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Triplet structure in the spontaneous-emission spectrum of two coupled vertical-cavity
semiconductor lasers
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Leiden University, Huygens Laboratory, P.O. Box 9504, 2300 RA Leiden, The Netherlands

~Received 3 February 2000; published 14 September 2000!

We have measured the spectrum of the amplified spontaneous emission of two coupled vertical-cavity
semiconductor lasers. The spectrum shows a triplet structure consisting of a central peak at the lasing fre-
quency and two sidebands. Theoretical analysis shows that the sidebands are due to spatial relaxation oscilla-
tions; the triplet structure is a result of spatial hole burning which occurs due to interference between the lasing
supermode and the fluctuations in the nonlasing supermode.

PACS number~s!: 42.55.Sa, 42.55.Px, 42.60.Da, 42.50.Lc
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Phase-locked semiconductor laser arrays are of intere
sources to produce high output power in a coherent be
and for applications in one- or two-dimensional devic
These arrays usually exhibit stable antiphase locking, i.e.
the lasers oscillate in the same frequency with each one
ing out-of-phase with respect to the neighboring ones. T
mode is usually referred to as the antisymmetric superm
and has been experimentally observed in various semi
ductor laser arrays@1–3#. Theoretically, the dominance o
the out-of-phase supermode is generally explained u
simple coupled-mode analysis@4,5#. However, the interac-
tion between the optical field and the carrier density res
in complex dynamics between the lasers, where the am
tude ~and phase! fluctuations in one laser can lead to amp
tude and phase changes in the second laser, which in turn
destabilize the phase locking between the lasers@6,7#. These
theories refer to arrays of both edge emitting and vertic
cavity surface-emitting lasers~VCSELs!. Presently, the in-
terest is mainly in VCSEL arrays in view of their tremendo
potential for 2D integration.

One way to investigate the dynamics of semiconduc
lasers in general and semiconductor laser arrays in partic
is via measurements of the spontaneous emission into
nonlasing modes. The investigation of the nonlasing mo
has been a powerful tool to understand the dynamics
surface-emitting lasers. In this paper, we demonstrate exp
mentally predictions of the theoretical model of Hofma
and Hess@8# which relates the dynamics of two couple
VCSELs with the spectrum of the nonlasing mode. As w
be shown below, this spectrum can be directly measured,
information about the coupling between the lasers can
deduced.

We first review briefly in qualitative terms the model
Hofmann and Hess@8#. The dynamic equations of the fiel
and the carrier densities of a two-laser array are derive
terms of the symmetric and antisymmetric supermodes. T
model, also referred as split-density model, redivides the
rier densities of the individual lasers into two distinct dens

*Present address: TU Delft, Optics Research Group, Lorentz
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pools. The total carrier density, i.e., the sum of the carr
densities of both lasers, interacts equally strong with b
supermodes, whereas the carrier density difference of
lasers~due to spatial hole-burning effects! couples the two
supermodes. The symmetric and antisymmetric supermo
the total carrier density and the difference carrier dens
form a system of coupled equations whose stable solut
predict that only the antisymmetric supermode will lase. T
interaction between the lasers is described via de carrier
fusion rate, the dissiptive optical coupling~i.e., additional
losses in the region where the two laser field modes interf!
and the coherent coupling of the two localized fields. Wh
small fluctuations are added around the stationary solut
the coupling of the amplitude and phase of the laser fi
appears in the fluctuation dynamics of the symmetric~non-
lasing! mode. From analysis of the in- and out-of-phase flu
tuations, it is derived that the interference between the a
plified spontaneous emission of the nonlasing mode and
lasing mode causes spatial hole burning which, in a cer
regime, gives rise to relaxation oscillations that phase lo
amplified spontaneous emission to the laser light. This ph
locking can be seen in the spectrum of the amplified spo
neous emission, i.e., in the nonlasing supermode, which
a centerline at the laser frequency and two sidebands co
sponding to the relaxation oscillation frequency.

We have measured the spectrum of the symmetric non
ing mode of a two VCSEL array for various pump param
eters. The two-laser array is made by optical pumping us
two pump beams which are focused on a uniform VCS
wafer. The optical confinement in these optically pump
VCSELs is based upon a mixture of thermal index-guidi
and carrier-related index and gain guiding@12,13#. Since
there is no built-in guiding profile, the size of each pum
spot, the pump power and the distance between the spots
be easily varied. We used these parameters to find condit
where the two lasers lock at the same frequency in the a
symmetric supermode. The distance between the lasers
made large enough to avoid the presence of lateral h
order modes@9#.

