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Abstract: We show that a III-V semiconductor Vertical External-Cavity Surface-Emitting Lasers13

(VECSELs) can be engineered to generate light with a customizable spatio-temporal structure.14

The temporal control is achieved through the emission of Temporal Localized Structures (TLSs),15

a particular mode-locking regime that allows the individual addressing of the pulses traveling16

back and forth in the cavity. The spatial profile control relies on a degenerate external cavity and17

it is implemented thanks to an absorptive mask deposited onto the gain mirror that limits the18

positive net gain within two circular spots in the transverse section of the VECSEL. We show19

that each spot emits spatially uncorrelated TLSs. Hence, the spatio-temporal structure of the20

light emitted can be shaped by individually addressing the pulses emitted by each spot. Because21

the maximum number of pulses circulating in the cavity and the number of positive net-gain22

spots in the VECSEL can be increased straightforwardly, this result is a proof of concept of a23

laser platform capable of handling light states of scalable complexity. We discuss applications to24

three dimensional all-optical buffer and to multiplexing of frequency combs that share the same25

laser cavity.26

© 2023 Optica Publishing Group27

1. Introduction28

The possibility of controlling the spatio-temporal structure of light is one of the main challenges of29

modern photonics [1–4]. A variety of spatially complex, though stationary, light states have been30

demonstrated in degenerate laser cavities [5,6] by using an intracavity spatial light modulator [7,8],31

metasurfaces [9,10] and through the generation of spatial Localized Structures [11–14]. Localized32

Structures, also called dissipative solitons, are individually addressable structures which appear33

in large aspect-ratio resonators [15–18]. Because they can be used for encoding information bits,34

LS have been proposed for a variety of applications to information processing [19–22]. More35

recently, the concept of Localized Structures has been extended to the time domain; temporal36

Localized Structures (TLSs) are addressable pulses which, exactly as their spatial counterparts,37

can be used as data bits for all-optical buffers and, more generally, as fundamental bricks for38

shaping the temporal structure of a light beam [23–28]. TLSs are also deeply related to the39

generation of frequency combs [29, 30].40

Despite these significant progresses, the control of the spatio-temporal structure of light is41

only at its beginning. Spatio-temporal mode locking states were recently reported in optical42

fibers [31, 32] and temporally localized Turing patterns have been observed in a degenerate43

cavity Vertical External-Cavity Surface-Emitting Lasers (VECSEL) with an intracavity saturable44

absorber [33].45



III-V semiconductor based VECSELs are promising platforms for generating spatio-temporal46

light states because they can gather together a large aspect-ratio cavity and the ingredients for47

temporal LS. While the former requires a nearly self-imaging (SI), i.e. degenerate, external-cavity48

and a broad-area pumping, the latter is achieved in the limit of cavity round-trip (𝜏) larger49

than the gain recovery time (𝜏𝑔) (𝜏 > 𝜏𝑔) and for a large modulation depth saturable absorber50

mirror [24, 34].51

In this paper we show that a degenerate cavity VECSEL operated in the regime of TLSs can be52

engineered to generate light with a reconfigurable spatio-temporal structure. Spatial shaping is53

obtained by depositing an absorptive and non-diffractive Chromium mask on the top of the gain54

section. This mask can be drawn in an arbitrary shape and it modulates the losses in the transverse55

plane of the cavity accordingly [9, 35]. In order to provide a proof of concept of spatio-temporal56

control of light, we draw a positive net-gain landscape in the form of two separate round spots57

(hot-spots from now on). We show that each one of these spots behaves as an independent source58

of TLSs and we demonstrate spatially selective addressing of individual pulses traveling into the59

cavity. By controlling the number of pulses per roundtrip emitted by each spot, which ranges60

from zero (no emission) to a maximum value (𝑁𝑚𝑎𝑥) determined by the ratio 𝜏/𝜏𝑔, the VECSEL61

light emission can be customized in a large number of different spatio-temporal states.62

