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Investigations of the Spectral Characteristics
of 980-nm InGaAs—GaAs—-AlGaAs Lasers

Ivan A. Avrutsky, Reuven Gordon, R. Clayton, and Jimmy M. Xaenior Member, IEEE

Abstract—Semiconductor quantum-well (QW) lasers at 980 nm of the front facet emission and found periodic modulation
exhibit unique spontaneous emission spectra Wlth a periodic enve- superimposed upon the longitudinal cavity’s Fabry—Perot os-
lope of approximately 2~3-nm wavelength. This phenomenon has jj|ations. This observation led us to the investigation of side

been observed in both front facet and side spontaneous emission. . . L .
The modulation is modeled in terms of coupling between the spontaneous emission which exhibited similar spectral mod-

laser waveguide and the substrate waveguide which is transparent Ulation. Furthermore, we found that the period and location

to 980-nm light. Modal gain spectra of the entire waveguide oOf the modulation were invariant to changes in temperature

structure including substrate are calculated numerically by a and current. The modulation suggests an additional feedback
and 1065 Spectra in the unpumeed OW exnibit moduiation. This TECHAS™M at play, and the prospect of controlled mode
results in modulation of the emission spectra. An analytical dlscrlmlnathn if it can be. understood and modeled, and
approach based on coupled mode equations is developed tothereby engineered. Analysis was done to determine whether
explain and clarify the results of the numerical modeling. The the modulation was intrinsic to these lasers and to quantify the
interesting case of a coupling length that is small by comparison feedback mechanism that produces it.

Wlth the gain/loss Ier]gth is examined in detail. Front facet and_ Spectral modulation in the spontaneous emission of a laser
side spontaneous emission spectra calculated using the modal 9ain, o< been observed previously. In [3], the authors suggested
spectra are in good agreement with the measured spectra. The . . ] S
results presented make it possible to interpret the unique modal WO Possible explanations for the phenomenon: recombination

characteristics of 980-nm lasers quantitatively and relate them to Of electrons and holes from different quantized levels and

the physical structural parameters. a resonant self-effect of Fabry—Perot cavity modes field via
Index Terms—Coupled mode analysis, quantum-well lasers, the vplume of Iaser. crystal._They confirm t_he latter model
semiconductor waveguides, spontaneous emission. experimentally. Having considered a few different types of

closed volume trajectories, they estimated possible modulation
periods using geometrical consideration only. The trajectory
lying directly under stripe was proven to result in modulation
IGH-POWER single-mode semiconductor lasers emiperiod close to the one observed. It agrees with the emission
ting in the 980-nm region attract much attention as af light from the substrate under the active stripe.

source for pumping of Er-doped optical fiber amplifiers (see, In [4], an analytical approach was developed to explain the
for example, [1], [2] and references therein). The high-powenodulation. The authors calculated perturbations to the laser
and high-efficiency requirements for laser diodes of this tygmin spectrum caused by light penetration into the substrate
are being met with much research effort. A shift in attention tand its reflection from the bottom substrate interface. Their
the spectral behavior of these devices is expected as a reapjtroach is based on a careful analysis of the Helmholtz
of the need to reduce mode hopping and improve spectr@muation and boundary conditions. However, this approach has
stability with both current and temperature changes. In recghe usual shortcoming of obscuring the features and behavior
experiments, we observed that the spectral characteristicshaft may lead to more insightful or intuitive understanding
980-nm Fabry—Perot lasers show some unique and interestirfigthe system. In addition, the approach taken there has
features in front facet emission below and near lasing threstecessitated a number of approximations, which apparently has
old, and in the side spontaneous emission for all operatitigited its validity to one of the two possible domains, namely
conditions. crossing (or weak coupling) domain of dispersion curves.

One prominent feature is a periodic spectral modulatioAnother drawback of the theory is evident in the assumption of
Intrigued by the observation of nearly periodic mode hoppirigssless light propagation in the substrate and total reflection
in the lasing wavelength, we examined the spectral detaffem the lower substrate boundary, which would result in an