Our optically pumped VCSEL wafer was grown at th
CSEM Institute in Zu¨rich. The wafer is a pin-doped 1-l
cavity of Al0.18Ga0.82 with a gain medium of three GaA
quantum wells, each 8 nm thick. The VCSEL is pumped
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760 nm with a titanium-sapphire laser and emits at 850 n
The intensity noise of the pump laser is reduced with
intensity controller which consists of a combination of
electro-optic modulator and a polarizer in an active feedb
loop. The threshold power of each laser is about 42.5 m
and the supermode is single frequency and linearly polariz
Figure 1 shows the setup used to pump the two VCSELs.
means of a nonpolarizing~NBS! and a polarizing~PBS!
beam splitter the linearly polarized pump beam is split in
two almost collinear beams which are focused on the V
SEL wafer by a set of lenses (f 529 mm). Because of the
orthogonal polarizations of the two beams there can be
interference between the two pump spots. The power r
between the two pump spots can be adjusted by mean
halfwave plates WP1 and WP2. The light emitted by t
VCSEL is separated from the reflected pump beam by a
chroic mirror. The VCSEL beam is then partially reflected
a CCD camera, where the near- and far-field images coul
monitored by using an adjustable lens combination. T
spectrum of the lasing and nonlasing modes~same polariza-
tion! are measured with a Fabry-Perot cavity~10 GHz free
spectral range, resolution 0.05 GHz!. The pinhole before the
Fabry-Perot cavity could be spatially displaced to obse
either the lasing or the nonlasing modes. Faraday isola
~ISO! were placed before the Fabry-Perot and in the pu
laser path to avoid back reflection of the laser emission
the wafer and pump laser.

We observed antiphase locking between the two VCSE
when the distance between the pump spots was betw
10–12mm. When the lasers were locked in the antisymm
ric mode, the near- and far-field images were as shown
Figs. 2~a! and 2~b!. The two-lobed structure in the far fiel
shows that the two lasers are out-of-phase. Simultane
measurement of the laser spectrum shows a linearly po
ized, single-frequency narrow line~linewidth FWHM
;150 MHz). In contrast, we show in Figs. 2~c! and 2~d! the
situation where the lasers were unlocked~reached by increas
ing further the distance between the pump spots!; the far-
field image @Fig. 2~d!# now showed no phase relation b
tween the two lasers and the laser spectrum had two dis

FIG. 1. Experimental set-up: Thick arrows correspond to
pump beam and thin arrows to the VCSEL beam. WP1,2: half w
plates, PBS: polarizing beam splitter, NBS: nonpolarizing 5
beam splitter, ISO: Faraday Isolator.
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peaks, each corresponding to one individual laser. At d
tances between the spots smaller than 10mm, the near and
far fields had lateral structure such as reported in Ref.@9#.
We have also analyzed the locking of the two VCSE
as a function of the power imbalance of the pump bea
Data shows that for a power imbalance of up to 1%,
lasers were still locked.

While keeping the laser locked as in Figs. 2~a! and 2~b!,
we used a pinhole to spatially block the laser light~two-
lobed structure! into the Fabry-Perot cavity. In this way on
can distinguish the lasing from the nonlasing mode since
the region where the antisymmetric lasing mode vanis
~between the two lobes!, the symmetric nonlasing mode ha
a maximum intensity. The main part of Fig. 3 shows t
spectra of the nonlasing mode, measured at pump pow
from 43 to 48 mW per VCSEL. A central peak at the las
frequency and two sidebands are clearly visible in the sp

e
e

FIG. 2. ~a! Near-field and~b! far-field images of the two
coupled VCSELs locked in the antisymmetric supermode.~c! Near-
and ~d! far-field images of two VCSELs that are not locked in
supermode@each lobe of Fig. 2~c! correspond to a slight differenc
frequency#.

FIG. 3. Spectra of the symmetric nonlasing supermode at in
pump powers of 43, 45, 46, 47, and 48 mW per VCSEL. Upp
right box shows the spectrum of the lasing mode~obtained by mov-
ing the pinhole to the region of the far field where intensity
maximum! at input power of 47 mW. The laser linewidth is limite
by the resolution of the Fabry-Perot cavity. The dot-dashed li
draw attention to the side bands.
1-2
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tra. Note that the frequency of the sidebands increases
the pump power. We have also found that the sidebands
relatively much stronger for the nonlasing mode than for
lasing mode, as predicted in Ref.@8#. In fact, the inset of Fig.
3 shows the spectrum of the lasing mode~obtained by dis-
placing the pinhole to the maximum intensity of the two-lo
transverse mode! at P547 mW. In this spectrum, the
relaxation-oscillation sidebands are too weak to be visib
careful measurement shows that they are neverthe
present, with;1% of the height of the central peak. A
pump powers above 48 mW, high-order transverse mo
appeared.

