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Summary. — A Cellular Automaton (CA) is used for modelling a two-dimensional
array of single-mode Vertical Cavity Surface Emitting Laser (VCSEL). Preliminary
results are reported on the dynamics of generation of collective array supermodes. In
particular, coupling of devices has been computed at different values of injection
current; the time evolution of cross-talk among devices has been successfully
simulated even in the case of the presence of a damaged device; fundamental
supermode far-field emission pattern is reported in good agreement with other
analytical approaches and experimental results. The reduced computational cost and
the chance of merging physical parameters with geometrical topologies make the CA
models a useful and powerful complement to classical analytical modelling of complex
interacting optical-device collections.

PACS 42.79 - Optical elements, devices, and systems.
PACS 42.55.Px — Semiconductor lasers; laser diodes.
PACS 42.25 — Wave optics.

1. — Introduction

Since their first development [1], VCSELs have generated a great interest for their
possible applications, in particular when used in two-dimensional configurations. The
realization of two-dimensional arrays in which the single devices are phase-locked in
order to produce a coherent beam is very attractive for the realization of optical
memories or other similar devices. Actually, it is possible to obtain very high densely
packed two-dimensional arrays of VCSELs (less than 1mm radius devices, about
0.2mm between lasing elements)[2-5] with very low threshold current (about
100 mA) [2,3,6-8] and high power conversion efficiency [6-8]. In such arrays it is
necessary to consider the coupling properties of each device. Array supermode analysis

(*) The authors of this paper have agreed to not receive the proofs for correction.
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is possible via analytical calculations [9, 10], but symmetry requirements are needed for
supermode computation and the effects of possible electric coupling are also to be
taken into account.

In this work the collective behaviour of single-mode devices of a very high densely
packed array will be modelled using a single Cellular Automaton (CA)[11,12]; in
particular, array fundamental supermode near-field and far-field emission patterns
have been obtained. This is a preliminary result on the way towards the prediction of
other supermodes, which emerge as current increases, and of the mechanism of
generation of array coherent emission, in order to realize devices optimized for very
high output power. Furthermore, the CA technique is very effective in describing the
dynamic of cross-talk diffusion in the array and in predicting coupling degree of
devices at different injection currents.

CA are powerful tools for the interpretation of real-device behaviours, since they
can take into account non-homogeneity, aging of the lasers in the array and the
possible irreversible damaging of an element[13-15]. Moreover, the CA approach
allows a suitable description of any two-dimensional geometry, from those with a high
degree of spatial regularity (periodic arrays) to those strongly asymmetric covering a
wide range in the element numbers.

2. — The model and the underlying physics

A CA is supported by a cellular space, i.e. an ensemble of cells (in our case the wafer
supporting the array [6]); it is defined by five properties: the cellular space topology
(how cells are arranged); the cell neighbourhood; the cell state space; the transition
rules which describe the temporal evolution of the cell state and so the global state
evolution of the whole automaton (which is not merely the ensemble of the states of the
single cells); in the transition rules an (external, non-symmetric or with symmetry
different from those of the array) exogenous input can be inserted too.

In this work the cellular space is a two-dimensional squared array of cells even if
this hypothesis can be relaxed; each cell represents a single-mode VCSEL.

The neighbourhood of the generic cell in the position (7, j) is defined as follows:

@ UG, j) ={G@ =1, +1, ), j— 1)@ j+ D},

i.e. the lattice is a squared one (a possible extension can be the hexagonal one that
could be a useful approach to strained wafers).

The state space is the ensemble of the single-cell states; it is the set P={0, 1, —1}.
This choice derives from the possible interlinked physical states of the laser.

The state p = 0 represents a VCSEL in the state “off” (below threshold); the state
p =1 represents a VCSEL in the state “on” (beyond threshold) with zero phase of the
emitted field; the state p = —1 corresponds to a VCSEL emitting field &z out of phase
with respect to the previous one.

In a unit time step the following rules take place and must be accounted for:

— a current is injected in each VCSEL of the array and undergoes fractionation: an
amount of this current is dispersed in the array (it will be taken into account as joule
heating in a further release) and a first part of the remaining one is converted into
light: this conversion, described by a characteristic I-L curve, is ruled by the coefficient
(differential quantum efficiency) u% ;, where i, j indicate the position of the laser in the
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array and k are the unit time steps that have elapsed; the second part is (uniformly)
spread off towards the nearest VCSELs (current leakage): this loss is ruled by the
current leakage coefficient af ;.

