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Triplet structure in the spontaneous-emission spectrum of two coupled vertical-cavity
semiconductor lasers
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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-
guency 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 numbdis): 42.55.Sa, 42.55.Px, 42.60.Da, 42.50.Lc

Phase-locked semiconductor laser arrays are of interest @®ols. The total carrier density, i.e., the sum of the carrier
sources to produce high output power in a coherent beardensities of both lasers, interacts equally strong with both
and for applications in one- or two-dimensional devices.supermodes, whereas the carrier density difference of the
These arrays usually exhibit stable antiphase locking, i.e., alpsers(due to spatial hole-burning effegtsouples the two
the lasers oscillate in the same frequency with each one b&upermodes. The symmetric and antisymmetric supermodes,
ing out-of-phase with respect to the neighboring ones. Thighe total carrier density and the difference carrier density
mode is usually referred to as the antisymmetric supermod®'m & system of coupled equations whose stable solutions
and has been experimentally observed in various semicofedict that only the antisymmetric supermode will lase. The
ductor laser array§l—3]. Theoretically, the dominance of |nte_ract|0n betwee_n t_he_ Iasers_ls descnb_eq via de carrier dif-
the out-of-phase supermode is generally explained usin%Slon rate, the_d|SS|pt|ve optical coupll.r(ge., addm_onal
simple coupled-mode analysig,5]. However, the interac- sses in the region where the two laser field modes interfere

tion between the optical field and the carrier density resulté"lnd the coherent coupling of the two localized fields. When

in complex dynamics between the lasers, where the amplls_maII fluctuations are added around the stationary solution,

tud d phasefluctuati : | lead t i the coupling of the amplitude and phase of the laser field
ude(and phasgfluctua 1ons In one laser can fead to ampll- pears in the fluctuation dynamics of the symme(nion-
tude and phase changes in the second laser, which in turn c

- : ing mode. From analysis of the in- and out-of-phase fluc-
destabilize the phase locking between the a&8. These  yations, it is derived that the interference between the am-

theories refer to arrays of both edge emitting and verticalpjified spontaneous emission of the nonlasing mode and the
cavity surface-emitting laser8/CSELS. Presently, the in-  |asing mode causes spatial hole burning which, in a certain
terest is mainly in VCSEL arrays in view of their tremendousyegime, gives rise to relaxation oscillations that phase lock
potential for 2D integration. amplified spontaneous emission to the laser light. This phase

One way to investigate the dynamics of semiconductolocking can be seen in the spectrum of the amplified sponta-
lasers in general and semiconductor laser arrays in particulafeous emission, i.e., in the nonlasing supermode, which has
is via measurements of the spontaneous emission into the centerline at the laser frequency and two sidebands corre-
nonlasing modes. The investigation of the nonlasing modesponding to the relaxation oscillation frequency.
has been a powerful tool to understand the dynamics of We have measured the spectrum of the symmetric nonlas-
surface-emitting lasers. In this paper, we demonstrate expering mode of a two VCSEL array for various pump param-
mentally predictions of the theoretical model of Hofmanneters. The two-laser array is made by optical pumping using
and Hess[8] which relates the dynamics of two coupled two pump beams which are focused on a uniform VCSEL
VCSELs with the spectrum of the nonlasing mode. As will wafer. The optical confinement in these optically pumped
be shown below, this spectrum can be directly measured, anCSELs is based upon a mixture of thermal index-guiding
information about the coupling between the lasers can band carrier-related index and gain guidifg2,13. Since
deduced. there is no built-in guiding profile, the size of each pump

We first review briefly in qualitative terms the model of spot, the pump power and the distance between the spots can
Hofmann and HesE8]. The dynamic equations of the field be easily varied. We used these parameters to find conditions
and the carrier densities of a two-laser array are derived iwhere the two lasers lock at the same frequency in the anti-
terms of the symmetric and antisymmetric supermodes. Thisymmetric supermode. The distance between the lasers was
model, also referred as split-density model, redivides the camade large enough to avoid the presence of lateral high-
rier densities of the individual lasers into two distinct densityorder modeg9].

Our optically pumped VCSEL wafer was grown at the
CSEM Institute in Zuich. The wafer is a pin-doped 1-
*Present address: TU Delft, Optics Research Group, Lorentzwegavity of Aly16Gaygo with a gain medium of three GaAs

1, 2628 CJ, Delft, The Netherlands. quantum wells, each 8 nm thick. The VCSEL is pumped at
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Dichroic mirror  Beamsplitter coupled VCSELs locked in the antisymmetric supermd@deNear-

G 1 E . tal set-up: Thick d to th and (d) far-field images of two VCSELs that are not locked in a
- 1. Expenmental set-up: 1hick arrows correspond o esupermodéeaoh lobe of Fig. @) correspond to a slight difference

pump beam and thin arrows to the VCSEL beam. WP1,2: half Wav?requencg

plates, PBS: polarizing beam splitter, NBS: nonpolarizing 50% '

beam splitter, ISO: Faraday Isolator. . o .
peaks, each corresponding to one individual laser. At dis-

