned by electron beam lithography and dry-etched
using reactive ion etching (RIE) to form the MHCG. Next, we process the VCSELs using our standard planar
techniques including UV lithography, RIE mesa etching, selective thermal oxidation in water vapor at 420 °C,
lift-off metallization, and BCB planarization.
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Figure 1. a) Simulated one-dimensional optical-field intensity on resonance and real refractive index profile of the 980 nm
MHCG-DBR VCSEL; and b) scanning electron micrograph of the VCSEL, showing the TM-polarized MHCG, top surface
p-metal ring contact, and part of the anode p-metal signal pad contact.

In Figure 2a we show the static L-I-V curves of one of the devices with ¢ ~16.5 pm taken at temperatures
from 15 to 75 °C in 10 °C steps. The maximum optical output power at rollover is 450 yW at a forward bias
current of 27 mA at 15 °C. The minimum threshold current is 7 mA at 15 °C. The emission spectra at 15 to 75
°C is shown in Figure 2b. The VCSEL emits with two-lateral modes from threshold to rollover. We obtain
single-lateral-mode emission for our VCSELs with ¢ ~13.5 pm and explain in the presentation the relationship
between ¢, the MHCG design and the modal emission.
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Figure 2. a) Continuous wave (CW) L-I-V characteristics of a 980 nm MHCG-DBR VCSEL with an estimated oxide
aperture diameter of ¢ ~16.5 pm at temperatures from 15 to 75 °C in 10 °C steps; and b) 25 °C CW emission spectra for the
VCSEL in a) at forward bias currents of 4 to 20 mA in 4 mA steps.

3. Conclusions

We present a new type of VCSEL with a hybrid MHCG and DBR top coupling mirror. Since most of the top
DBR mirror is substituted by the MHGC we manage to decrease the overall thickness and volume of the device
by ~20 %. Our VCSELs show CW quasi-single-mode and double-mode emission for ¢ ~13.5 and 16.5 pm,
respectively, from threshold to rollover, for temperatures from 15 to 75 °C. The devices show a very high
thermal stability which is expressed by a near record small thermal resistance of 0.6 K/W. Since the MHCG can
be designed to provide a very high-power reflectance at any wavelength, the results presented in this work can
be extrapolated to wavelengths different from 980 nm.
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Summary: Vertical-cavity surface-emitting lasers with relatively large aperture diameters of
an estimated 12 to 16 pm emitting at about 980 nm exhibit room temperature small-signal
modulation bandwidths of 24 to 23 GHz and maximum optical output powers of 19 to 25 mW.

1. Motivation and Experiment

Emerging applications for vertical-cavity surface-emitting lasers (VCSELs) include time-of-flight sensing for
focusing, light-detection and ranging for automobile and drone proximity sensing, three-dimensional imaging and
tracking for smartphones, and free-space optical interconnections for data centers, mesh networks, and backhaul
networks. We envision low-cost and highly flexible VCSEL-based free-space optical links with data capacities of
10-100 Gb/s across distances of meters to several kilometers. We thus require light sources with moderate to large
optical output power and simultaneously moderate to large bandwidth. We increase the optical output power of
VCSELSs by increasing their aperture diameters (@), by using arrays of VCSELSs, or both. In contrast we increase
the small-signal modulation bandwidth of VCSELs by decreasing their ¢. We investigate the optical power-
bandwidth trade-off in VCSELs that are similar to our earlier Simplicity designs [1-4]. We now use a bottom
distributed Bragg reflector (DBR) with predominantly binary (GaAs/AlAs) periods and we use 15.5 periods of
AliGaiAs (x=0.0 and 0.9) in our top coupling DBR to boost our optical output power. We achieve a record room
temperature small-signal modulation bandwidth (f3dB) of of 23 GHz for our ¢ ~16 pm 980 nm VCSELSs.

2. Results

In Figure 1 (left) we show the static light-output-power vs. current (LI) and current-voltage (I-V)
characteristics for our VCSELs with ¢ ~4 pm and ¢ ~16 pm at ~25°C (room temperature - RT). We estimate ¢
based on: 1) selective oxidation tests performed prior to VCSEL fabrication including scanning electron
microscopy imaging; 2) the measured emission spectra and LIV characteristics; and 3) our experience gained from
device fabrication cycles. We characterize groups of 16 VCSELSs, where each group forms one column on our
processed quarter-wafer piece. The top Mesa 1 diameter is 18, 18.5, 19, 19.5, 20, 21, 22,23, ..., 31 um in each
column, and the device-to-device pitch is 600 um. We oxidize all VCSELs simulataneously such that the VCSEL
with an 18 um Mesa 1 diameter has ¢~2.5 pm. For the ¢ ~16 um VCSEL with a 31 um Mesa 1 diameter at 25°C
the maximum L-I slope efficiency is ~0.95 W/A and the maximum optical output power at rollover is about 26
mW. The peak optical output power of the ¢ ~4 um VCSEL with a 19.5 pm Mesa 1 diameter is about 7 mW at
25°C. The maximum external differential quantum efficiency 7 = (qA./hc)-(AL/Al) for all 16 VCSELSs in the given
column is within 0.67 to 0.75.

In Figure 1 (right) we show the measured emission spectra for three of the VCSELs: 1) above threshold for
the ¢ ~4 pm VCSEL; 2) just at threshold for the ¢~10 um VCSEL; and 3) just below threshold for the ¢ ~16 pm
VCSEL (the RT fundamental LP0O1 lasing mode of this VCSEL is at 985.3 nm). The ¢~4 um VCSEL at RT emits
in a quasi-single-mode near theshold, whereas all larger VCSELs emit in multiple-modes at all bias forward
currents above threshold.

