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We report experimentally and on theory on the 

controllable inhibition of spiking regimes in a 1300 nm 

wavelength Vertical Cavity Surface Emitting Laser 

(VCSEL). Reproducible suppression of spiking dynamics is 

demonstrated at fast operation speeds (up to sub-ns 

rates) and with total control on the temporal duration of 

the spiking inhibition windows. This work opens new 

paths towards photonic inhibitory neuronal model 

system for use in future neuromorphic photonic 

information processing modules and which are able to 

operate at speeds up to 8 orders of magnitude faster than 

biological neurons. © 2017 Optical Society of America  

OCIS codes: (140.5960) Semiconductor Lasers; (140.7260) Vertical Cavity 

Surface Emitting Lasers; (200.4700) Optical Neural Systems;  
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Neuronal models for new paradigms in computing have been 

researched for decades [1]. Traditionally, electronic techniques 

have been mainly used for neuromorphic systems yielding already 

platforms such as Neurogrid at Stanford [2], TrueNorth at IBM [3], 

HICANN at the University of Heidelberg [4] and the University of Manchester╆s neuromorphic chip いのう┻ Electronic techniques 
however face important challenges, e.g. limited bandwidth, large 

multicasting and communication issues, which ultimately impose 

performance limits [6]. Photonic approaches for neuronal models 

have recently emerged as they can yield ultrafast operation speeds 

(up to 9 orders of magnitude faster than biological neurons) and 

offer high prospects for high integration and scalability, reduced 

crosstalk and large communication links (for a review see [6]).  

However, whilst isolated works appeared as early as in 

year 2000 [7-9] it is only recently that the field has exploded 

[6-33] and diverse photonic neuronal models have been 

proposed using semiconductor optical amplifiers [10-12], 

fibre lasers [13-16], photonic crystal cavities [17,18], laser-

photodiode coupled systems [19,20], semiconductor lasers 

(SLs) [21-34], etc. Of all these, SL approaches have attracted 

higher interest, since SLs can undergo behaviours analogous 

to those of neurons, such as excitability [34-36] and complex 

dynamics [37][38] but at timescales 7 to 9 orders of 

magnitude faster. Different types of SLs have been reported 

for photonic neuronal models, e.g. micro-ring [21], quantum-

dot [34], two-section [6][22], micro-pillar [23][24] and 

vertical-cavity surface-emitting lasers (VCSELs) [26-31]. 

Practical applications have also been outlined in parallel 

information processing [6][22][32], pattern formation 

[6][30][33] and recognition [6][11], memory operation 

[20][29], etc. These features added to their compactness, 

potentials for on-chip integration and scalability into 

networks and compatibility with optical communication 

technologies [39] ensure that SLs will play a key role in future 

neuromorphic information processing systems [6]. 

Amongst SLs, VCSELs offer unique advantages, e.g. reduced 

manufacturing costs and energy consumption, easy 

integration in 2D/3D arrays, etc. [40][41], making them ideal 

for photonic neuronal models and networks. In spite of this, 

VCSELs have only recently started to be investigated for 

photonic neurons [26-31]. Emulation of neuronal responses 

using the polarization switching (PS) [26], nonlinear 

dynamics [27] and excitability [28-30] responses induced in 

VCSELs under optical injection has been reported. Also, 

controllable firing of sub-ns spikes [28-30], and diverse spike 

firing patterns [30] have been recently reported in VCSELs 

and their use for all-optical memory applications has been 

suggested [29]. 

Nonetheless, to date the majority of works focused on 

emulating excitatory neurons (which fire spikes when 

stimulated) by producing spiking regimes with SLs. Yet, 

neurons are fascinating systems yielding a wide range of 

computational responses depending on their type and nature 

of the arriving stimuli [43-45]. Another behavior in neurons 

is spike inhibition, where the arrival of a stimulus stops 

spiking activity [43-45]. In fact, inhibitory neurons in the 

brain play a key role to generate the signals stopping spiking 

activity and also to create order in neuronal networks by 

counteracting excitatory forces with opposed inhibitory ones 
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[43-45]. Moreover, inhibitory response is also important in 

the learning rules based upon spike-timing-dependent 

plasticity (STDP) [12]. Hence, future neuromorphic photonic 

networks aiming at emulating the powerful brain 

computational capabilities, will require the development of 

inhibitory photonic neuronal models.  