— if the current in a device is enough, i.e. it overcomes a threshold, laser light
emission starts. Since devices in the array are very close, the emitted fields of two
adjacent lasers could overlap. In the fundamental supermode the fields emitted by
adjacent lasers are x out of phase (i.e. the array is in its minimum-energy
configuration) and the field interaction is destructive, 7.e. the overlapping effect is field
intensity decreasing; so this phenomenon is ruled by the field leakage coefficient bf ; in
strict analogy with current leakage.

Field overlapping can be computed also with other techniques[10] using the
analogy of field confinement in laser cavity with optical fibres. The advantage of CA
approach is that it takes into account both physical and geometric aspects of coupling,
i.e. the typical dimension of the laser (radius), the dependence on the ratio between
radius and laser distance and the material support of the device (so it is not necessary
to build different families of curves as cladding material changes).

The current circulating in the device at the position (7, j) at the time t =%k + 1 (or
seen as the normalised electron number present in the single device at time t=k+1) is
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where e | ;, ef,, ;, ef;_1, ef; ., are the currents circulating in the neighbour cells at
the time t =k; uf“]” is the current injected in the VCSEL in the position (%, 7) at the
current time.
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Fig. 1. — Schematic sketch of the radiation-matter interaction as simulated in an elementary time
step computed by the cellular automaton.
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Then the light emitted is computed as photon number in unit time:

(3) plk;rl_nllcjl(l_ k+1)ek+1+

bl bl bl ., bl ..,

=L K [ TN A )= i, j+ k
+A; j|Ai- 1 Picv, it A ——Div1, it A ——pf i1t A 4 ——Dij+1)>
where 7% %1ef I is the part due to injection current in the laser and

A (1 if the state of the cell in the position (%, k) is p =0,
"7 10 otherwise .

If ef 71> (ef 7 D or pf 71> (pf F M), the cell goes in one of the two states p = +1
and arranges in order to minimize energy. Above, (ek“)th represents the threshold
current and (pz 1), represents the possibility that field leakage switches on a
neighbour laser. In fig. 1 a sketch of the automaton evolution rules as computed during
an elementary time step is shown.

Boundary conditions are a very critical point for any kind of model and in particular
for a statistical model as a cellular automaton [16]; the rules for the cells at the array
boundary have been assumed by supposing the existence of perfect diffusion
conditions, both for charge carriers and for emitted field.

In our notation we show the possibility to extend such a model leaving cellular
automata domain, i.e. the temporal locality can be relaxed and/or the spatial locality,
allowing the coefficients #, a, b not to be fixed either spatially or temporally, so that
they can be different for any device in the array, and they can follow any desired
temporal law. This novel net structure lacks the regular and simple computational
capability of a cellular automaton, but it can describe a more various set of situations;
on the other hand it does not always grant the possibility of describing the stable
mesostructures of the array emission as a cellular automaton will do.
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Fig. 2. — a) Current leakage due to carrier diffusion. Each curve is plotted for a given value of the a
parameter. Below the curve leakage diffusion due to electric pathway is not possible. b) Field
leakage due to field interference of neighbour devices. Each curve is plotted for a given value of
the b parameter. Below the curve leakage diffusion due to optical pathway is not possible.
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3. — Simulation results

The following simulations have been developed using a CA for modelling a squared
array of identical VCSELs, so that all devices in the array have the same threshold
current and the leakage parameters are homogeneous throughout the whole array.

A large number of simulations have been carried on in order to characterize the two
different leakage mechanisms; all of them have been made following the same
procedure: all the lasers of the array are brought in a pre-bias condition at the current
I,;; at the same time the current of one of the devices is slowly increased until leakage
is enough to light on first-neighbour devices: the current at which this phenomenon
occurs is called control current and it is named 1I,,;.

