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Nonlinear Mechanisms of Filamentation
in Broad-Area Semiconductor Lasers

John R. Marciante and Govind P. Agrawal, Fellow, IEEE

Abstract— There are three nonlinear mechanisms that can
lead to filamentation in broad-area semiconductor lasers: gain-
saturation-induced changes in the refractive index through the
linewidth-enhancement factor, self-focusing due to heat-induced
index changes, and self-defocusing through intensity-dependent
index changes in the cladding layer. We present a theoretical
model to analyze these mechanisms and their relative roles in
destabilizing the laser output. We find that there exists a critical
value for the linewidth-enhancement factor below which broad-
area lasers are stable for wide stripe widths (as wide as 250 ym)
and high pumping levels (as high as 20 times threshold). We also
find that broad-area lasers are less susceptible to filamentation
through self-defocusing and show how an intensity-dependent
index in the cladding layer may be used to suppress filamentation
caused by the linewidth-enhancement factor.

I. INTRODUCTION

ATERAL instabilities have caused difficulties in the scal-

ing of the output of semiconductor lasers to high powers.
For broad-area gain regions, the light has no lateral confine-
ment, so any increase in the local refractive index can lead to
self-focusing, which breaks up the lateral mode profile into
multiple filaments through a phenomenon known as beam
filamentation. This phenomenon has been known for more than
twenty-five years and was the main reason for the development
of narrow-stripe semiconductor lasers in which the lateral
mode is confined to the stripe center through gain- or index-
guiding. The filamentation issue has resurfaced again in the
context of MOPA (master oscillator/power amplifier) devices
in which the output of a narrow-stripe, index-guided, master
oscillator is amplified into a tapered-stripe power amplifier [1],
[2]. Recent studies have discussed the growth and formation
of filamentation in broad-area semiconductor laser amplifiers
[31-6].

In this paper, we focus on broad-area lasers, and concentrate
on three different nonlinear mechanisms. The first mechanism
is the carrier-induced index change, which can occur when the
local gain becomes saturated (i.e., spatial hole burning). The
second is the thermally induced, intensity-dependent refractive
index, which causes positive changes in the refractive index
at local “hot spots” in the lasing field. The third mechanism
is the self-defocusing type of nonlinearity of the cladding
layers that should be included since a large part of the lateral
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mode resides inside the transparent cladding layers [7]. We
numerically explore the limits that these nonlinearities impose
on the stable output of broad-area lasers. Our numerical model
is quite general as it considers the simultaneous propagation
of both forward and backward waves and includes lateral
variations of both the optical field and the carrier density.

This paper is organized as follows. In Section I, we present
our theoretical model and introduce the nonlinear coupled
differential equations that are solved numerically. Section III
focuses on the first mechanism of filamentation related to the
coupling of the laser field and the carrier density through
the linewidth-enhancement factor. Section IV considers both
self-focusing and self-defocusing nonlinearities through the
intensity-dependent refractive index. Section V is devoted to
the discussion and conclusion of our main results.

II. THEORETICAL MODEL

Fig. 1 shows schematically the geometry and the notation
used for modeling a semiconductor laser of length L and stripe
width w. The reflectivities of the laser facets located at z = 0
and z = L are Ry and Ry, respectively. The laser is pumped at
a constant current and is assumed to be operating continuously
(cw operation) in a single longitudinal mode at frequency w.
Since we are looking to solve for the lateral distribution (along
the z axis) of the intracavity field, we decompose the electric
field in terms of counterpropagating waves as -

B(7,) = 589(0)[Fy(z, 2) exp(ikz)
+ Ey(z, z) exp(—ikz)] exp(—iwt) + c.c.,
6]

where E; and F represent the forward and backward travel-
ing waves of frequency w, respectively, Z is the polarization
unit vector, k£ = negko is the mode propagation constant, n.g
is the effective index of refraction, and kg = w/c is the free-
space propagation constant. Since the active layer is planar, the
z and z dependence of the transverse field distribution ¢(y).
can be neglected. The laser field in the cavity must satisfy the
wave equation
-

V2E(7 1) — Ei—f)% =0, )
where e(7) is the complex dielectric constant whose 3 de-
pendence is responsible for waveguiding in the transverse
direction.

