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Emission of optically coupled semiconductor lasers

P V Borisov, Yu A Bykovskii, K B Dedushenko, M V Zverkov

Abstract. The emission characteristics of a system consis-
ting of two coherently coupled semiconductor lasers are
studied. It is found that different lasing regimes are realised
in the system depending on its parameters. In the case of
strong coupling, deep stochastic pulsations of the radiation
intensity are formed in certain ranges of frequency detuning.
There exist critical pump currents above which fluctuations
are observed for all detunings and a catastrophic decrease
(collapse) in coherence takes place. The power spectrum of
noise contains two independent low- and sublow-frequency
components. Suppression of noise in a system with spec-
trally selective coupling is obtained.

1. Introduction

A study of the optical interaction between two semiconduc-
tor lasers is important for an understanding of properties of
ensembles of optically coupled lasers. Numerous experimen-
tal and theoretical investigations have been devoted to
coupled injection lasers whose two flat cavities were sepa-
rated by a narrow gap (of the order of several wavelengths of
the light wave). Such lasers are called C? lasers (see refe-
rences in Refs [1—4]).

The behaviour of two lasers with a large coupling length,
in which the time of propagation of the light wave from one
laser to another is comparable with the characteristic inner
laser times, has not been adequately studied. In this case,
because of the delay, the dynamics of the system becomes
strongly complicated [5-9]. In particular, such systems
exhibit deep stochastic pulsations of the output power accom-
panied by a catastrophic decrease in coherence [7].

A study of the interaction between two lasers is of prac-
tical interest, for example, for producing phase screens con-
sisting of an array of coherent emitters controlled by a single
source. The aim of experiments performed in this paper was
to study the influence of parameters of a system of two
coupled lasers on their emission properties.
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2. Dynamic equations of coupled lasers

Methods for analysis of coupled lasers have been considered
in review [10]. However, theoretical models used for lasers of
other types cannot be adequately applied to semiconductor
lasers because of a strong optical nonlinearity of their active
medium, the high intensity of spontaneous emission, and a
comparatively low reflectivity of cavity mirrors, which make
the assumption about the conservative nature of the system
in the search for mode solutions incorrect. For this reason,
the adequate theory of coupled lasers is still absent. Here, we
restrict ourselves to a simple model of two lasers with flat
cavities coupled via the intermediate optical elements. The
electric field strengths E; (j =1, 2) of each of the lasers
satisfy the equations

dE; (1)
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where w; is the resonance angular frequency of the jth indi-
vidual laser; AG; is the difference between the laser gain and
the threshold gain; o; is the line broadening factor; F; is the
Langevin force; 7 is the time of propagation of the light wave
between lasers; and the coupling coefficient k; describes the
addition to the field due to the emission injection and the
efficiency of optical matching of the lasers. The electric field
strength is normalised by the relation |Ej|2 = 1I;, where [; is
the photon density in the cavity.

The concentration N; of charge carriers satisfies the equa-
tion

dn; N; >
—J =y -~ _GIE|, ()
dr 1T i

where J; is the pump rate; G; is the gain; and 7 ; is the
spontaneous lifetime of carriers. We assume that the system
is in a synchronised state, i.e., lasing occurs at the common
frequency. To separate the complex equation into two real
equations for slowly varying functions of time (the intensity
I; and phase ), we will write E,(7) = \/Tjexp (—ip; — i),
where ¢(1) — @,(t — 1) = Ag; and @,(1) — ¢(1 — 1) = A@,.
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Let us expand the gain G; in a series in the carrier con-
centration near the threshold N;n with an accuracy to the
linear term

G;(N;) = Gj(Njm) + AN,

where g; = aG//GN AN; = N; — N;; and G;(N;q,) is equal
to the loss I'; in the caV1ty Under statlonary condltlons for a
small devutlon of the gain from the threshold gain

lg;AN;| < G;(N;,), we obtain from (2)

AN; (1
] = I()j — ? +gjl()] (3)
J

where Ij; is the photon density in the individual jth laser. It
follows from (2) that Iy, = (J; — Jy)/T ;, where J;, = Ny; /7
is the threshold pump rate.
Under stationary conditions, Ap; = —A@, = Ag, I;(1—

t) = Ij(?) = I;. Then, introducing the notation tany; = 1 /o,
we obtaln the system of six equations describing the statio-
nary state of two semiconductor lasers upon optical inter-
action:
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Here, I}, I,, AG,, AG,, w and A¢ are unknowns and
AG; = g;AN;. This system has a solution set. Note that not
all of the solutions can be stable.