This work demonstrates a VCSEL-based inhibitory 

photonic neuronal model. Controllable and reproducible 

inhibition of spiking dynamics is achieved at speeds up to 8 

orders of magnitude faster than neurons (sub-ns rates) and with low power requirements ゅｂtens of づWsょ┻ Numerical 
modeling also shows very good agreement with the 

experiments. Importantly, our approach uses inexpensive 

devices working at telecom wavelengths (1300 nm). These 

results offer high potentials for the use of VCSELs as a single 

platform for excitatory [30] and inhibitory neuronal models 

for future neuromorphic photonic systems. 

 

Fig. 1 (a) Experimental setup. (b) Spectrum of the VCSEL (IBias = 

3mA). (c) Input signal with an added perturbation. MZ=Mach-

Zehnder, SG=Signal Generator, OSA=Optical Spectrum Analyser.  

 

Fig. 1(a) plots the experimental setup. Linearly polarized 

light from a 1300 nm tuneable laser (Master Laser, ML, 

HP81678) is injected into a commercially-available and fibre-

pigtailed 1300 nm VCSEL from Raycan [46]. The latter, was 

set at 293 K and had a threshold current of 0.69 mA. The VCSEL╆s spectrum in fig┻ なゅbょ shows emission at 1300.7 nm 

(at 3mA) with two peaks corresponding to the two 

orthogonal polarizations of the fundamental transverse 

mode. Throughout this work we refer to the polarisation of 

the main lasing (subsidiary) mode of the VCSEL as parallel 

(orthogonal) polarisation. Optical signals with added 

perturbations were injected into the VCSEL. These were generated modulating the ML╆s output with a Mach Zehnder 
(MZ) modulator (JDSU MOD-9189) and a signal generator 

allowing the generation of pulses with variable durations 

(from 0.2 to 10ns) and repetition rates (up to 15MHz). Fig. 

1(c) plots a typically injected signal with a constant intensity 

level (kinj) and perturbations in the form of positive pulses 

with defined duration (td), strength (k) and repetition rate 

(frep =15 MHz). kp is defined as the ratio between the pulse 

intensity and the constant injection level (kp = k/kinj). Here, 

we present results obtained when the signals from the ML are 

set with orthogonal polarization and are injected into the 

orthogonal polarization mode of the VCSEL. Finally, the 

VCSEL╆s output was analyzed with an Optical Spectrum 

Analyzer and with a 9.5GHz amplified photodetector 

(Thorlabs PDA8GS) and a 13 GHz real time oscilloscope. Fig┻ にゅaょ shows time series at the VCSEL╆s output under the 
injection of the signal in fig. 2(b). The latter had a power of 

kinj = 33.56 づW and a frequency detuning (つf), equal to the 

difference between the frequencies of the injected signal (fin) 

and the orthogonal mode of the VCSEL (血鯛), of  弘血 噺 血沈津 伐血鯛 噺 伐に┻ぱぬ罫茎権. The signal had perturbations with td = 3.3 ns 

and kp = 1.168. Fig. 2(a) shows that at first the system is in a 

continuous (tonic) spiking state. This response is produced 

by the constant injection which (at that detuning) drives the 

VCSEL into a tonic spiking regime [30][45]. This is 

suppressed upon the perturbation╆s arrival ゅfig┻ にゅaょょ due to 
the sudden increase in injection strength forcing the VCSEL 

to injection-lock to the input signal. Hence, switching from 

spiking to constant emission is obtained [37][38]. This 

inhibitory response is maintained until the perturbation is 

removed when it switches back to tonic spiking. The temporal map in Fig┻ にゅcょ plots the VCSEL╆s response to the 
arrival of 200 identical perturbations. This two dimensional 

map is obtained taking as a folding parameter the repetition 

period of the perturbations (T = 1/frep) [47]. In fig. 2(c), the 

spikes are indicated by yellow dots whilst a constant 

intensity is depicted in blue. Fig. 2(c) clearly shows the 

reproducibility of the spiking inhibition behavior with the 

same response obtained for all perturbations. 