In Figure 2 (left) we show the small-signal modulation response (i.e. the S21 curves) at 25°C of the ¢~16 um
VCSEL at RT at bias currents of 10.75, 20.50, and 33.50 mA. The maximum f3dB is 23.2 GHz. In Figure 2 (right)
we graph the maximum f3dB versus ¢. The bandwidths vary from about 31 GHz for the smallest VCSELSs to
record values of 22-23 GHz for the largest ¢~15 and 16 um VCSELSs where the peak output power is ~22 and 26
mW. Also in Figure 2 (right) for the given static bias current that gives us the maximum f3dB we plot the resultant
static optical output power taken from the L-I-V as a function of ¢.

3. Conclusions

Our new Simplicity 980 nm VCSEL design with a predominantly binary (AlAs/GaAs) bottom DBR to improve
heat dissipation gives us a record maximum room temperature bandwidth of about 23 to 24 GHz for large oxide
aperture VCSELs with ¢ ~16 to 12 pm, respectively. We anticipate further improvements in both maximum f3dB
and maximum optical output power for our VCSELs by employing novel electrically-parallel array geometries.
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Figure 1: (left) Optical output power (solid lines) and voltage (dashed lines) versus current for VCSELs
with ¢~4 and 16 pm at 25°C (black lines) and 85°C (blue lines). The ¢ are estimated to be +1 pm. (right)
Emission spectra at 25°C for 980 nm VCSELSs: a) above threshold for ¢~4 pum (blue line); b) at threshold for
¢ ~10 um (purple line); and c) just below threshold for g~16 um (black line).
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Figure 2: (left) Small-signal modulation response (S21) at three increasing static bias currents for a 980
nm VCSEL with ¢~16 um at 25°C. (right) Maximum -3 dB small-signal modulation bandwidth f3dBmax
(circles) versus ¢ (+1 pm) for 980 nm VCSELSs at 25°C and static optical output power at the bias current

giving f3dBmax (squares).
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Summary: We report on the design, fabrication and characterization of electrically pumped
vertical external cavity surface emitting lasers (EP-VECSELS) emitting at 1550-nm wavelength
range. We demonstrate up to 20-mW CW output power at 15°C from devices with 50-um
aperture, which represents to our knowledge the highest power value reported so far for EP-
VECSELSs in the 15XX-nm wavelength band.

1. Introduction

Vertical-external-cavity surface emitting lasers (VECSELS) emitting in the 1.3-1.6-um waveband are useful in
applications such as optical pumping, gas spectroscopy, and frequency doubling. Significant progress has been
achieved in this area with optically pumped devices [1,2], while long wavelength electrically pumped VECSELSs are
so far limited up to 6-mW of continuous wave (CW) emission power [3,4], mainly due to their complexity of
fabrication and testing.

Here we report on 1.55-um EP-VECSELSs, fabricated by wafer fusion and using flip-chip bonding. Lasing up to
20-mW of CW output power was reached from devices with 50-um aperture at 15°C by employing 7 InAlGaAs
compressively strained QWSs and using InP-based partial DBR for differential resistance reduction.

2. Design and fabrication

The schematic presentation of the mirror gain structure of the 1550-nm EP-VECSEL is shown on Figure 1.
The InP-based active region, grown by MOVPE, includes one group of 7 InAlGaAs strained compensated QWs
placed in an antinode of the electric field distribution, an n**/p** InAlGaAs tunnel junction (TJ), an InAlAs/InP
p-n junction, a top n-InP-spacer, and a bottom n-InP current spreading layer. The aperture size is defined by the
diameter of the tunnel junction that injects carriers into the active region. In this work different TJ diameters, from
10 to 100-um, were defined by lithography and have been overgrown with n-InP in a second growth step on the
same wafer.

By applying the wafer fusion technique [5], the active region is sandwiched between a top low reflectivity 6
pair-InAlGaAs/InP n-type DBR (partial DBR) and an undoped bottom high reflectivity 21 pair - AIAs/GaAs DBR,
both grown by MOVPE on (100) InP and GaAs substrates, respectively, with the stop band centered at ~1550-
nm.

partial InAlGaAs/InP DBR Tunnel-junction
Cathode Cathode

n-InP

Active InAIAS
region
n-InP
AlAs/GaAs Anode
DBR Au
Cu

Figure 1. Schematic cross-section of the wafer-fused EP-VECSEL gain-mirror structure.

After selective GaAs substrate removal, the DBR-side of the fused-structure was structured and metalized with
Ti/Au; and parts of wafer of approximately 10x10-mm? size were mounted onto a copper heatsink. Then, the InP
substrate was selectively removed and an n-contact to the top DBR with a window on top of each regrown TJ was
formed. The chips were separated by selective chemical etching.
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3. Device performance

The gain mirror assembly was aligned with a highly reflective spherical (radius of curvature of 50mm)
dielectric mirror, to form a stable planar-concave Fabry-Perot external cavity, as described in [4]. The selected
cavity length of about 49 mm allows for the largest variation of cavity mode size on chip. The EP-VECSELs
devices were tested with different output couplers (OCs) with transmission values of 10% and 3% under CW
operation.