To simplify the analysis, we will assume that that the ratio
L, /I, remains constant upon small variations of the laser
parameters. Then, it is sufficient to consider only the last
four equations from (4). Fig. 1 shows the dependences of
w1, ®y, AG|, and AG, on w plotted in this approximation.
The horizontal dashed straight lines correspond to the speci-
fied resonance frequencies w; and w,. As the phase difference
A changes, curves / and 2 shift to the opposite sides and the
intersection points of dashed straight lines with curves w; and
, are found one under another at a certain value of Ag
(Fig. 1). The corresponding frequency w and gains AG,
and AG, are one of the solutions of the system of equations.
There can exist several intersection points, but lasing appears
at the frequency corresponding to the maximum gain.

When the difference w, — w, between the natural fre-
quencies of cavities is large (larger than the cosine ampli-
tude), there is no frequency w at which the simultaneous las-
ing can occur. We can obtain from the last two equations of
the system (4) the condition for the frequency detuning at
which the simultaneous lasing can occur:

w;t/2n

-1

wt/2n

Figure 1. Normalised functions w;, w,, AG;, and AG, of the normalised
frequency w for I, /I} = 0.8, Ap = 0,00 = 4, t = 10.
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To obtain more than one frequency w of simultaneous lasing,
the negative derivative of the function w; (w) should
exist, i.e., the conditions 72k} (12/11)(oc1 + 1)>1 and
T2k22(11 /12)(o<2 + 1) > 1 should be satisfied. By multiplying
these inequalities, we obtain

t4k22k12(o<12+ 1)(a§+ 1) > 1. 6)

If this condition is not satisfied, then there exist the only
phase difference Ag, and the only frequency w, at which
simultaneous lasing can occur for the specified natural fre-
quencies @, and w; of the cavities. If for this phase
difference Ag, and the simultaneous lasing frequency w,
the condition AG > 0 is satisfied, no stable lasing will occur
at one frequency. Therefore, no lasing takes place at one com-
mon frequency at any pump currents for certain parameters
of the system even when the natural frequencies are very close
to each other and satisfy the condition (5). It is for this reason
that synchronisation of lasers with close emission wave-
lengths (A < 1 nm) cannot be achieved in some cases.

As the system parameters are changed, the curves in
Fig. 1 also change, resulting in the change in frequency w
and the gain. Let laser diodes be pumped by rectangular cur-
rent pulses. Then, they are heated during the laser pulse,
which causes the increase in the optical length of their cavi-
ties, resulting in a change in the frequency detuning w, — w,
and the phase difference A¢. This, in turn, leads to a change in
the frequency and, according to the first two equations of the
system (4), to the modulation of the emission power. A sim-
ilar situation takes place upon continuous variation in the
pump current, which results in a strong nonlinearity of
watt-ampere characteristics, as will be discussed below.

The applicability of a single-mode model can be doubted
because it is known that semiconductor lasers tend to multi-
mode lasing and, in addition, the system of two widely
separated lasers has a very high density of spectral modes.
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However, a complex configuration of a composite resonator
provides drastic differences in the mode-dependent loss, and
the single-mode approximation appears adequate upon las-
ing at one frequency.