 Fig┻ に┻ Time series at the VCSEL╆s output ゅaょ after the injection of 

the signal in (b) with a perturbation of td = 3.3 ns and kp = 1.168. 

(c) Temporal map showing repeatable spiking inhibition for 200 

perturbations entering the VCSEL. The rest of parameters are: 

IBias = 2mA; Kinj = 33.56 づW and つf = -2.83 GHz. 

 

Figs. 3(a-d) plot measured time series when the VCSEL is 

subject to the injection of signals with perturbations of 

different td, from 0 to 5.3 ns (and constant kp = 1.168). The rest 

of parameters are indicated in the figure caption. Fig. 3(a) 

shows that, without perturbations (td = 0) the VCSEL fires 

spikes with sub-ns intervals. Figs. 3(b-d) show in turn that 

when a perturbation is added the spiking dynamics are suppressed during the entire perturbation╆s time┺ な.89 ns (fig. 

3(b)), 3.3 ns (fig. 3(c)) and 5.3 ns (fig. 3(d)). Since td can be 

easily tuned experimentally, this offers a simple route for the 

controllability of the spike inhibition, much as inhibitory 

neurons do in the brain [43-45]. This is further illustrated in 

the map of fig. 3(e) merging results obtained for ten values of 

td from 0.89 to 9.82 ns, plotting in each case the response to 

20 perturbations.  

Figs. 4(a-d) plot measured time-series in response to 

injected perturbations with constant duration (td = 7.45 ns) 

and varying strengths kp from 0 to 0.803. The rest of 

parameters are given in the figure caption. Fig. 4(a) plots first 



the case where no perturbations are added and hence tonic 

spiking is obtained. Fig. 4(b) plots results when a small 

intensity perturbation (kp = 0.219) is added showing that 

tonic spiking is still obtained. However, during the 

perturbation higher amplitude spikes with longer spiking 

period are fired. When kp = 0.516, a similar response is seen 

(fig. 4(c)) obtaining a longer spiking period during the perturbation╆s time┻ Finally┸ for kp = 0.803, the VCSEL╆s 
spiking activity is fully inhibited. Thus, a threshold value of kp 

has to be exceeded in order to obtain spike inhibition. The 

temporal map in fig. 4(e) merges results for five values of kp plotting also the system╆s response to ねど perturbations in 
each case. Again, the results are reproducible with all 

perturbations yielding analogous responses. Fig. 4(e) also 

shows the controllability of the inhibition response which is 

only achieved for high enough values of kp. 

 

Fig. 3. (a-d) Time series and (e) temporal map of the VCSEL in 

response to perturbations with different td: (a) 0, (b) 1.89, (c) 3.3, 

(d) 5.3 ns and constant kp = 1.168. The map in (e) merges results 

for 20 perturbations for 10 different values of td. The other 

parameters are: IBias = 2mA; Kinj = 33.56 づW and つf = -2.83 GHz.  

 

Fig. 4. (a)-(d) Time series and (e) temporal map of the VCSEL in 

response to perturbations with constant td = 7.45 ns and different 

strength, kp: (a) 0, (b) 0.219, (c) 0.516, (d) 0.803. The map in (e) 

merges results for 40 perturbations and for 5 kp values. The other 

parameters are: IBias = 2mA; Kinj ス ばひ┻ふの づW and つf = -2.77 GHz. 