The CW light-current-voltage characteristics (LI1Vs) measured with a 3% and 10% OC at 15°C for a device
with 20-um TJ aperture are depicted in Figure 2a. The threshold current values are less than 7- and 9-mA,
measured with 3 and 10% OC scheme, respectively. The maximum emission power of approximately 7-mW was
reached for the configuration with 3% OC at approximately 60-mA pumping current, while for the 10% OC
scheme the maximum power was only ~5-mW. Such a behavior was observed for all measured chips; i.e., by
using OC with higher transmission coefficient both the emission power and threshold current degrade, indicating
that optimal measuring configuration has not been reached yet. On Figure 2b the CW light-current (LI)
characteristics of two devices with TJ apertures of 40 and 50-pum and 3% OC are shown. The maximum power of
~20-mW was reached with the 50-um TJ device at 15°C and at 180 mA driving current, while the 40-um VECSEL
showed ~15-mW of emission power. The measured spectra (not shown here) show that lasing wavelength is in
the ~1555-1565-nm range on devices from different places on wafer and the emission occurs in multimode regime.
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Figure 2. The CW LIVs for a device with 20-um TJ aperture, 3 and 10% output couplers (a); and LI characteristics for
2 different VECSELSs with 40 and 50-um TJ apertures and with 3% OC.

4. Conclusions

We report on the design, fabrication and characterization of EP-VECSELS emitting at 1550-nm wavelength
range. We demonstrate up to 20-mW of CW output power from devices with 50-um aperture at 15°C, which
represents to our knowledge the highest power value reported so far for EP-VECSELs in the 15XX-nm
wavelength band, but significantly lower compared with 1-um wavelength EP-VECSELSs (~0.5-1W), grown on
GaAs substrates. Further improvements in the device performance are expected through the optimization of the
pumping scheme and device design.
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Nanostructure remain an attractive approach to integration of 111-V semiconductor materials on silicon or silicon-
on-insulator (SOI) substrates especially to realize low-consumption, small-footprint and high speed photonic devices.
Due to the mismatches in lattice constants and thermal expansion coefficient between I11-V materials and silicon, thick
metamorphic buffer layers are typically employed to confine threading dislocations in the buffer layers and achieve
good material quality. Alternatively, wafer bonding techniques are also widely used to integrate active media on
silicon platforms.

Here, we provide a global overview of monolithic integration of I11-V semiconductor nanowires on SOI
platforms by catalyst-free selective-area epitaxy (SAE) using MOCVD. We will also focus on our own enabling
technology for monolithic nano-LEDs, nanolasers and nanophotodetectors compatible with silicon photonic platforms,
since the nanoscale footprint enables the defect-free growth on lattice-mismatched substrates without the need of Au
catalysts that contaminate silicon. Here we discuss full details of the InGaAs nanowires from seeding through
heterostructure, doping and passivation which yield 100 % vertical growth and excellent uniform dimensions.
Advancing from nanowire growth on planar SOI layers, the growth of nanowire arrays on 3D structured SOI substrates
with 1D/2D gratings, waveguides, and couplers are also demonstrated, which represents a way toward practical
nanowire-based optical links.
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The major performance data of optoelectronic devices show usually a strong temperature dependence
due to carrier redistribution from ground to excited states. This is even more severe in smaller bandgap
materials such as InP based compounds addressing telecom emission wavelengths at 1.55 pm.

With atomic-like gain material, such as quantum dot (QD) material, one can expect strong
improvements due to delta-like density of states distribution. In an ideal case of large enough energy
splitting between ground and exited states the carrier distribution stays the same independent of the
operation temperature resulting in constant performance of lasers, i.e. temperature independent
threshold conditions, differential efficiency and modulation properties.

The talk will give an overview about the most recent progress in the development of InP-based QD
gain material for directly modulated laser diodes, semiconductor optical amplifiers (SOA) and widely
tunable narrow linewidth lasers for coherent communication.

A major breakthrough in QD material was the significant reduction of the inhomogeneous linewidth
broadening to 17 meV (low-T photoluminescence) for a single QD layer caused by a reduced dot size
distribution [1]. Based on this new generation of QD material temperature stable lasers with high
characteristic temperatures (To = 140 K, T1 > 900 K) for threshold and differential efficiency,
respectively, could be obtained [2]. Due to a high optical gain of up to 100 cm, short cavity lasers
with a length of 230 um could be modulated up to 35 GBit/s [3]. Based on the same QD gain material,
semiconductor optical amplifiers were fabricated showing similar high temperature performance,
which allow a temperature independent operation between 20 and 100 °C without significant
deterioration [4].

For coherent communication, narrow linewidth lasers are needed as reference for signal detection. QD
laser material exhibits a symmetric gain function resulting in rather low linewidth enhancement factors
(< 1) in comparison to quantum well lasers (typically > 3-4). Due to this low linewidth enhancement
factor the laser linewidth in distributed feedback (DFB) QD lasers could be reduced by about one
order of magnitude to a record value of 110 kHz. Results of a widely-tunable (46 nm) narrow-
linewidth light source based on a DFB laser array with an integrated SOA will be also presented [5].

The authors would like to thank the financial support via the EU project SEQUOIA, the BMBF-
project MONOLOP and the Israel Science Foundation.
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Summary: Vertical-cavity surface-emitting lasers (VCSELSs) for 200+ Gbit/s single fiber data
transmission systems with an energy to data ratio (EDR) of only 320 fJ/bit are presented. Tuning
the cavity photon lifetime is demonstrated to lead to an increase of the data rate in concert with
a reduction of the EDR. Error-free back-to-back data transmission at 50+ Gbit/s for 980 nm
VCSELs is presented first. Our VCSELSs emitting at 850 nm, 880 nm, 910 nm, and 940 nm, the
present IEEE 802.3 coarse wavelength multiplexing standard, across OM5 multimode fiber thus
enable 200+ Gbit/s error-free transmission.