3. Method and experimental results

Two lasers in our experiments were optically coupled with
the help of microobjectives. A fraction of radiation from
each of the lasers was directed with beamsplitters to a mono-
chromator, which allowed us to observe spectra visually with
the help of an electrooptical converter and to detect the
intensities of spectral lines using an avalanche photodiode.
The high-resolution measurements were performed by plac-
ing a Fabry—Perot etalon in front of the monochromator.
The degree of optical coupling was continuously controlled
with the help of an attenuator. The distance / between the
lasers can be varied from 2 to 80 cm. Care was taken to
prevent the entry of radiation reflected from the optical
scheme elements back to the laser in order to eliminate its
influence on the laser operation.

We studied AlGaAs semiconductor lasers with flat cav-
ities of length from 200 to 800 um, which emitted in the
region of 0.8 pm. The lasers had a usual active region or
an active layer with a single quantum well. Initially, pairs
of lasers were chosen emitting at close wavelengths whose dif-
ference did not exceed 1.5 nm. These lasers operated in the
free running regime at one or several longitudinal modes.
The tuning to the optical coupling was performed using
the photocurrent signals in each of the lasers, and more accu-
rately, by monitoring the variation in the emission spectrum
and power. The relative position of natural frequencies was
adjusted by varying the temperature of diodes and also by
changing the delay between pulses when the pulsed modula-
tion of the current was used.

In order to change the spectrum in some experiments, one
of the lasers had an external resonator of length 2 cm with a
diffraction grating operating in the autocollimation scheme.
Signals from photodiodes were fed into an oscilloscope or a
spectrum analyser.

The coherent interaction of lasers decreases the lasing
threshold and changes the emission spectrum and power.
Fig. 2 shows a typical threshold curve. Lasing takes place
when the pump currents i; and i, of the first and the second
laser, respectively, lie outside the region bounded by the
curve. The stronger coupling, the farther the threshold curve
from the straight lines corresponding to threshold currents
iin and iy, in the free running mode. The data in Fig. 2
were obtained for the maximum coupling level attained in
experiments.

Upon optical interaction, watt-ampere characteristics
exhibit undulations whose amplitudes depend on currents
and coupling coefficients. In the free running mode, watt-
ampere characteristics were linear above the threshold, and
if one of the coupled lasers was not pumped, the undulations
were small, which implies that reflection of light from its mir-
ror was of minor importance if the system has been properly
aligned.

The emission parameters of one of the lasers become sub-
stantially dependent on another laser when the pump current
of the latter exceeds approximately 80% of the threshold cur-
rent in the free running mode, i.e., when a sufficient
amplification of the input radiation is achieved in its active
medium.

it/iim
1.2 F
(= 2]
1.1 F
Noise
1.0
Threshold )
curve
09
08 1 1 1 1 1

0.4 0.6 0.8 1.0 1.2 i/
Figure 2. Threshold diagram of two coupled lasers (the calculated curve
and experimental points) and the boundary of the coherence collapse
region for / = 0.8 m.

In the case of weak coupling, as the current increases
(resulting in the change in the frequency detuning), the emis-
sion power and wavelength exhibit continuous and weak
oscillations (undulations) with respect to the power and wave-
length in the free running mode. The undulations occupy only
a part of watt-ampere characteristics because in this case the
interval of detunings (5) in which the synchronisation of the
system takes place is small. As the optical coupling increases,
undulations take the form of steps (Figs 3a, b) that appear
due to the mode switching (the second lasing mode). In the
general case, switching between the modes in some current
interval occurs repeatedly, i.e., the integrated power exhibits
jumps. If the current at which switchings occur is fixed, the
output power will look like a random telegraphic signal, i.e.,
its value will jump to another value in a random manner.

Figure 3. Oscillograms (watt-ampere characteristics) of the output power
of a laser (a, b) obtained upon a linear increase in the pump current 7; from
30.5 to 37.5 mA, i, = 23 (a) and 25 mA (b), i;, = 33 mA, iy, = 18 mA,
[ = 2.5 cm, and the oscillogram of power in the mode (c) upon changing
i, from 16 to 32 mA, i; = iy, = 34 mA, iy, =22 mA, / = 3.8 cm. The
lower traces in Figs. 3b and 3c show the current variation. The scale divi-
sion on the abscissa is 2 ms.
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Mode jumps can occupy large intervals of the pump cur-
rent, resulting in an apparent ambiguity in watt-ampere
characteristics (Fig. 3b). The width of these intervals depends
on the current, as shown in Fig. 3b, and some other parame-
ters.