Substituting (1) into (2), making the paraxial approximation,
and using the fact that ¢(y) satisfies a Helmholtz equation [8], -
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Fig. 1. Schematic illustration of the broad-area laser and the geometry used
for modeling. The output facet is located at z = L.

the counterpropagating waves are found to satisfy a set of two
coupled equations given by

dE; i 0°E; [1 ) it

5~k aw T|at (T T
+in2k0(|Ef|2+2|Eb|2)]Ef7 3a)

3Eb _ g 82Eb 1 . Uint,

A o PRl

+ ingko(IEb|2 + 2|Ef|2)]Eb, (3b)

where I' is the transverse confinement factor, o is the
linewidth-enhancement factor, aune is internal loss, n? is the
Kerr coefficient [9], and g(NN) is the local carrier-dependent
gain assumed to be g(N) = a(N — Np). Here, a is the
gain cross-section, and N is the transparency value for the
carrier density (g = 0 at N = Ng). Equation (3) not only
accounts for coupling between counterpropagating waves but
also includes diffraction, carrier-induced index variations, free-
carrier absorption, material gain, and self-focusing (ny > 0)
or self-defocusing (n, < 0) through a Kerr-type nonlinearity.
We refrain from calling o the anti-guiding parameter since it
guides the light when the local carrier density drops below
the average carrier density.

The carrier density distribution can be accounted for by
solving the diffusion equation [10]

DVAN(7) = —‘,Iq(—dﬂ + ]—VT(—F)

nr
+ BN + LD Br P, @
hw
where D is the diffusion constant, J(7) is the injected current
density, ¢ is the magnitude of the electron charge, d is the
active-layer thickness, 7, is the nonradiative lifetime, and
B is the spontaneous-emission coefficient. The first term
accounts for carrier injection, while the second and third terms
account for the nonradiative and spontaneous recombinations,
respectively. The last term is due to stimulated recombination
and accounts for gain saturation.
By using (1) and making several simplifying assumptions,
we can rewrite (4) in the form

8N(z,z) _ J(z,2) , N(z,2)
b 922 qd +

N
BN, 2) + 2 (g2 4 1)

Tl'll‘

Three assumptions were made in obtaining (5). The first is that
the carrier density is uniform over the active-layer thickness
since the active layer is very thin compared to the diffusion
length (~3 pm). This allows the y dependence of the current
and carrier densities to be neglected. The confinement factor
T in (5) results from averaging along the y direction and takes
into account the mode spreading outside the active layer. The
second assumption is that longitudinal spatial hole burning is
washed out by diffusion since the diffusion length is large
compared to the lasing wavelength. This allows the rapidly-
varying interference term to be dropped from the stimulated
recombination term in (4). The third assumption is that axial
variations of N occur over length scales much longer than the
diffusion length so that the second derivative in the z direction
can be neglected.

We solve (3) and (5) iteratively using a split-step Fourier
(or beam propagation) method [10]-[12] iteratively, using
the boundary conditions E(z,0) = +/RoEp(x,0) and
Ey(z,L) = VRLE¢(z, L) to relate the forward and backward
propagating beams at the facets. Here, Ry and Ry, represent the
facet power reflectivities at z = 0 and z = L, respectively.
The iteration procedure is initiated by using a rectangular
lateral profile at z = 0. The carrier density is calculated
laterally for each step in the propagation using a tridiagonal
matrix method. Our convergence criteria rest on comparing
the changes in the output power and the lateral mode width on
successive round trips. Depending on the laser parameters, the
iteration procedure either converges (typically within 3040
round trips) or fails to converge even after hundreds of round
trips. The lateral mode is identified as unstable in the latter
case. Unstable or nonconvergent lateral profiles are obtained
by averaging over five iterations after 100 nonconvergent
round-trip iterations have been made. Since each iteration
corresponds io about 6 ps (round-trip time), this window
represents a ~30 ps slice in time, which is resolvable on a
30 GHz detector. Thus, for our model, the unstable profiles are
representative of a snapshot at some time after the relaxation
oscillation transients have died out. The parameter values
used for numerical simulations are displayed in Table I. These
values are appropriate for an AlGaAs semiconductor laser
operating near 820 nm. The qualitative trends of the results
obtained here are, however, applicable to any semiconductor
laser, including quantum-well devices.