1. Introduction

The energy required to transmit information as encoded optical and electrical data bits within and between
electronic and photonic integrated circuits, within and between computer servers, within and between data centers,
and ultimately across the earth from any one point to another clearly must be minimized. This energy spans from
typically tens of picojoules-per-bit to well over tens of millijoules-per-bit for the intercontinental distances. We
seek to meet the exploding demand for information within the terrestrial resources available, but more importantly
as a common-sense measure to reduce costs and to become stewards of a perpetual Green Internet. The concept
of a Green Internet implies a collection of highly energy-efficient, independent, and ubiquitous information
systems operating with minimal impact on the environment via natural or sustainable energy sources. A key
enabling optical component for the Green Internet is the vertical-cavity surface-emitting laser (VCSEL). We
present our research on energy-efficient VCSELSs, being sources for optical interconnects and optical fiber data
communication, operating at bit rates exceeding 50 Gbps with energy efficiencies approaching 100 fJ per-bit.

2. Link performance and laser physics

The most important application of the lasers presented here is large data transmission bit rate across optical
fibers. The most important parameters defining their performance are the maximum error-free bit rate BR (BR =
number of transmitted bits/time) and the energy to data ratio EDR (EDR =V - A/BR), with V bias voltage and
A bias current [1].

We use standard single mode rate equations to describe the laser diode physics. Their solution yields the

. _ i L1
transfer function (H(f) f;%—f2+j(f—n)y 1+j(%
parasitic cut off frequency (fy) [2]. The value of H(f) decreases with increasing frequency (f). The frequency where
H(f) is reduced by 3 dB defines the bandwidth fiss. According the Shannon-Hartley Theorem laser performance
and laser physics are connected by the spectral efficiency M, where (BR = M - f345) [3].

To increase f3,45, the bandwidth needs to be increased. Using highly strained multiple quantum wells in the
active region increases the gain. Reducing the cavity length to 1/2 and shrinking the aperture diameter reduces
the active volume [4]. We furthermore tune the cavity photon lifetime by adding a thin layer of SiN to the
top mirror surface. An error-free data transmission rate of 52 Gbit/s for NRZ measurements, presently
limited by our test equipment, is observed for all of our lasers [5]. Tuning the photon lifetime decreases our
VCSEL'’s energy consumption at 50 Gbit/s by about 25%. The parameters of optical data transmission
depend equally on the properties of the passive fiber and the receiver. Receivers that are more sensitive
enable larger distances and/or lower energy consumption per bit. Larger receiver cut-off frequencies
enable additionally larger data rates. Presently the IEEE802.3 standard asks for lasers emitting at the four
wavelengths of 850 nm, 880 nm, 910 nm, and 940 nm, enabling a quadrupling of the data rate across the
same optical fiber by using lasers with similar properties. We use here the novel wideband OM5 multimode
fiber (MMF) to ensure M(£P) is independent of the emission wavelength.

Our VCSELSs are grown by MOVPE on 0-degree off {001}-oriented GaAs substrates and emit at 850, 880,
910, 940, and additionally at 980 nm at room temperature (RT). We use AlGaAs distributed Bragg reflector (DBR)
mirrors with compositionally-graded interfaces. The quantum well active region consists of five compressively-

), with the relaxation resonance frequency (fr), damping (y), and
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strained InGaAs quantum wells surrounded by either strain-compensating GaAsP barrier layers or by unstrained
AlGaAs barrier layers (depending on the desired emission wavelength), all in half-lambda-thick optical cavities.

3. Measurement results
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Figure 1: The eye diagram (left) and bit error ratio (right) Figure 2: Emission spectra of four VCSELSs emitting at 850,

for a back-to-back data rate of 50 Gbit/s of an ~3 pum oxide ~ 860: 910, and 940 nm with oxide aperture diameters of
aperture diameter VCSEL emitting at 850 nm, which is ~ ~5 MM biased at 3 mA. All VCSELSs show a SMSR > 30 dB

representative of all our devices. and are thus single mode.

Figure 1 shows the result of a non-return to zero (NRZ) data transmission experiment across a 2 m OM5 MMF
that has been used for all the experiments. Fig. 1 has been taken with a Tektronix 70 GHz real time oscilloscope
and a 33 GHz optical probe. Since the lasers at all wavelengths show very similar bandwidths and output power
also the data transmission results are the same. This eye diagram and BER of an 850 nm laser is representative
for all wavelengths. By multiplexing our four wavelengths, a transmission rate of 200+ Gbit/s can be achieved.

All lasers at all wavelengths have a very large slope
efficiency of 1 W/A with a very linear Ll-curve. So even

° small aperture diameter lasers with single mode emission
5 shown in Figure 2 have a large optical output power of nearly
3mW. Fig. 3 shows the optical output power versus the
4 modulation voltage for our complete variety of oxide aperture
[ diameters for a bias Vyiss in the middle of the linear L-V
E3 regime. These lasers are thus well suited for long distance
H fiber transmission and higher order modulation formats like
a2 PAM 4. The photon lifetime tuning employed for the 980 nm
: lasers might enable still large bandwidths and larger optical
1 power.
T R R B S BT :

0 Y “025 o 025 05 4. Conclusion
Modulation voltage (V) at Vp;as 200+ Gbit/s data transmission via multiplexing 850, 880,
910, 940 nm single mode emitting VCSELS is presented. The
Figure 3: Output power versus modulation voltage at  linearity of the L-I-characteristics will easily allow larger data
a bias Vbiss in the middle of the linear L-V regime. rates e.g. via PAM 4. The EDR is as low as 320 f)/bit, thus

well suited for long distance fiber transmission.
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Summary: Wavelength division multiplexing (WDM) is a major technology innovation
landmark to enable successful commerical deployment of the long-haul optical
communicaiton systems. Rapid increasing bandwidth demand in datacom applications