It is known that mode jumps are also observed in indivi-
dual lasers. However, the accompanying oscillations of the
output power in coupled lasers are much greater because
of the spectral selectivity, and mode jumps can be completely
suppressed by an appropriate choice of the system parame-
ters. On flat parts of watt-ampere characteristics (Fig. 3a),
except small intervals where the mode switching occurred,
the stable single-mode lasing was observed. An increase in
the current i, near the threshold affects the watt-ampere cha-
racteristic similarly to an increase in the coupling level, which
is explained by the fact that the amplification compensates
for the loss in the gap between lasers.

Note the asymmetry of the watt-ampere characteristic in
Fig. 3a. It can be explained by the nonlinear dependence of
temperature on current and, hence, by an asymmetric change
in the frequency detuning, which determines the moment of
mode switching. Another reason is optical nonlinearity of
the medium [the dependence of the power on detuning in
(4) is ambiguous because o), are nonzero]. This explains
the hysteresis of the watt-ampere characteristic in a laser
with an external cavity [11]. A strong asymmetry of the
watt-ampere characteristic in the regime of mode self-stabi-
lisation in a laser with the external cavity was observed in
Ref. [12].

However, this effect appears when the mode interval is
smaller than the inverse lifetime of carriers, which does
not correspond to the case in Fig. 3 where the distance
between lasers is quite small. A strong hysteresis, which
was probably caused by self-stabilisation, was observed in
a laser with an external mirror in Ref. [13], however, in
this case, watt-ampere characteristics had a distinct anoma-
lous form, which differed from that shown in Figs. 3a, b. The
dependence of the width of the hysteresis loop on the fre-
quency of the saw-tooth modulating current observed in
our case demonstrates an important role of the temperature
mechanism.

As the current was increased, stochastic power pulsations
appeared in the region of mode switching [7], which were
accompanied by broadening of the emission spectrum (the
third lasing regime). These pulsations first appeared in a
weaker mode, whereas a stronger mode remained stable du-
ring a short period until the moment of switching.

Initially, pulsations look like sharp downward intensity
jumps with a short leading edge and a comparatively slow
intensity increase. However, they acquire a random shape
with increasing current, and the interval of detunings in which
they were observed expands. Beginning from a certain critical
current i, which depended on the optical coupling level, the
distance between the lasers, and the current i,, the system
transfers to the regime of coherence collapse when pulsations
occupy all frequency detunings. In this case, the width of the
spectral line of the mode increased up to several gigahertz,
whereas upon lasing at one mode in the second regime,
this width decreased by a factor of ten and more, down to
10 MGz (the value limited by the spectral resolution of our
setup) compared to that observed in the free running mode.

The average emission power decreased during the cohe-
rence collapse. The part of the watt-ampere characteristic
near its top in Figs. 3a, b corresponds to the collapse regime.

In this part, the power decreases by step with increasing cur-
rent, while the oscillogram lines broaden because of fluc-
tuations that occur faster than the sweep rate. The current
i1 decreases with increasing coupling level and the length
of the coupling region (approximately as 1/7).

Fig. 2 shows the region of the injection current in which
this regime was observed for one of the pairs of lasers. In ge-
neral, the positions of boundaries of the pulsation regions for
different pairs of lasers from the same batch do not coincide.
The lasing modes considered above are also distinctly
observed when one or both lasers are excited by rectangular
current pulses when the frequency detuning varies in time due
to heating. Note that we have failed to obtain synchronisation
for some lasers or observed only the first of the lasing regimes
considered.

The type of variation of the power in modes depending on
the frequency detuning is illustrated in Fig. 3¢, which shows
the dependence of the emission power in one of the modes of
the first laser on the current in the second laser. The current i;
is equal to the threshold current in the free running mode,
while the current i, changes linearly. The other modes behave
similarly. As the power of one of the modes decreases, that of
another one increases, i.e., mode switching takes place.