For numerical purposes, it is useful to show results as a
function of J/Ji,, where J is constant over the stripe width
w and zero outside the stripe, and J;, is the threshold current
density. Since the field is negligible below threshold, the last
term in (5) can be neglected. However, J;, depends on the
stripe width w because of carrier diffusion. For simplicity, we
solve for the threshold current density from (5) by neglecting
carrier diffusion. The result is Jin = (gdNen/Tar) [1 +
BanNth], where Ny = No + (Ozmir + aim)/(al‘) with
amir = —In(RoRy1)/L can be obtained by equating the gain
and losses of the system [8]. This simple model of threshold
does not apply for narrow stripes (<10 pm) that can yield
device thresholds higher than the calculated value (because of
carrier diffusion), but it allows us to define a pump parameter
r = J/Jy, that is constant with respect to the stripe width.
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TABLE I
PARAMETERS VALUES USED IN NUMERICAL SIMULATIONS
Physical quantity Symbol Value
Cavity length L 250 ym
Contact stripe width w variable
Active-layer thickness d 200 nm
Transverse confinement factor r 0.2
Facet power reflectivities Ro,Rp 0.35
Laser wavelength A 820 nm
Effective index Neff 3.5
Kerr coefficient ny variable
Linewidth-enhancement factor o variable
Internal loss Qlint 10 cm!
Gain cross-section a 1.5 x 10-16 cm?2
Diffusion constant D 33 cm?/s
Transparency carrier density No 1.0 x 1018 cm3
Non-radiative lifetime Tnr 5 ns
Spontaneous-emission coefficient B 1.4 x 1019 cm3/s

This is equivalent to scaling the total injected current directly
with the stripe width. In Sections III and IV, the numerical
results are presented by varying » = J/Jy, in the range 1-20.

III. INSTABILITY DUE TO CARRIER-INDUCED INDEX CHANGES

For gain-guided lasers, there is no critical stripe width
that selects only one lateral mode [8]. However, for narrow
enough stripe widths, there can be stable operation, even in the
presence of spatial hole burning. As a representative example
of stable operation, Fig. 2(a) shows the lateral intensity (solid
curve) and carrier density (dashed curve) profiles at the output
facet for an 8-pm width stripe when the laser is operating at
three times above threshold (» = 3), while Fig. 2(b) shows
the corresponding far-field distribution. Spatial hole burning
is clearly seen in Fig. 2(a). Also seen in Fig. 2(b) is the
evidence of “rabbit ears” in the far field, a well-known feature
of narrow-stripe semiconductor lasers that is attributed to
astigmatism induced by the linewidth-enhancement factor [13].
As the stripe width increases for a constant current density,
the “rabbit ears” in the far field become less pronounced,
but both the near and far fields remain symmetric. Beyond
a critical value of the stripe width, a phase-transition-like
behavior is observed in the sense that both near and far
fields become asymmetric and, at the same time, the lateral
profile becomes unstable. Fig. 3(a) shows a snapshot of the
lateral profile in the unstable region for w = 14 pm. The
lack of symmetry is clearly evident in the near field. This
asymmetry is also present in the phase profile, which produces
an asymmetric far-field distribution, shown in Fig. 3(b). Since
a steady state is not reached for w = 14 yum, both near- and

far-field profiles change on successive round trips, but they

remain asymmetric. Note that the minima in the carrier density
profile (dashed curve) in Fig. 3(a) does not always correspond
with the maxima in the intensity profile. The reason for this
behavior rests on the stripe-edge effects; for narrow stripes,
the carrier density decreases monotonically past the stripe edge
due to diffusion and lack of pumping.
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Fig. 2. Lateral profiles for an 8-um stripe-width laser operating at three
times above threshold with o = 3. (a) Profiles at the output facet for near
field intensity (solid curve) and carrier density (dashed curve). (b) Far-field
intensity distribution. A normalized vertical scale is used in each case.
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Fig. 3. - Same as in Fig. 2 except the stripe width has been changed to 14
pm (upper row) and 50 gm (lower row).