Our realization paves the way towards an all-optical buffer where information bits can be stored63

in the three dimension of the resonator. Moreover, because each hot-spot emits a frequency comb,64

we obtain a double frequency comb sharing the same laser medium and cavity [36–38]. Finally,65

we point out that the complexity of the light states generated by the described VECSEL scales66

with the number of the hot-spots inserted and with the length of the resonator, which can be both67

increased straightforwardly. These developments and their impact on applications are discussed.68

2. Experimental Set-up69

The VECSEL has a L-shaped self-imaging cavity delimited by the gain mirror (also called 1/270

VCSEL) and by a saturable absorber mirror (see Fig. 1). VECSEL’s elements are based on71

III-V semiconductor technology. The gain mirror is fabricated on a GaAs substrate with 1272

strain-balanced InGaAs/GaAsP quantum wells (QWs) designed for barrier optical pumping and73

emitting at 1.06 𝜇m. It is optically pumped at 808 nm by a flat-top elliptical profile having an74

horizontal axis of 90 𝜇𝑚 and a vertical one of 50 𝜇𝑚. The SESAM features a single strained75

InGaAs/GaAs QW located near the external surface leading to recombination rate approximately76

two orders of magnitudes faster than the gain medium. The saturated/unsaturated reflectivity77

modulation depth (Δ𝑅) of the SESAM must exceed a critical value (typically Δ𝑅 > 8%, [34]) for78

operating the VECSEL in the TLS regime. This parameter can be varied by tuning the gain mirror79

and the SESAM microcavities resonances (𝜆𝐺 and 𝜆𝑆𝐴 respectively) and, in the experiment here80

described, we fixed 𝛿𝜆 = 𝜆𝑆𝐴 − 𝜆𝐺 = 8 𝑛𝑚, leading to Δ𝑅 ≈ 15%.81

The degenerate external cavity is designed to be long enough to fulfill the condition for82

achieving the TLS regime (𝜏 ≈ 4.2 𝑛𝑠 > 𝜏𝑔≈ 1 𝑛𝑠). Moreover, SESAM and gain mirror are83

placed in conjugate planes with a magnification factor of two for increasing effectively the ratio84

between gain and SESAM saturation fluences. More details on VECSEL’s components and on85

the design of SI external cavity can be found in [33]. The VECSEL’s output beam is sent to the86

detection part where the far-field and near-field profiles are imaged on two CCD cameras. The87

near-field is also imaged on an array of optical fibers for spatially resolved detection at 10 GHz88

bandwidth (34 GHz for pulse width measurements).89

A 5−10 𝑛𝑚 thick highly absorptive (> 90% at 1.06 𝜇m) metallic (Cr) layer has been deposited90

on top of the gain structure. Thanks to e-beam lithographic post-growth process and lift-off, the91

shape of this layer can be arbitrarily drawn with a 5 𝑛𝑚 spatial resolution, hence generating a92

non-diffractive mask which modulates the net optical gain in the transverse plane of the VECSEL93

(Fig. 1 panel c). A large number of masks having different shapes and pattern geometries94



Fig. 1. a) Experimental set-up showing the L-shape VECSEL. HRM= high reflectivity
beam splitter (> 99.5% at 1.060 𝑛𝑚). 𝐿𝑖 are lenses whose focal lengths are 𝑓1 = 𝑓4 =

8 𝑚𝑚, 𝑓2 = 200 𝑚𝑚, 𝑓3 = 100 𝑚𝑚. While in cold cavity SI condition is reached
for telescopic arrangement of optical elements, the presence of a thermal lens [39]
due to optical pump beam ( 𝑓𝑡ℎ ≈ 10 𝑚𝑚𝑊

𝑃𝑝
,) requires slight correction to telescopic

arrangement to achieve degenerate condition. Accordingly, distances for SI condition
are: 𝑑1 (gain section/𝐿1) = 𝑓1; 𝑑2 (𝐿1/𝐿2)= 𝑓1+ 𝑓2 + 𝑧0; 𝑑3 (𝐿2/𝐿3)= 𝑓1+ 𝑓2 − 𝑧0; 𝑑4