_ . . ~infinitely large gain modulation amplitude.
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Recent  observations of room-temperature In- TABLE |
GaN-GaN-AlGaN multi-quantum-well (MQW) lasers PARAMETERS OF THE QUANTUM WELL
with a substrate that is transparent to the emitted light showed __Paramet Wel Barrier
i H al Material’ In,,GaesAS Al ;GagAs
similar modulation patterns to the ones observed here [6}- Bandgap e YTy a0y
Although the authors stated that they have not found @ Bandgapelh 1.2947eV 1.5412eV
proper explanation for the measured spectra modulatiofenduction band offset 0.1821eV
. . . Valance hh band offset 0.1426eV
we believe the m_odulat!on is caused_ by the_ same type Gfziance Ih band offset 0.06440V
feedback mechanism with a modulation period of about_a Electron mass 0.0622 0.076
: . HH mass 0.358 0.359
factor .of 6-8 less thap those reported here. Th|§ reqiuct.u.. LH mass 0.0694 0.0797
in period can be attributed to the laser's operation in the _ well width 80 A -
405-410-nm range and that the modulation period has tnority carrier density 3.6e18 cm” -
Intraband relaxation time 0.1 ps

guadratic wavelength dependence [4]. These observatigns _ :
. . o . *Materials are supposed to be strained to match the lattice constant@g
imply a broader applicability of the analysis presented hegg A< supstrate,

to a similar phenomenon in other laser types.

In this paper, we use a numerical approach analogous
to that of [5] to calculate the modal gain. We take into
account the spectral dependence of material parameters and L l [
calculate not only the gain spectrum but also the spontaneous
emission spectrum. The gain modulation was found to depend
not only on the thickness and refractive index of the laye
but also on the waveguide gain/loss difference between the /
laser waveguide layer and the substrate. We extended o d j
model to analyze side spontaneous emission by consider

light emission in the pumped portion of the waveguide, i Z A‘;ion
! D
o=«

L, |W| L,

i

propagation along the highly lossy unpumped laser waveguide
and coupling to the substrate.
In order to gain insight into and clarify the results of the nUsront
merical modeling, we develop a phenomenological analytiggfnissien ( Y
approach based on coupled mode theory. The coupling c¢n-
stant used in this approach is determined by a Well-establislfred Z(X)
numerical formulation. Nevertheless, the phenomenological
approach provides a general and clear description of the
coupling induced modal gain modulation.
The gain spectrum modulation period is determined by
phase matching between the high gain laser waveguide & 1. Schematic view of the laser structure.
substrate waveguide with losses. An analogous loss spectrum
modulation takes place for the case of the side waveguitte the substrate will also be observed in the spectra and
laterally adjacent to the laser ridge. This model relates thige spectral modulation will be significantly reduced. Spectra
gain/loss modulation to the waveguide parameters and daken with the fiber was discriminating enough to clearly show
thereby facilitate future design efforts taking advantage &fie modulation phenomenon in the laser waveguide emission
these phenomena. (which is relevant to laser applications).
The fiber tip was mounted on a two-dimensional piezo-
[l. EXPERIMENTAL RESULTS electric moving stage of submicrometer precision with a
The lasers under investigation were fabricated by metdligh precision nanomover along the remaining longitudinal
organic chemical vapor deposition. The details of the las@irection. The spectra were recorded by means of an opti-
structure are listed in Table | and the schematic view of tif&! spectrum analyzer HP70951A. The same technique was
laser is shown in Fig. 1. Front and rear laser facets wesdccessfully used previously for longitudinal carrier density
coated to receive 10% and 90% reflectivity, respectively. THgOfiling in semiconductor lasers via spectral analysis of side
lasers were mounted “p-side up,” so an increase in the la§@Pntaneous emission [7].
temperature is expected with an increase of pumping currenSeveral steps were taken to ensure that the spectral modu-
even with a stabilized heat sink temperature. On the ott@fion obtained was truly characteristic of the laser waveguide
hand, it allowed us to easily collect the spontaneously emitt€glission White light emission from a halogen lamp was
light both from the front facet and from the side facet b§oupled into the fiber and showed no spectral modulation in
using a tapered fiber. As will be shown in the calculationd® wavelength range of our laser observations. The distance
the spectral modulation of the laser waveguide emission orfggtween the fiber tip and the facet was varied over the range of
inates in the coupling between the laser waveguide and th&M to ensure that the modulation phenomenon did not result
transparent substrate. For this reason, if the light collectionf@m external cavities in the setup. Both cleaved and tapered

not sufficiently focused on the laser waveguide, light coupled!The constructive critique of the reviewer is credited.

Ny
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Front emission Spectrometer Spontaneous emission spectrum: I{A)

. Averaged emission spectrum: L(A)
Cleaved fiber Response
Function G(A) \ l
1 mm Emission spectra broadened by the
response function of the spectrometer:
L)
3Imm

Fig. 3. The scheme for modeling the spontaneous emission spectra.