Fig. 3(c) and (d) shows the near and far fields for a stripe
width of 50 um. For such a wide stripe, the filaments are
fully developed. The major filament structures are spaced by
about 15 pm, in agreement with the experimental observations
found in the literature [14]-[16]. The carrier density (dashed
curve) in Fig. 3(¢c) shows an anticorrelation of peaks with
those of the near-field distribution, as expected from spatial
hole burning. The amplitude-phase coupling, via the linewidth-
enhancement factor, produces a multi-lobed far-field pattern
shown in Fig. 3(d). \

The near and far fields shown in Fig. 3 correspond to
the laser output from the facet at z = L. We expect the
intracavity lateral mode and carrier density profiles to change
along the cavity length. Fig. 4 shows the intracavity intensity
as a “grayscale” plot for the case of the 50-um-wide stripe.
The three major filaments (seen at the output in Fig. 3(c))
exist throughout the cavity. Although beam steering is evident,
the light diverges only at small angles, so our assumption of
paraxial propagation for the fields in (1) remains valid. This
figure also shows that the mean-field approximation that is
often used in broad-area laser calculations [17], [18] may be
questionable.
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Fig. 4. Intracavity axial variation of the lateral intensity distribution for the

50-pm stripe. In the grayscale plot, light regions represent high intensities
while dark regions represent low intensities.

The results shown in Figs. 2—4 are obtained for a fixed value
of @ = 3. It is well known that the linewidth-enhancement
factor o plays an important role in destabilizing the lateral
mode and producing filamentation [5], [17]. We have seen that
for a given value of «, there is some width at which the lateral
profile becomes unstable. Conversely, for a given stripe width
w, we can find a critical value of the linewidth-enhancement
factor that will destablilize the laser. Fig. 5 shows the regions
of stable and unstable operations in the w-« plane for three
different applied current densities. Several conclusions can be
drawn from Fig. 5. First, semiconductor lasers with any value
of « are stable for narrow stripes (<6 pm). Second, the critical
width at which the device will operate stably depends on the
level of pumping; increased levels of pumping reduce the
critical width at which a laser can operate stably. Third, for a
given pump level, variations in « around typical device values
(a ~ 2-5) do not change this critical stripe width much, and
this feature has been noted in practice for device fabrication.
Fourth, for wide stripes, the critical linewidth-enhancement
factor below which the laser operates stably remains fairly
constant and is not affected much by different injected current
densities. We have verified numerically that this behavior
persists for stripes as wide as 250 pum. A key feature of Fig. 5
is that for values of the linewidth-enhancement factor below
0.4, the laser will remain stable for very wide stripe widths at
a pumping level as high as 20 times threshold.

The points displayed by crosses in Fig. 5 correspond to the
values of o and w used to calculate the lateral profiles shown
in Figs. 2 and 3. For the parameter values given in Table I,
the current densities of 11.9 kA/cm?, 23.7 kA/cm?, and 79.1
kA/cm? correspond to operating at three times, six times, and
twenty times above threshold, respectively.

IV. INSTABILITY DUE TO SELF-FOCUSING
AND SELF-DEFOCUSING

As mentioned earlier, both self-focusing and self-
defocusing, governed by the parameter ny in (3), can
also destabilize the lateral laser mode. Although, in practice,
both & and no are nonzero for semiconductor lasers, we first
set the linewidth-enhancement factor to zero to isolate the
role of ns in the destabilization of the laser.