(𝐿3/𝐿4)= 𝑓3+ 𝑓4; 𝑑5 (𝐿4/SESAM)= 𝑓4 + 𝑥0, where 𝑧0 = − 𝑓 2
𝑐

2 𝑓𝑡ℎ and 𝑥0 = − 𝑓 4
𝑐

2𝑀2 𝑓 2
2 𝑓𝑡ℎ

.
For typical pump power values used in our experiment (𝑃𝑝 ≈ 170 𝑚𝑊) 𝑓𝑡ℎ ≈ 60 𝑚𝑚:
𝑧0 ≈ 0.53 𝑚𝑚 and 𝑥0 ≈ 0.8 𝜇𝑚 [33]. b): Microscope pictures of some of the masks
deposited onto the gain mirror. The darker zones correspond to Cr layer that provides
losses larger than 90%. The masks shown exhibit arrangements of circular holes where
the absorptive material has been removed. Diameters of holes (𝐷) and separation
between centers (𝑇) are 𝐷 = 15 𝜇𝑚, 𝑇 = 30 𝜇𝑚 in mask 1, 𝐷 = 30 𝜇𝑚, 𝑇 = 32 𝜇𝑚

in mask 2, 𝐷 = 15 𝜇𝑚, 𝑇 = 16 𝜇𝑚 in mask 3, 𝐷 = 15 𝜇𝑚, 𝑇 = 20 𝜇𝑚 in mask 4. c)
Transverse profile of the losses and of the phase shift experienced by the electromagnetic
field when reflected by the gain mirror around Cr mask borderline. The Cr edge has
less than 5𝑛𝑚 rising thickness. The phase shift of the mask is less than 2𝜋/50.

have been drawn on the gain sample. Each mask has a size of 200𝑋200 𝜇𝑚 and, by shifting95

transversely the gain sample in front of the optical pump beam, different net-gain landscapes96

can be studied using the same VECSEL cavity. In this paper we analyze the effect on the97

VECSEL emission of a net-gain landscape composed by circular spots (hot-spots) with sharp98

sub-wavelength edges, as the ones shown in Fig. 1, panel b). The presence of these masks on the99

gain section increases dramatically the total amount of losses in the VECSEL cavity and lasing100

emission has been obtained only in presence of hot-spots having a diameter of at least 15 𝜇𝑚.101

However, we have used hot-spots having a diameter of 30 𝜇m for reaching output levels strong102

enough to ensure a good noise to signal ratio from our fast detectors. We choose the mask with103

the highest density of circles (32 𝜇𝑚 distance between their centers, Mask 2 in Fig. 1b) and,104

accordingly, two hot-spots fit in the pumped area.105

3. Experimental Results106

The VECSEL spatio-temporal emission is described in Fig. 2. The near-field and far-field107

time averaged profiles reveal that each hot-spot emits a couple of tilted beams whose transverse108

wavevectors have the module and opposite direction (±−→𝑘𝑡 ). The interference of the two beams109

generates a stripe pattern in the near-field profile at each spot. Tilted beams emission is typical of110



Fig. 2. Spatio-temporal behavior of the light emitted by the VECSEL with two hot-spots
in the gain section (𝐴 and 𝐵). In panel 1) and 2) we show the time-averaged near-field
and far-field profiles of the VECSEL emission. In panel 3) we show the bifurcation
diagrams of the mode-locking emission from each hot-spot. These diagram are obtained
according to the following procedure : pump power 𝑃𝑝 is increased from zero up to the
VECSEL threshold value (𝑃𝑝,𝑡ℎ = 192.5 𝑚𝐴), where off solution becomes unstable at
the advantage of a mode-locked emission having 𝑁𝑚𝑎𝑥 pulses per roundtrip. Then,
𝑃𝑝 is decreased until the emission jumps to the emission having 𝑁𝑚𝑎𝑥 − 1 pulses per
roundtrip. At this point the stability of this solution is tested by increasing again 𝑃𝑝