10 mm the lateral width of the laser structure and slow modulation of

L S e S E e TR - approximately 2 nm analogous to those of the front emission
968 970 972 spectra. We studied lasers with different cleaving distances
Wavelength, nm between the laser stripe and the side facet and found that the

() magnitude of the slow modulation relative to the background

— Tt S —— increases as this distance increases, but not the period.
The spontaneous emission spectra were investigated at
W\M/\N\jm/ different heatsink temperatures, in CW and pulse regimes
with duty cycles from 20% to 80%. The spectral positions
of maximums and minimums of the slow modulation were
found to be independent of the temperature and current change
while the positions of Fabry—Perot oscillations and general
e S spectrum envelope were temperature- and current-dependent.
970 972 974 This observation offers the opportunity for laser output wave-

Wavelength, nm . . .
g length stabilization and emphasizes the importance of accurate

(©) :
modeling of the phenomenon.
Fig. 2. The measured spontaneous emission spectra from (a) the front facet
for a tapered fiber, (b) a cleaved fiber at three different fiber tip-facet distances IIl. THEORY
and (c) from the side facet.

fibers were used to observe the spectral modulation in the lafeModal Gain in Coupled Waveguides: Simulation
emission to preclude modulation from the fiber tip structur8Y the Transfer Matrix Method
The modulation was observed consistently for several lasersThe observed slow modulation in spontaneous emission
with the same structure as described above. spectra implies an additional feedback mechanism in the laser.
Typical features of the front facet spontaneous emissidooking for this mechanism, we analyzed the typical structure
are shown in Fig. 2(a) and (b) for light emission collectedf the 980-nm fiber pump laser. Such a laser contains a QW
by tapered and cleaved fibers at several fiber tip-facet dlsGaAs as an active region waveguide layer made of GaAs,
placements. Clearly resolved Fabry—Perot oscillations cor@RIN AlGaAs or GRIN InGaAsP, cladding layers of AIGaAs
sponding to the resonator length are modulated by an envelapenGaP, and a GaAs substrate. It is a peculiarity of lasers
periodic function with a period of about 2 nm. The slowemitting in the wavelength region of 980 nm that they have
modulation amplitude was found to increase as the pumpiagsubstrate transparent to the emission wavelength with a
current approaches threshold. There is also a baseline envel@factive index just above the effective refractive index of
of the same period. It is important to note that the spectrutime laser waveguide. So, the substrate itself is a very thick
analyzer resolution (0.1 nm) was half the period of theraveguide which can be coupled to the laser waveguide due
Fabry—Perot oscillations. This is probably the cause of the light tunneling through the cladding layer.
observed baseline envelope, as is accounted for and shown ifthe modal gain and the modal index of the entire multilayer
the modeling. waveguide structure, including the substrate, were calculated
Side facet spontaneous emission spectra were recordedyatneans of a transfer matrix method. The modeling scheme
pumping currents below and above the threshold current [Bnpresented in Fig. 3. We used the layer parameters listed in
example of the spectrum is shown in Fig. 2(c)]. These sidable . The QW material gaiggw () and the spontaneous
spectra contain fast oscillations with a period correspondingémission spectrum of the QW itself were calculated by the
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Fig. 4. The modeled quantum well gain (solid line), loss (long dashed line) and spontaneous emission (short dashed line) spectra.

TABLE 1l 20 T T "
WAVEGUIDE LAYER PARAMETERS USED FORMODE GAIN AND
MOoDE INDEX CALCULATED BY THE MATRIX TRANSFORM METHOD
Layer name Material Refractive Absorption Thickness, um
index index stripe region / etched region
Top metal Au 0.24 6.5 o/ -
Dielectric Si0, 1.46 0.0 0/
Contact layer | p' GaAs n(A, x=0.0)" | 30fcm'}-A4n 01/00
Top Clad Alg;GaosAs | n(A, x=0.3)" | 10[cm™)-Adn 20/0.2
Top ALGa,As, n(, x)" 1o[cm"]g‘j4n Ten layers of constant index
GRIN x=0.350.1 x=0.3—0.1 and equal thickness
10 x 0.011
Qw Ino,GagsAs 3.6 -gow(A)Mar 0.008
Bottom Al Ga, As, n(A, x)° 10[cm™)-A/4= | Ten layers of constant index
GRIN x=0.1-0.3 x=0.1-30.3 and equal thickness
10 x 0.011
Bottom Ciad | Al;GagsAs | n(A, x=0.3)" | 10[cm™]-Al4n 2.0
Substrate GaAs n(A, x=0.0)" | 30[cm)-M4n 110.0
Bottom metal Au 0.24 6.5 «©
*Material gain spectrum in QW layer was calculated by the algorithm
described in [6].
**Refractive index of Al. Ga; — . As was calculated by the Sellmeier formula:

0.94 0.98

Wavelength, um

n(A,z) = [A(x) + B(z)/(A\2 — C(x)) — D(x)A%]'/2, where A(x) =
13.5 — 1542 + 11.02%, B(z) = 0.690 + 3.60x — 4.24022, C(z) =
0.154 — 0.476x + 7.0022, and D(2) = 1.84 — 8.18x + 7.0022. ) ) ] . o ]
Fig. 5. The calculated gain spectrum with coupling (solid line) and without
coupling (infinitely thick cladding layer: dashed line). The curves in the

approach described in [8] and are illustrated in Fig. 4. Energsitive gain region are calculated for the laser stripe at carrier concentration
h . . 0.9 x threshold. The curves in the negative gain region correspond to the
ggv g g g p
band parameters used in the modeling are shown in Ta eguide beyond the laser ridge, with the carrier concentration approaching
Il. From these, the modal gain spectrum was obtained (@&so. The dotted lines represent gain (loss) spectra when anticrossing in the
shown in Fig. 5). Fig. 5 also shows the modal gain witHiSPersion characteristics takes place.
an infinitely thick cladding layer to illustrate the influence _ N ) )
of the substrate upon the noncoupled modal gain. The ladgpnels into the substrate, an additional absorption factor is
spontaneous emission spectra from the front and side fad@@uded in the substrate layer.
were calculated using the formulae given in Section IlI-C of In modeling the side emission spectra, we assumed that
this paper. The modal gain spectrum modulation with a perig@ontaneous light is emitted in the region under the laser
of approximately 2 nm and modulation depth of@Bcm~! stripe and that it propagates through the unpumped portion
results in a strong modulation of spontaneous emission spedfdhe waveguide. Light in the unpumped region of the QW
from the front facet at a current just below threshold. layer experiences high optical losses. The modal loss spectrum
Our model is based on a one-dimensional (1-D) analysis. also wavelength modulated due to coupling between this
To account for the lateral divergence of the radiation whighortion of the waveguide and the substrate (Fig. 5). The loss
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Fig. 6. Modal index map for the entire laser structure including the substrate.

modulation results in a corresponding side facet emissidgself does not offer direct insight into the physics of the

spectra modulation. It is worth while noting that to achievepontaneous emission spectra modulation and its dependence

a large modulation of the side emission spectrum the modual the structural parameters. Therefore, in addition to accurate

loss modulation should be much larger than the value pfimerical modeling we take an analytical approach.

the modal gain modulation. The reason for such a difference

in spontaneous emission from the front and side facet will

become clear with the analysis of a Fabry—Perot resonator with

parts of gain and loss. Actually, away from the laser ridge the In accordance with a standard coupled mode approach, let us

waveguide coupling with the substrate is stronger because @@@sider an electromagnetic field of the laser waveguide mode

thinner top cladding layer pushes the waveguide mode dovaid one of the substrate modes which is close to resonance

To achieve reasonable modulation, we modeled the effectivéh the laser mode in the form

thicknes;.s oflthe t)op c?ddin%gzer (accounting for the eﬁecEL(a;,y) = E? (y)L(z)exp(ifrx), pr=p,+iB (@)
assivation layer) as bein . 0 p _al Al

P The calculai/ed mode digspersion curves of the Waveguidgs(x’y) N ES(y)S(x)eXp(_Lﬁsx)’ '/35 B Ps + Lﬁs'_ @)

are shown in Fig. 6. The array of nearly parallel curves witlh W& denote the mode emission direction as ihexis, the

greater negative slope corresponds to modes localized mo&H de field distributions depend only _@ncc_)ordmate and are

in the substrate while the curves of smaller negative sIoH tform along the other transverse direction). . :

belong to the laser waveguide. The case of an unpump EiThe coupled mode equations for slowly varying amplitudes

QW is shown here because it illustrates well the influen z) and 5(z) are

of loss on mode coupling. When modal loss (gain) is small in dL(z)/dz = irrsS(z) exp(i(Bs — Br)z) 3)

comparison with the coupling constant (for wavelengihs dS(z)/dz = irnspL(z) exp(i(fL — Bs)x). (4)