In figs. 2 and 3, I, vs. I, has been plotted for different values of leakage
parameters and some curves have been obtained: above them leakage is occurring in
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Fig. 3. — Effect of both pathways’ leakage superposition.
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Fig. 4. — Current leakage extrapolation from simulations. Notice the extrapolated curves

corresponding to the values @ = 0 and a = « which are in agreement with the threshold behaviour
of the array. A similar plot is possible also for optical cross-talk and for superposition of electric
and optic pathways.
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Notice that in fig. 2b) the simulation prediction is consistent with the device
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leakage path as can be seen by fig.4, showing an extrapolation by simulation
results.

This CA procedure can be applied to real devices in order to estimate the lasers
degree of coupling and the whole array threshold current as predicted by the CA,
which is usually less than the simple sum of the threshold currents for the elemental
devices.

The correlation of the cellular-automaton model parameters with a real device with
its own geometry and material properties can be carried out performing on the array a
set of measures in the way described before; so doing, it is possible to obtain the a, b, h
model parameters and then to make the cellular automaton run in order to obtain
predictions on the device emission properties. For instance, from the whole array
characteristic curves of figs. 3 and 4 with @ = 0.05 and b = 0.05, it is possible to estimate,
for a 17 x 17 array with single-device threshold current of about 1.5 mA, an array
threshold current of about 390 mA, with an 11% reduction with respect to the sum of
the devices threshold currents [17].

The CA technique also allows to take into account possible non-homogeneous
features of device arrays: a quantitative evaluation is obtained of the reduction of the
total threshold current caused by collective effects in the array (cooperation).

Heating effects can be omitted, since it can be assumed that the array is operating
with 100 ns pulses at a rate of about 10 kHz; it has been experimentally verified [17]
that heating in these conditions is under control and every property of the array can be
examined since all dynamics are typically ten times faster.
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Fig. 6. — Near-field emission pattern in grey scale of colours. This pattern has been obtained from
a 60 s simulation on a 486 PC on a 32 X 32 cellular automaton, with @ = 0.1; b = 0.1. On the axis the
vertical and horizontal position of devices in the array are reported. Grey scale intensity is
normalized so that the less emitting laser is black and the most emitting is white.
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Cellular Automata technique allows to follow the dynamics of leakage onset and its
propagation in the array. In fig. 5 we show the interesting case of leakage diffusion
process dynamics when one of the lasers is under the corresponding curve I, vs. Iy
and so it is not able to propagate interaction. The array is composed of 17 x 17 identical
devices; both current and field leakages are active: a = 0.1, b = 0.1. All devices have
current 0.9 times the threshold current. The laser in position (17, 1) (upper left) has
current which is 4 times the threshold one; the laser in position (9, 9) has current
which is 0.88 times the threshold one. At the time step k =1 the cellular automaton
starts and the interaction diffusion process begins.
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Fig. 7. — a) Three-dimensional view, in arbitrary units, of far-field emission pattern as simulated
from cellular automaton. b) Plane projection of a) with a grey scale normalization as in fig. 6.
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This simulation allows to obtain information on the range of the electric interaction
between devices. In first approximation, the diffusion length of electrons is about 1 mm

in not too heavily doped GaAs. Indeed, L,=VD,t,, where D, is the diffusion
coefficient with typical value from 1 to 10 em®s™! and 7, is the overall electron
recombination time with a typical value of 10~ s, so the diffusion length ranges from 1
to 10 mm, e over about four or five devices with 2mm radius and 2.5mm
center-to-center distance as is visible in fig. 5.

The CA technique allows to describe the out-of-phase fundamental supermode
emission pattern, since it directly furnishes the emitted field of each laser in the array.
In fig. 6 the (normalized) emitted light intensity is visible as it is directly computed in
about 20 elementary time steps.

The emitted-field phase, as just said, has been imposed in the automaton structure
so that each device is out of phase with all the neighbours; the Fourier transform
(computed with a FFT algorithm) of near-field emission is visible in fig. 7. In so doing, a
simulation of far-field emission pattern is available in less than 60 s of simulation on a
486 PC.

4. — Conclusions

It has been shown that the CA approach gives a straightforward technique to
handle dynamic time evolution and coherence appearance. In particular, the role of
current leakage, field leakage and laser damaging can be directly related to global
threshold prediction. Moreover, the fundamental supermode build-up can be evaluated
in good agreement with experimental results. Finally, diffusive processes of laser
interaction can be investigated in detail giving a clue to monitor array
inhomogeneities.
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