up to 𝑃𝑝,𝑡ℎ and by decreasing it down to the point where the emission jumps to the
solution with 𝑁𝑚𝑎𝑥 − 2 pulses per roundtrip. This is repeated for every solution with a
number of pulses per roundtrip different from zero, until the system jumps to the off
solution. The difference in the number 𝑁𝑚𝑎𝑥 pulses per roundtrip for the two hot-spots
is due to a non perfectly homogeneous level of pumping of the two regions. In panels 4
and 5 we show two different emission states obtained for the same parameter values
in the multistable region ( 𝑃𝑝 = 185 mW). The blue (red) time trace represents the
intensity emitted by hot-spot 𝐴 (𝐵). In panel 4) we show the state (𝑁𝐴=3, 𝑁𝐵=4) while
in panel 5) we show the state (𝑁𝐴=6, 𝑁𝐵=5). Space-time diagrams of these states,
picturing the evolution of the pulses emitted roundtrip after roundtrip, are represented
in panels 6) (𝑁𝐴=3, 𝑁𝐵=4) and 7) (𝑁𝐴=6, 𝑁𝐵=5).



Fig. 3. Space-time diagram of the writing process of TLS in each hot-spot. (a) Writing
of one LS in the hot-spot 𝐴 while hot-spot 𝐵 is emitting three TLSs per roundtrip
(𝑁𝐵 = 3). The writing pump pulse is applied at the round-trip #10000 and spot 𝐴
emits a TLS which follows the timing of the perturbation pulse which is incidentally
different from the roundtrip of the system. When the writing pulse is removed at the
round-trip #15500, the solution 𝑁𝐴 = 1 remains stable. b) Writing of one TLS in the
hot-spot 𝐵 while hot-spot 𝐴 is emitting 𝑁𝐴 = 2 TLS per roundtrip. In the inset we
show the time-averaged near-field emission of the VECSEL during the application of
the perturbation to hot-spot 𝐵. The waist of the perturbation beam can be compared
with the interference fringes.

degenerate cavities [40–42] and it is related to spherical aberrations of the optical elements of the111

cavity, which become more and more relevant close to SI conditions. Moreover, the interference112

pattern in the near-field enable an effective saturation of the SESAM. It is worth noting that the113

direction of the transverse wave-vectors can be different for each spot. In the situation shown in114

Fig. 2, the two hot-spots emit beams which are in orthogonal directions, thus allowing separation115

of the two emissions both in near and far-field. Slight tilting of the optical elements enables116

some control on these directions. The direction of the tilted beams emitted by a hot-spot can117

be imposed by introducing some ellipticity in the hot-spot shape, thus breaking the azimuthal118

symmetry and forcing a well determined direction ±−→𝑘𝑡 .119

The analysis of the VECSEL emission in the time domain reveals that each spot emits120

mode-locked solutions with a number of pulses per round-trip (𝑁𝐴 and 𝑁𝐵) which can be varied121

by changing the pump value, as shown in Fig. 2, panel 3. These stability diagrams reveals122

that each hot-spot feature multi-stability between different mode-locked states with number of123

pulses per round-trip ranging between 𝑁𝐴=0 (no emission) to 𝑁𝐴,𝑚𝑎𝑥=8 and between 𝑁𝐵=0 (no124

emission) to 𝑁𝐵,𝑚𝑎𝑥=5. This multi-stability is a signature of temporally localized structures125

which, in our VECSELs, are emitted by two spatially independent hot-spots. In the multistable126

range, 160 𝑚𝑊 < 𝑃𝑝 < 190 𝑚𝑊 , different combinations of 𝑁𝐴 and 𝑁𝐵 can be obtained in the127

VECSELs emission simply by perturbing the system. This can be done by opening and closing128

the light path inside the cavity. Two examples of these combinations are given in Fig. 2, panel129

4) and 6) where 𝑁𝐴=3, 𝑁𝐵=4 and in panel 5) and 7) where 𝑁𝐴=6, 𝑁𝐵=5. The duration of the130

pulses cannot be resolved by our detection bandwidth, hence pulse with is smaller than 20 ps.131