The experiments can be explained with a simple model considering the evolution of the laser╆s phase relative to that 
of the optical injection も ス もlaser - もinj. Assuming a strong 

damping of the relaxation oscillation and a weak amplitude 

optical injection field with small detuning, the equation 

governing the evolution of も reads 溝┉ 噺 貸鳥腸鳥貞 ,    戟岫溝岻 噺 伐弘溝 伐 桁岫建岻ヂな 髪 糠態潔剣嫌岫溝 髪 憲岻    (1) 

where つ is the detuning between the laser╆s frequency and 
that of the optical injection with amplitude Y; ゎ is the 

linewidth enhancement factor and u ス arctan ゎ (see [29]). For 

a steady value of Y, the system possesses a single stable (and 

an unstable) equilibrium point, provided that Y タ Yc, with 桁頂 噺】弘】 ヂな 髪 糠態エ . In this case, the potential Uゅもょ exhibits a minima 

and a maxima corresponding to these two fixed points, 

respectively. When the system is operated with Y < Yc, the 

potential Uゅもょ has no minima and もlaser is unlocked from もinj. 

As such, も drifts non-linearly in a slanted ╉washboard╊ potential┻ Each time the VCSEL╆s frequency approaches that 

of ML, も remains for a long interval close to the position of 

the two annihilated fixed points, drifting then away more 

rapidly and performing a はぱ rotation [30]. It is that excursion 

of も that yields an intensity spike. However, the monitored 

intensity is the superposition of the injected field reflected by the VCSEL╆s top mirror and that emitted by the device 

proportional to 荊墜通痛 噺  弁な 髪 倦結沈地弁態
. This coherent superposition 

of two fields is not trivial and depends critically on the 

proportionality coefficient k, which is a function of the 

pumping current and the reflectivities of the VCSEL╆s mirrors 

(see [29]). Small changes in facet reflectivities can modify k 

from 0.1 to 10 transforming into upward or downward the 

detected spikes. A good agreement was found for k = -0.05.  

Fig. 5(a) depicts a situation where Y < Yc at all times except 

for three short intervals where Y > Yc (with different 

strength). This suppresses the tonic spiking behaviour for 

those time intervals as seen experimentally in figs. 3 and 4. Besides┸ fig┻ のゅaょ shows that the exact injection╆s amplitude is 
not critical as long as it exceeds Yc. Fig. 5(b) also shows that tuning the injection field╆s amplitude below Yc allows the 

control of the inter-spiking interval, in agreement with the 

experiments in fig. 4. We should also note that Eq. (1) 

experiences a saddle-node bifurcation on an invariant circle 

(SNIC) when Y = Yc yielding a transition from a steady to a 

periodic behavior via a homoclinic bifurcation. The spiking 

period is directly proportional to the distance from the 

bifurcation point. Hence, tuning the distance from the SNIC 

allows to control the inhibitory response as needed for STPD 

algorithms [12]. Finally, we must note that the marked 

rebound spike after the injection field is lowered (see fig. 2 at 

t = 10ns) is not observed here. This may be reproduced with 

a more complex model considering the population inversion 

and intensity dynamics and thus the relaxation oscillations. 

In that situation richer and more complex dynamics (e.g. 

multipulse excitability) are expected [48]. 

In summary, we demonstrate an inhibitory photonic 

neuronal model with a VCSEL showing high speeds (sub-ns 

operation) and low input power requirements (~tens of づWs). Reproducible spiking inhibition is achieved in 

response to perturbations encoded in injected signals. 

Moreover, full control of the spiking inhibition responses is 



achieved by acting on the perturbation╆s duration and 

strength. These results obtained with off-the-shelve devices 

operating at telecom wavelengths, added to the unique 

attributes of VCSELs offer great prospects for their use as a 

single platform for photonic excitatory [30] and inhibitory 

neurons. We foresee that these will be key building blocks in 

future brain-inspired networks of photonic neurons for novel 

ultrafast neuromorphic computing systems. 

 

Fig. 5. Time traces for I (blue) and Y normalized to Yc (orange). 

(a,b) The system operated in the unlocked regime (Y = 0.95Yc) 

yielding tonic spiking. (a) For Y>Yc spiking is inhibited until the 

injection field is reduced. (b) Spiking period as a function of Y/Yc. 

Other parameters are ゎスは┸ つス-1, such that Yc = 0.4472. 
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