We return now to the theoretical model of Ref.@8# in
more detail than before. Linearization around the steady s
of the oscillating antisymmetric supermode (2) results in a
333 evolution matrix description for the in- and out-o
phase fluctuation amplitudes of the~nonlasing! symmetric
supermode (1) and the inversion differenceD between the
two lasers. Important parameters in the model are the
quency differenceV, the gain differences between the sym-
metric and antisymmetric supermode, and the carrier di
sion rateG between the two lasers. The relaxation oscillati
frequency is given byvs5A2k2wI0, wherek2 is the cavity
loss rate, andwI0 is the normalized laser intensity, i.e., rel
tive to the saturation intensity. In our experiment, we exa
ined the case where the frequency differenceV is much
smaller than the relaxation oscillation frequency. In this lim
the spectrum of the amplified spontaneous emission into
symmetric supermode~nonlasing mode! is a triplet consist-
ing of a centerline at the laser frequency and two sideba
at the relaxation oscillation frequencyvs , given explicitly
by

I 1~v!5
k2

2p F 11a2

~s1aV!21v2G
1

k2

2p H 11a212@V1ags#/A2k2wI0

~gs2aV!214~v1A2k2wI0!2J
1

k2

2p H 11a222@V1ags#/A2k2wI0

~gs2aV!214~v2A2k2wI0!2J , ~1!

with

gs5g1wIo12G1s, ~2!

where g is the carrier decay rate anda is the linewidth
enhancement factor (a.0).

For s!k the behavior of the frequency of the sidebands
identical to that of conventional relaxation oscillations;
increases with the stimulated emission ratewI0'mg, where
m5(P/Pth21) is the output power relative to saturatio
However, the damping rate behaves differently; the s
bands are not only damped by spontaneous and stimu
emission (g1wI0), as usual, but also by the carrier diffusio
(G), the loss differences, and the frequency differenceV.
The spectral width of the side bands is given by

Dvs5gs2aV. ~3!
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Furthermore, the low-frequency sideband intensity
greater than the high-frequency side band intensity. T
asymmetry can be quantified by the intensity ratio of the s
bands as

r 5
~11a2!vs12~V1ags!

~11a2!vs22~V1ags!
, ~4!

Note the two contributions tor in the Eq.~3!: the frequency
differenceV between the lasing and nonlasing modes a
the effective damping rategs ~the latter is only effective via
the a factor!. Since in the case of our experiment, the fr
quencyV is very small, the main contribution to the asym
metry of the sidebands comes from thea factor. A physical
picture of this asymmetry comes from the fact that thea
factor induces a change in the relative phase between the
lasers which implies coupling of the lasing and nonlas
modes. Thea factor thus correlates the fluctuations that a
in-phase with the laser field with the fluctuations that are o
of-phase with the laser field. Thus, not only the in-phase
also the out-of-phase fluctuations should be considered in
relaxation oscillations dynamics. This dynamics gives rise
the sidebands in the spectrum, and the nonsymmetric ev
tion of the in- and out-of-phase fluctuations results in t
asymmetry of the side bands.

By fitting the theoretical spectrum Eq.~1! to the data of
Fig. 3 we were able to determine various parameters of
system of two coupled VCSELs. We have also looked at
frequency of the side bandsvs5(2mk2g)1/2 as a function
of m1/25(P/Pth21)1/2. By fitting these data points to a
straight line we obtainvs/2p54m1/2 GHz so that the prod-
uct k2g5315 ns22. The intensity ratior of the sidebands
@Eq. ~3!# and their spectral widthDvs @Eq. ~4!# are directly
measured from the spectra; in the case of the highest p
power we findr 52.4 andDvs/2p51.14 GHz. By eliminat-
ing V from Eqs. ~3! and ~4! and using the experimenta
values forr , vs , andDvs , and assuminga54, we obtain
gs58.2 ns21. The carrier diffusion rateG can be deduced
from the ambipolar diffusion constant and the distan
d between the lasers using the relationG;40 ns21/d2, with
d expressed inmm @8#. Finally, taking the expression fo
gs given in Eq. ~2! and using G540 ns21/100mm2

50.4 ns21 for the diffusion rate, we obtains11.16g
57.4 ns21.

As an aside we note that the same theory applies for
polarization dynamics of a single VCSEL, where one de
with two polarization degrees of freedom instead of two s
tial degrees of freedom. Note, however, that in the polari
tion case the experiments are in the opposite regime, i.e.
relaxation oscillation is slower than the dominant relaxat
rate of the medium, being in this case the spin flip ra
@10,11#. Thus in the polarization case relaxation oscillati
sidebands do not appear in the spectrum.

In conclusion, we have observed triplet structure in t
spontaneous-emission spectrum of two coupled VCSE
Our experimental results confirm the theoretical descript
@8# of spontaneous emission of coupled VCSELs. The sp
trum of the nonlasing mode provides a direct and relativ
1-3
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simple way to determine the degree and type of coupling
VCSEL arrays.
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