Mode switching can occur softly when the mode power
changes continuously with detuning, or sharply when the
mode power changes abruptly and it is impossible to obtain
the intermediate power even for very slowly varying current.
Thus, the oscillogram in Fig. 3c exhibits a soft switching on of
the mode with increasing current and its sharp switching off
(jump) after the passage of the maximum. Upon soft switch-
ing of two modes, a strong intermode noise appears produced
by anticorrelated fluctuations of power in modes.

The emission spectrum of the system as a whole depends
on its parameters in the complicated way. Nevertheless, the
stable single-mode lasing was achieved in some current inter-
vals, as was mentioned above. We managed to obtain more or
less consecutive discrete frequency tuning over 6 —8 modes
when the current in one of the lasers did not exceed its intrin-
sic threshold current.

Consider now the situation when the first laser has an ex-
ternal dispersive resonator. In this case, the Q factor increases
and the laser becomes less sensitive to the emission from the
second laser, whose frequency is locked by the injected signal
when the threshold is slightly exceeded so that it emits in one
mode imposed by the first laser.

The emission wavelength was tuned in this scheme within
the range 4 — 6 nm by rotating a diffraction grating. As the
pump current of the second laser was increased, the influence
of the injected radiation gradually reduced: except of the
imposed mode, its eigenmodes became excited, and then it
itself began to affect the first laser. In this case, the system
also passed to the regime of stochastic pulsations upon
exceeding a critical current.

The width Av of the frequency band in which the system is
synchronised to one mode depends on the level of optical cou-
pling. To measure the width of the synchronisation band, one
of the pump currents was slowly modulated with a small-
amplitude (4 mA) saw-tooth signal. Because of the increase
in the refractive index with temperature, this resulted in
the variation in the frequency detuning in time. The presence
of synchronisation was manifested in an increase in the emis-
sion power. The rate of the frequency shift was measured in
the absence of interaction using the Fabry-—Perot etalon.
Fig. 4 shows the dependence of Av on the relative level of
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optical coupling k. For k < 0.9, the band almost linearly
broadens with the optical coupling level, in accordance with
(5), and its width becomes several orders of magnitude larger
than the width of the spectral line of the mode. For larger va-
lues of k, Av increases faster, which can be explained by the
fact that in the case of strong coupling the multiple passages
of light between the lasers, which were neglected in the model,
become substantial.
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Figure 4. Dependence of the synchronisation bandwidth on the relative
level of optical coupling for / = 0.8 m, i; = 1.2i;, and i, = iyy,.
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Figure 5. Normalised spectral power density of the low-frequency (a) and
sublow-frequency (b) noise of coupled lasers for the filter transmission
bandwidth equal to 300 kHz, / = 0.8 m, i; /i1, = 1.27, iy/iry, = 0.96 (a)
and 7y /iy, = 0.50, and i, /iy, = 0.95 (b).

When devising synchronised sets of laser emitters, it is
important to know the influence of the current on the devia-
tion of the emitted-wave phase because one can control the
wave front form by tuning the phase. To determine the phase
shift appearing upon a change in the current, the quasi-paral-
lel light beams from both lasers were directed on the same
photodetector, where they interfered. A change in the emit-
ted-wave phase estimated from the shift of interference
bands upon continuous variation of the current i, within
the synchronisation band was about 30°. This value is notice-
ably lower than the maximum phase deviation obtained upon
variation of the current in the laser locked by an independent
source [13] but it is sufficient for small correction of the wave
front of an emitter.

In the general case, the spectrum of the noise power
upon optical interaction (Fig. 5) has a complex structure.
However, three components of this spectrum can be distin-
guished: the high-frequency component (with characteristic
frequencies in the region of relaxation vibrations in the
free running mode), the low-, and sublow-frequency compo-
nents. The low-frequency component corresponds to low-
frequency pulsations, which we discussed above. For suffi-
ciently high currents and the coherence collapse, its dis-
tribution represents a broad band at the characteristic fre-
quency, which is 10—20 times lower than 1/t. For lower
pump powers, the low-frequency component can have a com-
plex structure, as for example, in Fig. 5a, and its shape de-
pends on the frequency detuning. In addition, the spectrum
exhibits sometimes lower-frequency bands, whose nature is
not known so far.