1 Introduction

Increasing demands for data bandwidth and photonic link cost in data centers and high-performance
computing (HPC) are primary driving forces to develop integrated photonics on silicon. Several emerging
applications like Al, Lidar, 5G wireless, IoT, sensing and many more will be immediate beneficiaries for such a
highly integrated, low-cost photonic platform as soon as standardized volume manufacturability is realized.
Aggregated bandwidth per fiber can be boosted by increasing the data rate per wavelength or adding more
channels, eventually migrating to dense wavelength division multiplexing (DWDM)

Robust operation in a temperature fluctuating environment has been a major technical challenge for light
sources, particularly the integrated ones on silicon-on-insulator (SOI) substrate. Thus lgantum-dot (QD)
materials regained much interest recently to improve laser performance robustness at elevated temperature for its
3D carrier confinement. Other superior material properties, e.g., immunity to material defects, wider optical gain
bandwidth, lower noise and better tolerance to external optical feedback, also favor material integration and laser
device operation.

2. Heterogeneous WDM QD light sources

In this talk, we will review our recent progress to develop two types of on-chip lasers around 1.31 pum InAs
QD materials on a heterogeneous platofrm. Comb lasers and single-wavelength microring lasers (array) are
designed for different application scenarios in HPC. We recently demonstrated the first QD comb laser with
seamless optical coupling to on-chip Si waveguide circuits [1]. They also showed up to 100 °C cw operation
with minimal lasing efficiency degradation. 15 low-noise channels (left figure below) with 100 GHz channel
spacing are mesaured on a fully integrated version. 13 of them have power varation within 3 dB and 14 of them
show error-free (<10™'%) operation at 10 Gb/s (limited by the measurement tool) external modulation [2, 3]. With
further improvement in design and fabrication, 40 or more channels are expected from one comb laser.
Convenient integration with an array of external high-speed modulators will deliver Tb/s-level data
communications among major data ports in HPC.

Fabricated compact microring lasers with 50 um diameter operate at very low threhsold around 1-3 mA with
1 mW maximum output power, and cw lasing up to 70 °C stage temperature [4]. While much larger optical gain
bandwidth can support multiple main lasing wavelength with similiar power level, i.e., very small side-mode
surpression ratio (SMSR), single-wavelength can be achieved at certain bias as shown in the right figure below.
They have been directly modulated up to 15 Gb/s, a record for silicon-based O-band QD lasers to our best
knowledge. Low-noise, open eye digrams after transmission through 4.2 km single-mode fiber at room-
temperature and back-to-back transmsion at 50 °C, both at 12.5 Gb/s, are shown as well. Further improvement
is expected with smaller device dimension and higher optical confinement, or employment of a novel metal-
oxide semiconductor (MOS) capacitor for photon lifetime modulation [5]. An array of such lasers with slightly
different dimension along just one bus waveguide can conveninently form a compact multi-wavelength
tranmistter to provide tens to several hundreds Gb/s data transmission between nodes in a server rack within a
high performance computer (HPC) or data center.
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Terahertz (THz) technology has prompted in the last decade a major surge of interdisciplinary researches,
inspiring fundamental insights and amazing applications in microscopic and macroscopic systems. Being a
transition region between electronics and photonics, between component sizes that are smaller and larger than the
radiation wavelength, the THz frequency “gap” offers unusual possibilities in borrowing concepts and
technologies from fundamentally different worlds.

Recent technological innovation in photonics and nanotechnology is now enabling Terahertz frequency research
to be applied in an increasingly widespread range of applications. In this perspective, the availability of compact
THz devices that are convenient single frequency, high-power, low divergent and narrow linewidth laser sources,
is matching increasing demand for spectroscopic applications encompassing environmental monitoring, security
and biomedical sensing, as well as more fundamental molecular studies and frequency metrology.

Quantum cascade lasers (QCLs) operating at terahertz (THz) frequencies have undergone rapid development
since their first demonstration. These laser sources can now be designed with high power, broad tunability, high
spectral purity, and ultra-broadband gain, leading to a breadth of potential applications ranging from astronomy,
security screening, biomedicine, cultural heritage. Typically, continuous-wave (CW) operation is required in THz
QCLs, in combination with a low divergent spatial profile in the far-field and a fine spectral control of the emitted
radiation.

The talk will provide an overview of our recent technological developments of QCLs emitting at THz
frequencies, from the engineering of broadband high-power, low divergent 1D and 2D continuous wave QC
resonators, to broadly tunable geometries and modulation architectures.
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Summary: Here we review the latest advances in quartz-enhanced photoacoustic spectroscopy
(QEPAS) based trace-gas sensing. Starting from QEPAS basic physical principles, a detailed
theoretical analysis and experimental study regarding the influence of quartz tuning forks
(QTFs) geometry on QEPAS performance will be provided. Guidelines for design QTFs
optimized for QEPAS operation will be described and results obtained by exploiting novel
micro-resonator configurations for sound amplification, capable of increasing the QEPAS
signal-to-noise ratio by more than two orders of magnitude will be presented. Finally, results
achieved using custom QTFs with novel detection module configurations will be described,
including the realization of a QEPAS sensor capable to detect methane, ethane and propane with
record sensitivities.