Time-averaged output power from each spot is about 20 𝜇𝑊132



These experimental evidences show that a degenerate cavity can host two spatially decorrelated133

sources of TLSs emitting beams with different transverse wave-vectors, thus providing spatio-134

temporally structured light. In addition, because TLS are individually addressable pulse, we can135

control the number of pulses emitted by each spot by perturbing locally the pump intensity. This136

control is achieved by injecting a short pump pulse having a waist of only 7 𝜇𝑚,thus targeting a137

single hot-spot. The system is prepared in the multistable parameter region and the amplitude of138

the addressing pump pulse is chosen to bring the system beyond the upper limit of the multistable139

region (𝑃𝑝 > 190 𝑚𝑊). This perturbation is applied synchronously with the cavity roundtrip for140

about one thousand roundtrips. In Fig. 3 a) we demonstrate the addressing of a pulse emitted by141

hot-spot 𝐴 starting from the initial condition where 𝑁𝐴= 0, 𝑁𝐵 = 3. This process is illustrated142

by using a space-time diagram where the writing pump pulse is represented with a color scale,143

while the trajectory of each emitted pulse is represented by a black trace. The writing pulse is144

applied at the round-trip 10000 and it is sufficiently short to switch on a single temporal LS.145

The written pulse persists after the perturbation is removed. It is worth noting that no effect is146

produced onto the emission from hot-spot 𝐵 during and after the writing process. In Figure 3 b)147

we repeat the operation by targeting the hot-spot 𝐵 starting from the initial condition 𝑁𝐴 = 2 and148

𝑁𝐵 = 0. Other initial conditions can be chosen with similar results, provided that the addressing149

pulse is separated in time from the preexisting LS of at least 𝜏𝑔. Pulse erasure is also obtained by150

perturbing a single hot-spot with a negative pump pulse, as done in [33].151

4. Discussion152

This result provides a demonstration of a laser source capable of generating spatio-temporally153

structured light beams organized on two spatial channels and on a number of pulses in each154

channel ranging from zero to 5 in hot-spot 𝐴, and from zero to 8 in hot-spot 𝐵. If we identify light155

states simply by the number of pulses emitted by each hot-spot (𝑁𝐴, 𝑁𝐵), the number of different156

light states that can be obtained is 54. In general, if we consider that the value of 𝑁𝑚𝑎𝑥 is the157

same for all the hot-spots, the number of combinations in a VECSEL with 𝑛 hot-spots is given by158

(𝑁𝑚𝑎𝑥 + 1)𝑛. The maximum number of TLS per channel (𝑁𝑚𝑎𝑥) depends on the ratio between159

cavity roundtrip and gain recovery time (𝜏/𝜏𝑔) [24] which can be increased straightforwardly by160

using longer resonators. On the other hand, there are no technological obstacles to increase 𝑛 up161

to eight by doubling the optical pump size. For larger sizes, the total pump power will exceed 1𝑊162

and thermal management solutions of the gain section will be necessary. These solutions require163

additional technological steps in the realization of the gain mirror as, for example, integration of164

a diamond heat spreader. These considerations reveal that the demonstrated laser platform is165

capable of handling light states of scalable complexity.166

The generated light states are particularly suitable for applications to information processing,167

since each pulse circulating in the cavity can be used to encode an information bit. Accordingly,168

the VECSEL described in this paper can be used as an all-optical buffer whose memory size is169

given by the product 𝑛 · 𝑁𝑚𝑎𝑥 . Another possible application is related to the use of each hot-spot170

as a source of a frequency comb. Accordingly, the VECSEL laser described enables multiplexing171

of frequency combs sharing the same active/passive medium, i.e. the same noise sources,172

thus increasing the mutual coherence required for multi-frequency comb operations [36–38].173

Moreover, the possibility of varying the comb tooth spacing of each hot-spot by addressing the174

number of pulses per roundtrip emitted, provides an additional degrees of freedom for controlling175

the spectral line density of the resulting RF comb.176

The evolution of the TLSs roundtrip after roundtrip, shown in Fig. 2 panels 6) and 7), reveals177

that the periodicity of the TLS is the same for both hot-spots regardless the number of pulses178

emitted per roundtrip, in contrast to previous observations in TLS emitters with homogeneous179

net-gain profile [26]. Then, a form of synchronization between the two hot-spots takes place180

in our VECSEL due to the fact that they share the same active and passive media. This period181