. . . . tances between the spots smaller thanu®@, the near and
760 nm with a titanium-sapphire laser and emits at 850 NMear fields had lateral structure such as reported in Rf.

i-:t]gnlsri]ttencscl)tgtr?)lcl):es;ewc:ictEecc?:sr?sgsl?nsfe; forrr?giﬁgtai%nwgp ai e have also analyzed the locking of the two VCSELs
y s a function of the power imbalance of the pump beam.

electro-optic modulator and a polarizer in an active feedbac ata shows that for a power imbalance of up to 1%, the

loop. The threshold power of each laser is about 42.5 mW’asers were still locked.

and the supermode is single frequency and linearly polarized: . : P
. While keeping the laser locked as in Figga)2and Zb),
Figure 1 shows the setup used to pump the two VCSELSs. B¥ve used a ppinhgole to spatially block theglis)er Iigti{mcz-

[)nee;mnss olfittz;r ?ﬁgﬁﬁ::gﬁmg%aﬁ)z;dnd uerln potl)zgznigs(ZB"St intoIobed structurginto the Fabry-Perot cavity. In this way one
P yp pump P can distinguish the lasing from the nonlasing mode since at

two almost collinear beams which are focused on the VC- . . . ) )
SEL wafer by a set of lenses €29 mm). Because of the the region where the antisymmetric lasing mode vanishes

orthogonal polarizations of the two beams there can be n petween the two lobgsthe symmetric nonlasing mode has

. .4 maximum intensity. The main part of Fig. 3 shows the
interference between the two pump spots. The power ratlg ectra of the nonlasing mode, measured at pump powers
between the two pump spots can be adjusted by means ?rP '

; . om 43 to 48 mW per VCSEL. A central peak at the laser
C%QNSIY ?spslggzsra\t,gglfrg;dtr:/g TSfle-(r:?ee d l;?l:]rtr]gngg;emd [E?// ;h(;frequency and two sidebands are clearly visible in the spec-
chroic mirror. The VCSEL beam is then partially reflected to
a CCD camera, where the near- and far-field images could b
monitored by using an adjustable lens combination. The
spectrum of the lasing and nonlasing mo¢&sme polariza-
tion) are measured with a Fabry-Perot cavityp) GHz free
spectral range, resolution 0.05 GHZ he pinhole before the
Fabry-Perot cavity could be spatially displaced to observes
either the lasing or the nonlasing modes. Faraday isolatorE
(1ISO) were placed before the Fabry-Perot and in the pumpz
laser path to avoid back reflection of the laser emission into2
the wafer and pump laser.

We observed antiphase locking between the two VCSELs
when the distance between the pump spots was betwee
10-12um. When the lasers were locked in the antisymmet- ! ‘ 2X 43 mW
ric mode, the near- and far-field images were as shown in 6 4 ) 0 2 4 6
Figs. 4a) and 2b). The two-lobed structure in the far field
shows that the two lasers are out-of-phase. Simultaneous