0.973,m as in Fig. 6), we see the well-known anticrossingpey allow us to construct supermodes with a propagation

behavior. The anticrossing effect is absent when loss (gain)dgnstant

coupled waveguides is larger than the coupling constant. With B ) 12

this figure, it is easy to see a correlation between the modal loss V-5 = (B +Bs)/2 £ (((Br = Bs)/2)" + K) (5)

spectrum and the dispersion curves. When the effective index K = rrs#sL. (6)

of the laser Waveguide equals that of the substrate Waveguiﬂgw we will take into account the Speciﬁciw of the waveg-

the coupling between the two waveguides leads to reduagides under consideration. The laser waveguide itself typically

Coupled Mode Theory for Waveguides with a Gain

modal losses. In the case of net gain in the laser waveguitlgs a gaing; = —237 of the order of tens of inverse
the coupling results in gain suppression in the laser waveguictentimeters. The substrate waveguide has a dgss= 234
at resonance wavelengths. of up to ten inverse centimeters due to bulk and bulk-metal

In principle, the results of this model suffice to explain thnterface absorption. The coupling constaigt'/? is typically
observed phenomenon. Nevertheless, the numerical analysiech less than the difference of the imaginary parts of
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Using typical values for a semiconductor laser, it can be showhre laser ridge width as a parametéf and the parameters
thatdn*/dA = dn./d\. This means that under the assumptiok; and L, will be equal to distances from the laser stripe to
(22) the waveguide mode is localized mostly in claddinthe side facets.
layers, therefore, details of the actual waveguide structure aréAs aforementioned, a laser structure containing a thick
not essential to the dispersion relation. substrate waveguide supports many supermodes. We will only
An analogous analysis can be made for the substrate wagensider the supermode most localized in the laser waveguide.
guide. A simplified structure with a layer of thickneBsand To observe spontaneous emission, the gain is below the
refractive indexn, confined by an ideal metal from belowthreshold gain needed for lasing, thus
and a cladding medium of index. from above facilitate a
dispersion relzgtion of the forme% A= (RiBa) 2 exp(gW — oLy + L2)) < 1. (30)
5 w172 If each infinitely thin slice of the pumped region of total
(2rD/A)(ng = %) lengthW emits light spontaneously with spectral density)
= arctan((n*2 — ng)/(nz — n*2))1/2 + (M +1/2)x and the efficiency of spontaneously emitted light coupling into
(25) the mode under consideration 44 (), total radiation from

the first facet will be equal to
where M is a mode number, typically in the hundred¥ = W _ 1
(2D/X)(n2 — n*?)}/2). For analysis of coupling, we are [ ~S(\)M(M\)n(l — Rl)u
interested only in modes with an effective index close to that 9w )
of the laser mode. It allows us to use an inequality analogous (=1 4 Rye=@Latl)+aWy
to (22) |1 _ (RlRQ)1/26—a(L2+L1)-I—gVV—I—i(47TnL/)\)|2 :

(31)

(n* = n.)/(ns —n.) <1 (26) Equation (31) is obtained by calculating the output light
2 :n§ _ (M()\/ZD))Q 27) intensity produced by egch slicg inside the Fabry—Perqt res-
. el dn. A\ — M2N/AD? onator and subsequent integration along the active region of
dn”/d\ =n"""(n; - dn, /dA ~ /4D%)  the lengthi?’. In the equationy, is the average refractive index
~ dns/d\ — (n —nZ)/neA. (28)  of the resonator medium = (nyW +ny(Ly + Ly))/ L, where

The dispersion of the substrate’s modal refractive index cofiS @ total resonator lengtiiz = W+ L, +L». This is allowed
tains a term equal to the material dispersion of the substrQi the assumption laid out at the start of this section. In the
and a waveguide dispersion term that is independent of tfaS€ ©f front facet emission, i.e., &f = L, = 0, L = W,

layer thickness and the mode number provided that (26)%‘? optalngd expression for the spoptanepus emission spectrum
satisfied. The effective index difference for adjacent mod&8incide with the analogous one given in [11].

according to (27) is equal tén? — n*2)1/2\/2Dp*. This [N (31), the term

allows us to find the period of modulation 1

1o H()‘) = |1 _ (RlRQ)l/Qe—a(Lz-l-Ll)+QW/7+i(47T"L/)\)|2
M — AM+1 — . _
dne/d\ — dn,/d\+ (n? = n2) /nA - 1+ A2 —2Acos(4mnL/)\) (32)

So, the period of the gain modulation is roughly determingd responsible for the fast oscillation in the spontaneous
by the indices of the substrate, and cladding layem., emission spectrum with wavelength period corresponding to
their dispersion relations, the substrate thickngsand the |ongijtudinal modes of the resonator. Its analysis leads to a
wavelengthA. Hakki—Paoli formula [12] for determination of a gain spectrum