We examine the regions of instability as we did for the
linewidth-enhancement factor, calculating the critical value
of me which will destabilize the laser of a certain stripe

"Unstable Region*

Critical Linewidth-enhancement Factor

0 10 20 30 40 50
Stripe Width (um)
Fig. 5. Stable operation boundaries in the w-a plane. The curves are critical
values. of « for which the lateral mode becomes unstable at a given stripe
width w for r = 3 (solid curve), r = 6 (dashed curve), and r = 20 (dotted

curve). The crosses correspond to the operating parameters used in Figs. 2
and 3 with r = 3.

width w. However, the Kerr coefficient ns can be positive or
negative, causing self-focusing or self-defocusing, respectively
(see (3)). Fig. 6 shows the regions of stable and unstable
operation by plotting the value of ny for which the lateral
mode becomes unstable for a given stripe width for the same
three different current densities used in Fig. 5. Consider first
the self-focusing case of ny > 0. The critical ny curves display
a qualitatively similar behavior as the critical o curves in
Fig. 5. For narrow stripes, there is stable operation, and for
wide stripes, there is also stability if n, is below some constant
critical value. However, unlike the critical « curves, variations
in ne do change considerably the critical stripe width for
stable operation; the phase-transition region has a less steep
slope than the corresponding region in the critical o curves.
Also, the pumping level strongly affects the stability of the
device. Higher pumping levels drastically reduce the slope of
the phase-transistion region. And even though the critical no
remains constant at wide stripe widths, it decreases as the
applied current density is increased. This can be understood
by noting that the nonlinear index shift is given by ny I, where
I is the local intensity of the lasing field. The effect here is
not as large in Fig. 5 since the linewidth-enhancement factor
causes a nonlinear index shift proportional to AN, and the
depth of modulation of the carrier density due to spatial hole
burning is not as large as the depth of modulation in the lasing
field, as displayed in Fig. 3(c). This phenomenon arises from
the interplay between the carrier density and the lasing field; a
small variation in N around Ny, will cause the field intensity
to be modulated by 100% as the gain is switched on and off.

Next, we turn our attention to the self-defocusing case of
ns < 0. Intuitively, one might expect that self-defocusing
should not lead to filamentation. However, Fig. 6 clearly
shows that sufficient self-defocusing can lead to lateral insta-
bility. The self-defocusing curves are quite similar in behavior
to those of the self-focusing case, with variations in the
pumping level having the same effects. Fig. 6 shows that the
devices are much more stable with respect to self-defocusing
than to self-focusing. For similar magnitudes of n,, the critical



594

40

"Unstable"

20

ke A
e

Critical 1, (in 10""* em*/W)
<

10 f y:
A
20 )
-20 '
£
j
-30 - [ // 3 "Unstable" b
40 i 1 . .
0 10 20 30 40 50

Stripe Width (in pm)

Fig. 6. Stable operation boundaries in the w-ng plane. The curves are critical
values of ny for which the lateral mode becomes unstable at a given stripe
width w for r = 3 (solid curve), r = 6 (dashed curve), and r = 20 (dotted
curve). The crosses correspond to the operating parameters used in Fig. 7
with » = 3.

stripe width at which the laser become unstable is much wider
for the self-defocusing case than the self-focusing case. Also,
the constant critical value of ny at wide stripe widths is
considerably larger for the self-defocusing case. Most notable
here is that there seems to be an absolute stability region
for stripe widths <5 pm. All of these indicators lead us
to conclude that self-defocusing is much less effective than
self-focusing in destabilizing the lateral mode.

An interesting point is that for identical devices, the sign of
n2 can determine whether or not the device will operate stably.
Consider a stripe width of 16 ym and r = 3 (solid curve) in
Fig. 6. For the self-focusing nonlinearity, the snapshot of the
laser output in Fig. 7(a) shows the breakdown of the lateral
profile at w = 16 pm, similar to the behavior displayed in

* Fig. 3(a). By contrast, the self-defocusing nonlinearity pro-
duces a stable, clean, near-field profile, displayed in Fig. 7(b).
Now consider a stripe width for which either sign will produce
unstable operation. At a stripe width of 35 pm, filamentation
is present for both self-focusing and self-defocusing. The
snapshot in Fig. 7(c) shows deep filamentation and spatial
hole burning for ny > 0. For the self-defocusing case, as
displayed in the Fig. 7(d) snapshot, the filamentation is not as
deep. Again, this speaks for the relative stability of this device
against the self-defocusing nonlinearity. An interesting point
is that these cases proﬂuce filaments spaced by about 8 pm,
where the filaments displayed in Fig. 3(c) are spaced by 15
pm. However, it must be noted that the filament spacing may
change as the Kerr coefficient is varied.