1 Introduction

Trace gas detection has long played an important role in developing and improving the technology and the
solutions employed for gas sensing techniques. Optical sensors can offer higher sensitivity, selectivity and long-
term stability with respect to other methods, with advantages, such as a much longer lifetime and shorter response
time, which enables real-time and in-situ detection. Photoacoustic spectroscopy is one of the most sensitive optical
detection schemes. It is based on the detection of acoustic waves, which result from the absorption of light in a
specific targeted gas. Light absorbed excites a fraction of the ground-state molecular population into higher energy
levels. These excited states subsequently relax through a combination of radiative and non-radiative pathways.
The nonradiative component ultimately generates heat in the localized region of the excitation light beam and a
pressure wave propagates from the source, which is then detected by a microphone. The targeted gas is enclosed
inside a resonant acoustic cell. The quality factor Q and the resonance frequency f typically fall in the ranges of
40-200 and 1-4 kHz, respectively. Photoacoustic detection is unique since it is a direct monitor of the nonradiative
relaxation channel and, hence, complements absorption spectroscopic techniques [1]. Furthermore, PAS does not
require an optical detector and is wavelength independent. Other advantages include small size, large linear
dynamic range (from few % to part-per-trillion concentration range) and long-term stability. These advantages
make the PAS technology competitive with, and in many cases, preferred to, other trace gas sensing methods. A
significant improvement of the PAS technique was made by replacing the microphone with a high-Q piezoelectric
quartz tuning fork (QTF) acting as a sharply resonant acoustic transducer to detect weak photoacoustic excitation
and allowing the use of extremely small volumes [2,3]. This variant of PAS is named as quartz-enhanced
photoacoustic spectroscopy (QEPAS). Such an approach removes restrictions imposed on the gas cell by the
acoustic resonance conditions. QEPAS measurements are usually performed using a standard QTF operating at a
detection frequency of about 32 kHz and are more sensitive to the gas vibrational-translational relaxation rate
compared to the conventional PAS, which is commonly performed at f < 4 kHz. In addition, the small prongs
spacing (300 um) of the standard QTF prevents the implementation of laser source with poor laser beam quality
like fiber amplified near-IR diode laser or THZ QCLs sources. The successful realization of QTFs having lower
resonance frequencies and larger prongs spacing, keeping high the resonance Q-factor, opened the way to
advances of QEPAS technique, like the implementation of new acoustic micro-resonator (AmR) system capable
to enhance the signal-to-noise factor of more than two orders of magnitude and the exploitation of the first
overtone flexural mode for gas sensing leading to the first demonstration of simultaneous dual-gas sensing with
QEPAS technique [4-7]. Recent advances of the QEPAS sensing, achieved using custom QTFs and novel AmR
systems will be discussed, including the realization of a QEPAS sensor for petrochemical applications, capable to
detect methane, ethane and propane with record detection limits.

2. Quartz-enhanced photoacoustic sensing setup

A schematic of a typical QEPAS setup, as used in most reported QEPAS sensor systems, is shown in Fig. 1.
A laser source, typically a diode laser, a quantum cascade laser (QCL) or an interband cascade laser (ICL) serves
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as excitation source for generating the QEPAS signal. The QTF acoustically coupled with a pair of microresonator
tubes (named as acoustic detection module, ADM) is mounted inside a vacuum-tight cell equipped with optical
windows. The laser beam is focused by a lens between the QTF prongs and it passes through the ADM. A power
meter is used for monitoring the laser power as well as for optical alignment. A function generator is used to
sinusoidally dither the laser current at a half of QTF resonance frequency and a lock-in amplifier to demodulate
the signal at the resonance frequency (wavelength modulation and 2f-detection).

Gas handling system

Function Generator Lene
3 LASER ~ 0 ~ . ‘

J L pepme

Control Electronics

PC Unit

Fig. 1. Schematic of a typical QEPAS sensor setup. QTF, quartz tuning fork; mR, acoustic micro-
resonator; ADM, acoustic detection module; PC, personal computer.

The flow rate and pressure of the sample gas passing through the ADM can be controlled and maintained by
using a flow meter and pressure controller, respectively. A control electronics unit (CEU) is used to determine the
main QTF parameters: dynamic resistance R, Q, and f.

3. Results

In terms of new results achieved with custom-made QTFs, a set of QTFs optimized for QEPAS have been
designed, realized and tested. Starting from a QTF geometry designed to provide a fundamental flexural in-plane
vibrational mode resonance frequency of ~ 16 kHz, with a quality factor of 15,000 at atmospheric pressure, two
novel geometries have been realized: a QTF with T-shaped prongs and a QTF with prongs having rectangular
grooves carved on both surface sides. The QTF with grooves showed the lowest electrical resistance, while the T-
shaped prongs QTF provided the best photoacoustic response in terms of signal-to-noise ratio (SNR). When
acoustically coupled with a pair of micro-resonator tubes, the T-shaped QTF provides a SNR enhancement of a
factor of 60 with respect to the bare QTF, which represents a record value for mid-infrared QEPAS sensing.

A QEPAS sensor for hydrocarbon detection in gas phase, which represents a powerful tool to guide oil
exploration and production operations for the oil & gas industry, have been realized and tested in laboratory
environment. QEPAS technique fit requirements for such applications, which ask for high sensitivity, selectivity,
robustness and compactness. A QEPAS sensor system has been designed to detect methane (CHa), ethane (C2Hs)
and propane (CsHs) by using a single ICL emitting in the spectral range 3.342-3.349 um. The QEPAS sensor
achieved an ultimate detection limit of 90 ppb, 7 ppb and 3 ppm for CH4, C,Hs and C3Hs, respectively, forals
integration time. The detection limit achieved for ethane represents a record value for the QEPAS technique.
Propane has a broadband absorption spectrum and the capability of QEPAS to detect heavy molecules has been
demonstrated in few ppm range. Measurements at both low and atmospheric pressures have been carried out for
mixtures simulating typical downhole hydrocarbon concentrations.