To obtain (29) we used (23), (24), (27), and (28) fofrom spontaneous emission spectrum
waveguide effective index dispersion. The accuracy of the

. L - 1/2 1/2
estimated period is of the order of the left side of (22) and _ -1 1. Iiax — Ly
(26). 9= pp i)+ 7l INZ + 12 (33)
where

C. Spontaneous Emission Spectrum of the Semiconductor Laser v = TOwman);  oS(4mnL Aa) = 1

Let us consider a Fabry—Perot laser resonator with mirror o . o (34)
reflection coefficients?; and R,. As shown in Fig. 1, let us Linin = I(Amin); - cos(dmnL/Amin) = —1.
assume regions of length; and L, adjacent to the ridge If the longitudinal mode separatiolhA = X?/2nL is
have optical lossw(A\) and the region of widthiW has a small by comparison to the spectrometer’s spectral resolution,
gain coefficientg(\). Let us further assume that the refractivéhe measured intensity will be proportional to the averaged
indices of the lossy and gain regioms, andn;, are sufficiently function
close to prevent light reflection between different parts of the 1 Amax(N+1)
resonator. The chosen configuration of the laser resonator will{H (X)) = —/
allow us to consider s ission ei AA S pon)

pontaneous emission either from the front

facet or from the side facet by just exchanging the axesd - 1 . (35)
z. In the case of front emissiod,; = L, = 0 and W should 1—- A2 11— Ry Rye~2a(latLly)+29W
be the cavity length. In the case of side emission, we will ugéen, instead of (31), the emission spectrum will be equal to

H(\)dA
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an averaged one —— I ——r
(CQW - 1) Front emission, modeled
I, =SAOM(Mn(l — R))~——= ’
MOl = Ba)*—
(e—aLl +R26—a(2L2+L1)+gVV)
1— RlRQG_a(LZ"’Ll)"'QQW

(36)

The spontaneous emission spectrum of the active mediu
S(\) was calculated by the same approach as used for the
calculation of material gaigqw(A). To calculate the optical
losses in the unpumped side regions of the laser structure, we
found the material loss by determining the negative gain as
the carrier density approaching zero P P SR S

964 966 968
aqw(A) = —gow(A)|n—o (37)
) . ) Wavelengtn, nm
and then we used the transform matrix algorithm to find the @)

modal loss.
As we have seen in the previous section, the modal gain = ™
spectrum may be modulated with a spectral period much  gide emission, modeled

larger than longitudinal mode separation but still less than the
gain’s spectral width for typical laser parameters. This leads
to subsequent superimposed modulation of emission spectrg.

Finally, to make the comparison with experimental results;
easier, the emission spectra calculated by the above algorithm
were subjected to numerical convolution with a Gaussiar
function of widthI' = 0.1 nm corresponding to spectral
resolution of the spectrometer

1) = [ 10\= 1G(n) di I —

s , 966 968 970
G(p) = (2/T)(In2/x /)" " exp(=4In2(p/T)).  (38) Wavelength, nm

The modeled spectra are presented in Fig. 7(a) and (b). They (b)
were _Obtamed Wlt_hOUt parameter fine-tuning exgept for_ the tIQRﬂ 7. The modeled spontaneous emission spectra from (a) the front facet
cladding layer thickness beyond the laser stripe which wasd (b) from the side facet.
taken to be~0.2 um. This change was made to obtain clearly

visible modulation of the side emission spectra. The measur@gked phenomenon is an intrinsic property of 980-nm lasers
front facet emission spectral modulation appears stronger thgy should be taken into account in designing them. We
the modeled one. This may be caused by the plasma-induggglibuted the modulation to an additional feedback mechanism
negative index change in the pumped waveguide. Such chaggg originates from the coupling between the intentionally
leads to widening of the laser mode and stronger coupling.gesigned laser cavity and the parasitic substrate waveguide. We
Temperature change is easily incorporated in the abojigq that the coupling involves primarily the very high order

theoretical approach. Increase in temperature was foundsithstrate modes that are nearly phase matched to the laser
result in: 1) a red shift in the QW material gain profilegyide mode. These high-order modes are in resonance with
2) an increase in refractive index of the laser layers agge lasing mode at nearly equally spaced wavelengthe{2
consequently a red shift in the fast Fabry—Perot oscillatiofgn spacing for a typical structure). The resonance frequencies
of the spontaneous emission spectrum; and 3) a shift up of gl insensitive to temperature or current changes for both the
of the dispersion curves (Fig. 6) but the intersection locatioRgpstrate waveguide and the laser guide change in the same
of the dispersion curves remaining practically unshifted. Thugay when these parameters are varied. All these key features

the spectral positions of the modulation peaks in spontaneqyg in good agreement with the experimental observations.
emission spectra for given laser structure are stable. This is in

agreement with the experimental observations and suggests an
opportunity for lasing wavelength selection and stabilization. ACKNOWLEDGMENT