The spectrum of the sublow-frequency noise is shown in
Fig. 5b. The power spectral density decreases with the fre-
quency as f2. The frequency beginning from which the
power spectral density starts to decrease rapidly (the cut-
off frequency) depends on the pump power and detuning

but does not exceed 10 MHz. This noise is caused by random
mode switching. It is similar in the form of the output-power
signal and the spectrum to noise in a laser with an external
optical feedback [14] and to the explosion noise that appears
upon injection locking of the laser frequency by the external
radiation [15]. The latter fact suggests that these noises have
the common nature. They results from random transitions
between two metastable states caused by the spontaneous
emission noise. The sublow- and low-frequency components
can be present in the spectrum separately or simultaneously.
Thus, in the second lasing regime, only the first component is
present, whereas it is absent during the coherence collapse. In
the third lasing regime, both components can be present at a
certain frequency detuning.

One can see from Fig. 2 that when the distance between
lasers is large enough, they can readily pass to the collapse
state, resulting in a drastic deterioration of their emission
parameters. We tried to use the spectrally selective coupling
to reduce the noise. For this purpose, we placed between la-
sers separated by the distance 0.8 m a Fabry—Perot inter-
ferometer transmitting at the lasing frequency.

The first laser in this experiment had an external resona-
tor, 1.e., it was used as a master laser. In the absence of the
interferometer, a high-power low-frequency noise appeared
in the system with a maximum at 50 MHz (whether or not
the external resonator of the first laser was used) when the
current exceeded the critical value. In the presence of the
interferometer, the power of a beam from the first laser trans-
mitted by the interferometer and directed to the second laser
decreased, whereas the output power of the second laser, both
in the mode and integrated over the spectrum, did not change.
The emission noise of the second laser decreased down to its
noise in the absence of optical coupling, and the noise power
of the master laser reduced by an order of magnitude, the sub-
low-frequency noise also decreasing.
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We found that the spectrally selective coupling increases
the stability of a single-mode lasing upon modulation. Thus,
when rectangular 2-ps current pulses superimposed on a con-
stant bias were applied to the second laser, its output power
was modulated at the mode frequency imposed by the master
laser. The relative modulation coefficient defined as the ratio
of the light-pulse amplitude to the constant light signal was
equal to 5. In the absence of the interferometer, the modula-
tion of the output power at a single mode could be only
obtained upon pumping the second laser below the threshold,
and the relative modulation coefficient did not exceed unity.

It was shown in [7] that the coherent interaction of lasers
is metastable. Pulsations are caused by finite phase and
amplitude fluctuations of the electric field strength produced
by spontaneous radiation, which lead to the system instabi-
lity. The Fabry-—Perot interferometer placed between the
lasers reduces the spectral width of the optical interaction.
As a result, fluctuations in one laser do not affect another
laser, which reduces the noise of simultaneous lasing and
decreases the probability of its quenching.

4. Conclusions

The emission properties of two coherently coupled semicon-
ductor lasers strongly depend on the system parameters (the
coupling level, the distance between lasers, and pump cur-
rents). We can distinguish four characteristic lasing regimes.
When the parameters are adequately chosen, the simultane-
ous (synchronous) lasing at one mode can be realised and the
lasing frequency can be tuned discretely by varying the pump
current. The frequency bandwidth within which the synchro-
nisation of lasers can be achieved amounts to ten and more
gigahertz.

However, in the case of high output power, a system of
coupled lasers can readily pass to the regime of stochastic
pulsations of the emission intensity accompanied by a drastic
decrease in the emission coherence. This can be avoided by
placing the lasers near to each other or, if it is impossible
for technical reasons, by using the spectrally selective optical
coupling.
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