4. Conclusions

In conclusion, several novel approaches of QEPAS based trace gas sensors have been demonstrated. The high
sensitivity and selectivity, combined with small size, robustness and low cost makes QEPAS sensors mature for
real-world applications.
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Summary: This experimental work reports on mid-infrared quantum cascade lasers operating
under external optical feedback and external periodic bias forcing. A way of controlling spikes
occuring in a deterministic chaotic pattern is experimentally described. These findings are of
paramount importance for future optical countermeasure systems and secure atmospheric
transmission lines as well as for reproducing neuronal systems and the communication
between neurons due to sudden bursts.

1. Introduction

Quantum cascade lasers (QCLs), firstly experimentally demonstrated in 1994 [1], are optical sources
exploiting radiative intersubband transitions within the conduction band of semiconductor heterostructures. The
wide range of wavelengths achievable with QCLs, from mid-infrared to terahertz range, leads to a large number
of applications including absorption spectroscopy, optical countermeasures and free space communications [2].
When applying optical feedback with an increasing strength, the QCL dynamics was found to bifurcate to
periodic dynamics at the external cavity frequency and later to chaos [3]. Prior work proved that the dynamics of
a laser diode operating with time-delayed optical feedback and periodic forcing show an arrangement of the
power dropouts in the laser output [4,5]. These power dropouts result from low frequency fluctuations (LFFs)
hence a manifestation of deterministic chaos [3]. In this paper, we unveil the first study of this kind for a QCL
and we propose a way of controlling these irregular dropouts by using an external sine forcing at low frequency.

2. Experimental setup

The QCL under study is a distributed feedback (DFB) laser. The light intensity voltage (LIV) characteristics
of the free-running QCL under study are depicted on Fig. 2 a) while Fig. 2 b) shows the optical spectrum
retrieved with a Fourier transform infrared spectrometer (FTIR). The optical spectrum is perfectly single mode
and the DFB peak is at 5.63 microns. The experimental setup is similar to that presented in [6] at 77K. It is made
of an analysis path with a high bandwidth Mercury-Cadmium-Telluride (MCT) detector which is linked to an
oscilloscope at 1 giga sample per second for real time acquirements and a RF spectrum analyzer to carry out
accurate frequency measurements on the optical signal. The external optical feedback path is set with a gold
plated mirror at 27 cm from the front facet of the QCL and a polarizer, which scales the amount of back-
reflected light since the QCL wave is TM polarized. The current source in this experiment is a low noise source
(Wavelength Electronics QCL2000 LAB) and the DC bias delivered by the source can be sine modulated up to
3 MHz with an external signal from a waveform generator (Rigol DG1022Z).
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Figure 1: LIV (a) and optical spectrum (b) of the free running DFB QCL with a duty cycle of 3 % at
290K and close-up of the QCL under study (c)
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The behavior of the QCL under external optical feedback and sine forcing is studied through the analysis of
the q : p parameter [4] where q represents the number of dropouts occurring in the time-series every p periods of
the forcing. In our case, the number of dropouts is at least one per period, as can been seen on Fig 2. Therefore,
p is fixed to 1. Increasing the modulation frequency from 2 MHz to 2.7 MHz makes the q value decrease from 5
to 2, emphasizing the key influence of the forcing frequency on the entrainment of the spikes which always
appear for a fixed phase of the periodic forcing. Another parameter of prime importance in the occurrence of
these LFF spikes is the amplitude of the sine forcing. Fig 3. shows that the q value is strongly increased when
increasing the AC amplitude from 40 mA to 160 mA, the frequency of the sine forcing remaining constant at 2
MHz. This phenomenon occurs for various continuous biases applied to the QCL, the three of them being above
the threshold of the solitary laser (331 mA at 77K). Furthermore, it is relevant to notice that changing the DC
bias does not really affect the q value, whatever the value of the AC amplitude (Fig 3.).

L] c
6x10° &) b) o’
x 10x10°
6
—_— 47 =
_
5 R s ]
: &
& 5 £ > 2
2 o 2 £ 0
8 g £
c £ s 29
2 5
]
4
-10 al
T T w 1 T 1 ! ‘ ! ‘ ; ‘ 150 155 160 165 170 17
150 155 160 165 170 175 180 150 155 160 165 170 175 180 50 155 160 16 | s

Time (ps) Time (us) Time (ps)
Figure 2: Experimental time traces when external optical feedback is applied to the QCL and with a sine
periodic forcing of the bias DC current of : 2 MHz (b), 2.7 MHz (c); trace (a) corresponds to the case when no
external optical feedback is applied and the modulation frequency is 2 MHz. All the traces were retrieved for

a DC bias of 350 mA and AC amplitude of 120 mA, which is added to the DC bias.
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Figure 3: Experimental value of q versus the amplitude of the sine forcing at 2 MHz for three continuous

biases above threshold applied to the QCL. Dashed lines are for visual guidance for the reader
4. Conclusions

We observed in the experimental waveforms that the spikes related to the LFFs occur for a given phase shift
which depends on the amplitude of the periodic forcing, the value of the DC bias applied to the QCL and the
frequency of the forcing. The number of spikes per period also depends on these parameters. This work is of
prime importance to further understand the deterministic chaotic behaviors in QCLs in order to develop free-
space secure communications and models to mimic the activity of the human brain.
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Summary: By exploiting the modifications of the emitted field in a THz Quantum Cascade
Laser (QCL), induced by an optical feedback via self-mixing (SMI) interferometry, it was
demonstrated a new scheme for THz self-detection scattering-type Scanning Near-field Optical
Microscopy (THz SD-sSNOM). The system is capable to achieve nanoscale (60-70nm) in-plane
spatial resolution in both amplitude and phase contrast [1]. Here we propose an original
procedure to extract information about the sample optical properties, beyond the “very weak”
feedback regime, enhancing the SNR, by exploiting the peculiar nonlinearities governing the
laser dynamics in the self-detection configuration.