The authors thank G. L. Tan for the use of the computer
IV.. CONCLUSION programs STRAIN and GAIN developed by him for the
We have presented experimental findings and a detailgichulation of spontaneous emission and material gain in
theory of periodical modulations in spontaneous emissiatrained QW structures. They are grateful to all the members
spectra of 980-nm semiconductor lasers. Both an elaborafeéDptoelectronics Laboratory at the University of Toronto for
numerical approach and analytical expressions suitable fomny fruitful discussions, especially to Dr. A. Tager and E.
simple estimations are presented. We showed that the inveS&@&rgent.



AVRUTSKY et al. INVESTIGATIONS OF THE SPECTRAL CHARACTERISTICS OF 980-nm LASERS

REFERENCES

[1] H. Asonen, A. Ovtchinnicov, G. Zhang, J. Nappi, P. Savolaine, and Toronto, Ont., Canada, in 1997. He is currently in
Pessa, “Aluminum-free 980-nm GalnAs/GalnAsP/GalnP pump lasers their Masters program.

IEEE J. Quantum Electronvol. 30, pp. 415-423, 1994. His research to date has focused on high-power

[2] N. Chang, S. N. G. Chu, N. K. Dutta, J. Lopata, M. Geva, A. V 980-nm semiconductor lasers with specific inter-
Syrbu, A. Z. Mereutsa, and V. P. Yakovlev, “Growth and fabricatio ests in anomalous spectral features and intermodal
of high-performance 980-nm strained InGaAs quantum-well lasers f interaction dynamics.
erbium-doped fiber amplifiersJEEE J. Quantum Electronvol. 30, pp.

424-440, 1994.
[3] E. A. Arjanov, O. V. Danilina, V. P. Konyaev, A. S. Logginov, V. I.
Shveikin, and 1. I. Vinogradov, “InGaAs strained-layer single-quantum-
well lasers spontaneous emission spectra and their featémes,’SPIE
1994, vol. 2139, pp. 146-153. __R. Clayton, photograph and biography not available at the time of publication.

[4] E. A. Arzhanov, A. P. Bogatov, V. P. Konyaev, O. M. Nikitina,
and V. |. Shveikin, “Waveguiding properties of heterolasers based on
InGaAs/GaAs strained quantum well structures and characterization of
their gain spectra,Quantum Electron.vol. 24, pp. 581-587, 1994. Jimmy M. Xu (M'87-SM'91) received the Ph.D.

[5] P. G. Eliseev and A. E. Drakin, “Analysis of the mode internal coupling degree in electrical engineering from the University
in InGaAs/GaAs laser diodeslaser Phys.vol. 4, pp. 485-492, 1994. of Minnesota, Minneapolis, in 1987.

[6] S. Nakamura, M. Senoh, S.-I. Nagahama, N. lwasa, T. Yamada, T. M. Currently, he is a Chair Professor in the De-
sushita, Y. Sugimoto, and H. Kiyoku, “Room-temperature continuou: partment of Electrical and Computer Engineering,
wave operation of InGaN multi-quantum-well structure laser diodes wit - University of Toronto, Toronto, Ont., Canada, with
a lifetime of 27 hours,’Appl. Phys. Lett.vol. 70, pp. 1417-1419, 1997. 3 the title of the Nortel Professor of Emerging Tech-

[7] E. H. Sargent, D. Pavlidis, H. Anis, N. Golinescu, J. M. Xu, R. Clayton nology. He is the Director of the Nortel Institute
and H. B. Kim, “Longitudinal carrier density profiling in semiconductor ', g at the University of Toronto and is a principal
lasers via spectral analysis of side spontaneous emissioAgpl. Phys. - investigator of the Ontario Laser and Lightwave
vol. 80, pp. 1904-1906, 1996. Research Centre. He is also a principal investigator

[8] G. Tan, K. Lee, and J. M. Xu, “Finite element light emitter simulatorof the Ontario Centre for Material Research and a key associate of the
(FELES): A new 2D software design tool for laser devicedgh. J. Information Technology Research Centre. He has authored and co-authored
Appl. Phys. vol. 32, pt. 1, pp. 583-589, 1993. more than 100 refereed papers in physics and engineering journals, and