Fig. 4. Panel a) Evolution of the TLS emitted by hot-spot 𝐴 (red trace) and 𝐵 (blue
trace) in presence of two continuous wave (CW) 7 𝜇𝑚-waist pump beams targeting the
hot-spots 𝐴 and 𝐵. Their powers 𝑃𝐴 and 𝑃𝐵can be controlled independently. Here
𝑃𝐴= 35 𝑚𝑊 and 𝑃𝐵= 45 𝑚𝑊 . Both narrow waist pump beamb are superimposed to
the homogeneous pump beam which is kept to a power 𝑃𝑝= 120𝑚𝑊 . Inset: Near-field
time-averaged emission of the VECSEL showing the presence of the two 7 𝜇𝑚-waist
independent pumps targeting hot-spots 𝐴 and 𝐵. Panel 2) Power spectra of the two
outputs from hot-spot 𝐴 (red trace) and 𝐵 (blue trace)

locking has been observed for different combinations of 𝑁𝐴 and 𝑁𝐵 and it persists in emission182

states where the difference between 𝑁𝐴 and 𝑁𝐵 is maximized (| 𝑁𝐴−𝑁𝐵 |= 4).183

This phenomenon is beneficial for data buffering since a common clock can be established184

for all the channels of the buffer. On the other hand, for multi frequency combs generation, it185

is required that the pulse trains emitted by the two hot-spots have incommensurate repetition186

rates. This can be obtained by controlling locally the continuous wave (CW) pump power187

impinging each hot-spot. To this aim, we superpose to the homogeneous pump two pump188

beams having a waist of 7 𝜇𝑚 and whose power, 𝑃𝐴 and 𝑃𝐵, can be controlled independently.189

Thanks to the multistable response of the VECSEL, an arbitrary emission state (𝑁𝐴, 𝑁𝐵) is190

robust upon variation of 𝑃𝐴 and 𝑃𝐵 in the interval where the states 𝑁𝐴 and 𝑁𝐵 are stable (see191

Fig. 2 panel 3)). Because the repetition rate of the emitted TLS depends on the pumping level,192

the local pump power 𝑃𝐴 (𝑃𝐵) enables to tune slightly the period 𝜏𝐴(𝜏𝐵) of the TLS emitted193

by hot-spot 𝐴(𝐵) [26]. In Fig. 4 we have set the emission state 𝑁𝐴=1, 𝑁𝐵 = 3 and we have194

induced a difference between 𝜏𝐴 and 𝜏𝐵 by increasing 𝑃𝐴 over 𝑃𝐵. This difference is evident195

in the space-time diagram of Fig. 4, showing the walk-off of the pulses emitted by hot-spot196

𝐵 versus the pulse emitted by hot-spot 𝐴. This walk off is approximately 1 𝑛𝑠 after 22500197

roundtrips , thus leading to | 𝜏𝐴− 𝜏𝐵 | = 4.4 10−5 𝑛𝑠. Accordingly, the combination of the198

frequency combs generated by hot-spots 𝐴 and 𝐵 leads to a RF spectrum having lines separated199

by Δ 𝑓𝑟 =|1/𝜏𝐴-1/𝜏𝐵 |= 2.5 𝑘𝐻𝑧. The full characterization of this double frequency comb is out200

of the scope of this manuscript and it will be presented elsewhere.201

In conclusion, we have shown that degenerate III-V semiconductor VECSELs with an202

intracavity saturable absorber are promising platform for generating light with an addressable203

spatio-temporal structure. Control of spatial profile relies on the introduction of two spots of204

positive net-gain onto the gain section, while temporal control of light is obtained thanks to the205

properties of TLSs. By controlling the number of pulses emitting by each spot, the light emitted206

can be reconfigured in a large variety of different spatio-temporal states. Because each pulse207

can be used to encode an information bit, the VECSEL described materializes an all-optical208

three dimensional buffer. Moreover, we have shown that each spot can be used as a frequency209

comb source, thus leading to a double frequency comb in the same laser cavity. These proof of210

concepts are based on two spatial channels and a small number of pulses per roundtrip, however211



these figures can be increased straightforwardly by increasing the size of the pump and the length212

of the cavity.213
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