1 Introduction and theoretical results

The idea at the basis of s-SNOM consists in focusing an incident laser beam on a sharp metallic tip of a Atomic
Force Microscope (AFM) placed in close proximity (near-field) of the sample surface and strongly confining the
radiation on its nanometric apex. Nanoscale resolved amplitude and phase images can be retrieved by analyzing
the scattered radiation as a function of tip position through interferometric techniques [2]. In the THz frequency
range (30-300 pm wavelength), where electromagnetic radiation can resonantly interact with fundamental
excitations of molecules and solids, s-SNOM also represents an ideal candidate for the optical characterization
(e.g. reconstruction of optical response function) of emerging low-dimensional materials and biological-systems.

Although the lack of fast and compact detectors in the range 1-10 THz greatly stimulated the use of the laser
itself as source and detector of near-field radiation in self-detection configuration [3,4], only recently some of us

showed the possibility to get nanometric resolution (~ ﬁ) in both amplitude and phase contrast (coherent
imaging) [1].

In the experiment described in details in ref. [1] and sketched in Figure 1a the detected signal is represented
by the voltage change (AV) across the electrical contacts of a THz QCL emitting at 2.7 THz induced by the SMI
effect [5] where a small fraction (10™* + 107 ) of the field emitted by the laser source and scattered by the tip-
sample system coherently interferes within the laser intracavity field. As done in conventional s-SNOM, in order
to eliminate the background scattering, while the sample is scanned the AFM is operated in the dynamic mode
where the tip oscillates with a frequency Q of tens of KHz and the SMI signal AV is demodulated at the lower
harmonic frequencies nQ2, n=1...5 by a lock-in amplifier to give its harmonic amplitudes AV,
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Figure 1: Self-detection s-SNOM at THz frequencies. (a) Schematic diagram of the experiment [1]. The distance L =
60 cm between the QCL front facet and the tip can be varied by translating the piezoelectric mirror PZM. (b), (c)
Amplitude and phase resolved THz nanoscopy on a resonant polar crystal of CsBr. (b) “Very weak” feedback regime:
measured third harmonic of the SD signal (red symbols) and fitting function (blue line) used to extract the scattering
amplitude (s;) and phase (¢3) as a function of the mirror displacement AL. (c) “Weak” feedback regime: simulated (red
line) and calculated (black line) scattering amplitude (s3) and phase (¢3) for a fixed mirror position as a function of wave
number v.
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By extending the well-known Lang-Kobayashi (LK) model [6] to encompass a complex sample permittivity, the
relation between AV, and the sample material optical properties is given by the Eq. (1) [1]:

2L . 2L
AV, =vsp COS((‘)FT —Pn) (AVE) = ~VSn Sln((UFT —¢n) (1)
2’n

where s, and ¢, are the amplitude and phase of the harmonic components of the scattering coefficient o that is
proportional to the effective polarizability of the tip-sample system in finite dipole approximation [7] and thus
provides information about the optical response of the sample material. In Eq. (1) © = 27 ¢ / A¢ is the laser
frequency perturbed by the presence of feedback [5], L is the laser-to-tip distance which varies due to the

piezoelectric mirror (PZM) displacement and 7y is a proportionality factor. Finally (AVE) are the harmonic
2

n
e

amplitude of the g - shifted signal AV corresponding to the mirror displacement AL = Py
2 F

In the “very weak” feedback regime, obtained by employing an attenuator A to reduce the optical feedback in the

THz QCL, wy is very close to the free running laser frequency w, and the optical coefficients s, and ¢, ,n=1...5,

can be easily extracted by combining the experimentally accessible quantities (AVE) and AV,:
2’n

(AVE
Sp = % AV + (AV;): ©n = W % + tan™? A;n)" 2

or by considering a mirror displacement AL of few wavelengths and a fitting procedure based on Eq. (1) as
illustrated in Figure 1b.

In order to increase the signal to noise ratio, that is actually limited by the small amount of back reflected radiation
in the “very weak” regime, we have theoretically investigated the possibility to operate in regimes of higher
feedback. In this case although the laser frequency wg is determined by a nonlinear transcendental equation in the
LK model, analytical corrections can be determined so that at first order in the feedback strength (corresponding
to the “weak” feedback regime) we get the following reconstruction formulas were two additional experimental
determination of shifted signals are needed with respect to Eq. (2):

<AV31[) - (AVE)
2L -1 z 2

2
1 2 n n
Sn = 5\/ [(AV%")H - (Avg)n] LAV I~ @] pn = 00T —tan GRS O

The validity of this approximated approach is evident in Figure lc where we report for CsBr the optical
coefficients analytically calculated through finite dipole theory [7] together with those reconstructed through the
numerical simulated SMI signals and the use of Eq. (3) for a fixed mirror position and as a function of the radiation
wave number. These results also highlights the great impact on spectrally resolved optical nanoscopy that THz
self-detection s-SNOM would have in case of broadly tunable THz QCLs [8] light sources.

3. Conclusion

We propose an original approach to enhance the signal to noise ratio in THz SD s-SNOM where, in the “weak”
feedback regime, the amplitude and phase information on the scattering coefficient at the basis of coherent
imaging and spectrally resolved nanoscopy are extracted by a proper combination of experimentally accessible
SMI signals.
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