[9] D. G. Hall, Ed., “Selected paper on coupled mode theory in guidegnore than 60 refereed conference papers. He has been granted ten patents
wave optics,”SPIE Milestones Series Bellingham, WA: SPIE, 1993, on electronic and photonic devices. His current research interests include
vol. MS84. ) ) ) ) ) semiconductor physics, nanostructures, quantum electronics, and compound

[10] D. Marcuse, “Dielectric couplers made of nonidentical asymmetric slabsemiconductor device design, modeling and measurements. Currently, he
Part 1: Synchronous couplers]. Lightwave Technalvol. LT-5, pp.  |eads a group of 12 researchers and graduate students at the Optoelectronics
178-183, 1987. ) Laboratory, University of Toronto, and conducts research primarily in the areas

(11] C.-S. Chang, S. L. Chuang, J. R. Minch, W.-C. W. Fang, Y. K. Chenyt ohtoelectronics, quantum electronics, nanostructure physics, heterostructure
and T. Tanbum-Ek, “Amplified spontaneous emission Spectroscopy dinsistors, quantum-well electronics, and photonic devices, as well as large-
\slgf‘"iedpg“alqtgy'i’vleo'yaiggsEEEJ- Select. Topics Quantum Electron. gcale computer simulations. The Optoelectronics Laboratory is sponsored by

(12] B. W. Hakki and T. L. Paoli, “Gain spectra in GaAs double_Nortel and conducts research projects funded by agencies and companies in

heterostructure injection lasers)’ Appl. Phys.vol. 46, pp. 1299-1306
1975.

' ON ELECTRON DEVICES.

Ivan A. Avrutsky was born in 1963 in the Ukraine.
He graduated with honors from the Moscow
Physical-Technical Institute in 1986 and receive
the Ph.D. degree from the General Physics Institut:
Russian Academy of Sciences, in 1988.
While at the Moscow Physical-Technical
Institute, he was awarded The Kurchatov Stipen
and performed postgraduate studies. Since 19
he has been involved in research carried out at th
General Physics Institute of the Russian Academy of
Sciences and his responsibility was the experimental
study of laser-induced surface gratings on semiconductors and multilayer
dielectric structures. From 1983-1991, he worked at the Department of
Oscillations, headed by the Nobel Prize winner A. M. Prokhorov, and
received a strong background in laser physics. Since 1985, he has worked
on an investigation of interference phenomena in a periodically corrugated
waveguide. In 1992, he joined the Fiber Optics Research Center, Russian
Academy of Sciences, as a Senior Research Fellow. He headed a research
group dealing with optical characterization of semiconductor quantum-
well structures. He also coordinated a collaborative research project with
Nizhny Novgorod Physical-Technical Institute on the development of the
technology of aluminum-free quantum-well semiconductor lasers for optical
fiber amplifiers. He maintained close contacts with educational institutes
like Moscow Physical-Technical Institute and Lomonosov State University,
Moscow, supervising students’ diploma work (M.Sc. level). Since 1996, he
has been at the Optoelectronics Laboratory, University of Toronto, Toronto,
Ont., Canada. He is currently interested in optical properties of nanostructured
material. He also works on new types of semiconductor lasers like lateral
current injection lasers and widely tunable lasers. These projects are sponsored
by the Advanced Technology Lab, Nortel Technology.
Dr. Avrutsky received first prize in the competition of young scientists of the
General Physics Institute in 1990 for his research on corrugated waveguides,
particularly on unidirectional coupling in doubled grating waveguides.

1809

Reuven Gordon was born in 1975. He received
the B.A.Sc. degree from the University of Toronto,

Canada, U.S., France, and Japan. He is an Editor of the |IEBESAcTIONS

Prof. Xu was awarded the 1995 Steacie Prize for contributions to
fundamental and applied quantum electronics, a 1995 Conference Board
Canada-NSERC Award for “Best Practices in University-Industry R&D”
JHonorable Mention), and the 1996 FCCP Award of Merit for outstanding
ontributions in science and technology. One of his students received the
NSERC Doctoral Thesis Prize (Engineering), another was given “The Best
Student Paper Award LEOS '94,” and a third was awarded the Centennial
hesis Prize from the University of Toronto. He is a member of the |IEEE
ghlectron Device Society Meetings Committee and ex-officio of the IEEE
Ié’lectron Device Society Administration Committee.