measurement of the laser spectrum shows a linearly polar- g\, 3. spectra of the symmetric nonlasing supermode at input
ized, single-frequency narrow linglinewidth FWHM pump powers of 43, 45, 46, 47, and 48 mW per VCSEL. Upper
~150 MHz). In contrast, we show in Figs(c and 2d) the  right box shows the spectrum of the lasing maédetained by mov-
situation where the lasers were unlocKegached by increas- ing the pinhole to the region of the far field where intensity is
ing further the distance between the pump spdtse far-  maximun) at input power of 47 mW. The laser linewidth is limited
field image[Fig. 2(d)] now showed no phase relation be- by the resolution of the Fabry-Perot cavity. The dot-dashed lines
tween the two lasers and the laser spectrum had two distindraw attention to the side bands.
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tra. Note that the frequency of the sidebands increases with Furthermore, the low-frequency sideband intensity is
the pump power. We have also found that the sidebands agreater than the high-frequency side band intensity. This
relatively much stronger for the nonlasing mode than for theasymmetry can be quantified by the intensity ratio of the side
lasing mode, as predicted in RE8]. In fact, the inset of Fig. bands as
3 shows the spectrum of the lasing ma@btained by dis-
placing the pinhole to th_e maximum |nter_15|ty of the two-lobe (14 a?) e+ 2(Q+ aye)
transverse modeat P=47 mW. In this spectrum, the r= 5 ,
relaxation-oscillation sidebands are too weak to be visible; (1+a%ws—2(Q+ ayy)
careful measurement shows that they are nevertheless
present, with~1% of the height of the central peak. At Note the two contributions toin the Eq.(3): the frequency
pump powers above 48 mW, high-order transverse modedifference() between the lasing and nonlasing modes and
appeared. the effective damping rateg (the latter is only effective via
We return now to the theoretical model of R¢8] in the « factor. Since in the case of our experiment, the fre-
more detail than before. Linearization around the steady statguency() is very small, the main contribution to the asym-
of the oscillating antisymmetric supermode X results in a  metry of the sidebands comes from thefactor. A physical
3X3 evolution matrix description for the in- and out-of- picture of this asymmetry comes from the fact that the
phase fluctuation amplitudes of tlieonlasing symmetric  factor induces a change in the relative phase between the two
supermode {) and the inversion differenc& between the lasers which implies coupling of the lasing and nonlasing
two lasers. Important parameters in the model are the fremodes. Thax factor thus correlates the fluctuations that are
quency differencé), the gain differences between the sym- in-phase with the laser field with the fluctuations that are out-
metric and antisymmetric supermode, and the carrier diffuof-phase with the laser field. Thus, not only the in-phase but
sion ratel’ between the two lasers. The relaxation oscillationalso the out-of-phase fluctuations should be considered in the
frequency is given bw=\2x_wl,, wherex_ is the cavity  relaxation oscillations dynamics. This dynamics gives rise to
loss rate, andvl, is the normalized laser intensity, i.e., rela- the sidebands in the spectrum, and the nonsymmetric evolu-
tive to the saturation intensity. In our experiment, we exam+ion of the in- and out-of-phase fluctuations results in the
ined the case where the frequency differef¢eis much  asymmetry of the side bands.
smaller than the relaxation oscillation frequency. In this limit By fitting the theoretical spectrum E(l) to the data of
the spectrum of the amplified spontaneous emission into thBig. 3 we were able to determine various parameters of the
symmetric supermodéonlasing modgis a triplet consist-  system of two coupled VCSELs. We have also looked at the
ing of a centerline at the laser frequency and two sidebandiequency of the side bands.= (2.« _v)'? as a function
at the relaxation oscillation frequenays, given explicity — of u?=(P/Py,—1)Y2 By fitting these data points to a
by straight line we obtainvy/27=4u'? GHz so that the prod-
uct k_y=315 ns 2. The intensity ratior of the sidebands
[Eq. (3)] and their spectral widthh w¢ [Eq. (4)] are directly
measured from the spectra; in the case of the highest pump
power we findr =2.4 andA w¢/27w=1.14 GHz. By eliminat-
N K{ 1+ a?+ Z[Q-I-a'ys]/\/ZKWIO] ing Q from Egs. (3) and (4) and using the experimental
2 _ 2 CYEYRE values forr, wg, andAwg, and assumingr=4, we obtain
(75— ald)™ 4{o+ V2Kk-wlo) v¥s=8.2 ns'L. The carrier diffusion ratd" can be deduced
k_ | 1+a?=2[Q+ay<l/\V2k_wl, from the ambipolar diffusion constant and the distance
to- 5 >(» (1) dbetween the lasers using the relatior-40 ns */d?, with
(75— Q)"+ 4(0— V2x_wlo) d expressed inum [8]. Finally, taking the expression for
¥s given in Eg. (2) and using I'=40 ns 1/100um?
=0.4ns! for the diffusion rate, we obtains+1.16y
ye=y+Wlo+ 2T +5, (2 =T74nst
As an aside we note that the same theory applies for the
where vy is the carrier decay rate and is the linewidth  polarization dynamics of a single VCSEL, where one deals
enhancement factorn(>0). with two polarization degrees of freedom instead of two spa-
For s< « the behavior of the frequency of the sidebands istial degrees of freedom. Note, however, that in the polariza-
identical to that of conventional relaxation oscillations; it tion case the experiments are in the opposite regime, i.e., the
increases with the stimulated emission ratig~ .y, where  relaxation oscillation is slower than the dominant relaxation
w=(P/Py,—1) is the output power relative to saturation. rate of the medium, being in this case the spin flip rate
However, the damping rate behaves differently; the sidé10,11. Thus in the polarization case relaxation oscillation
bands are not only damped by spontaneous and stimulatéidebands do not appear in the spectrum.
emission ¢y+wl,), as usual, but also by the carrier diffusion In conclusion, we have observed triplet structure in the
(T"), the loss difference, and the frequency differend@.  spontaneous-emission spectrum of two coupled VCSELs.

4

1+ a?
(s+aQ)’+ w?

K_
I (w)= on

with

The spectral width of the side bands is given by Our experimental results confirm the theoretical description
[8] of spontaneous emission of coupled VCSELs. The spec-
Awg=ys— al). (3)  trum of the nonlasing mode provides a direct and relatively
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simple way to determine the degree and type of coupling inthe VCSEL wafer. We also acknowledge support of the
VCSEL arrays. “Stichting voor Fundamenteel Onderzoek de Materie
(FOM)” and of the European Union in the TMR
We would like to thank M. Moser and K. H. Gulden network ERB4061 PL951021(Microlasers and Cavity
of the CSEM Institute in Zrtich, Switzerland, for providing QED).
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