V. DISCUSSION AND CONCLUSION

In this paper, we have discussed three distinct nonlinear
mechanisms responsible for filamentation in broad-area semi-
conductor lasers. The carrier-induced index change, resulting
from spatial hole burning and governed by the linewidth-
enhancement factor «, is the most dominant mechanism,
having an effective value for ny ~ 10710 cm?/W (see the Ap-
pendix). Since self-defocusing introduces a negative intensity-
dependent refractive index while the a-induced index change
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Fig. 7. Near field (solid curves) and carrier density (dashed curves) distribu-
tions for 16 um (upper row) and 35 pm (lower row) stripe widths for ne =
20 x 10712 cm?/W (left column) and na = —20 x 10712 cm2/W (right
column). In each case, o = 0 and r = 3.

is positive, it may be possible to reduce or eliminate these
lateral instabilities with the cladding-layer nonlinearity. Dis-
played in Fig. 8 are near-field profiles for a 50-um wide stripe
lasers operating three times above threshold with o = 3, a
typical value for the linewidth-enhancement factor. Fig. 8(b)
corresponds to the case where Kerr coefficient n, is zero and
is identical to the near field shown in Fig. 3(c), whereas n, =
20 x 107! cm®W and ~20 x 1072 cm?/W for the near
fields shown in Figs. 8(a) and (c), respectively. In the case of
self-focusing (Fig. 8(a)), instability is enhanced as evidenced
by the increase of filaments and subfilamentary structures.
By contrast, the self-defocusing nonlinearity of the same
magnitude (Fig. 8(c)) shows some stabilization compared to
the ny = 0 case in Fig. (8(b)), noted by the decrease in the
depth of modulation of the filaments. A case was not found
to eliminate the filamentation for o = 3, but for o = 2, the
instability was removed with a value of ny ~ —5 x 10~12
cm?/W at a stripe width of 50 pm when the laser was operating
five times above threshold (r'= 5). A more detailed study [7]
revealed that this cladding-layer nonlinearity cannot help if
the linewidth-enhancement factor is much greater than two.
However, for smaller values of the linewidth-enhancement
factor and a limited range of operating intensity, it was possible
to eliminate filamentation and stabilize the lateral mode profile.

We have shown examples of filamentation due to -the
linewidth-enhancement factor and regions of stability for vari-
ous stripe widths and operating levels. The onset of filamenta-~
tion occurs for wide stripe widths (=12 pm) and is enhanced
by higher pumping levels. It was also shown that there is
a value for the linewidth-enhancement factor below which
the devices are stable for wide stripe widths (up to 250 um)
and high pumping levels. Unfortunately, the required value
of o < 0.4 is too low to be realistic for most semiconductor
lasers. However, we should note that the effective value of
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Fig. 8. Comparison of near-field intensity profiles for a 50 pm stripe width
laser for (a) no = 20 X 10712 cm?/W. (b) no = 0. (c) nz = —20 x 10~12
cm?/W. In each case, « = 3 and r = 3.

« is generally different than the material value of a [19],
and it may be possible to design a broad area laser such that
the effective « is below the critical value. Such devices will
be stable without filamentation, regardless of stripe width or
injection current.

We have shown that lateral instabilities are also effected
by the Kerr-type nonlinearity, governed by the intensity-
dependent index of refraction. Within the active region, an
important source for the positive intensity-dependent refractive
index (ne > 0) has its origin in optically-induced heating
[1], [5], [15]. Although there are several sources of heating
within the semiconductor, such as resistive heating, most of
these effects do not contain a strong lateral variation and thus
will not significantly affect the lateral profile. It is difficult to
estimate the effective value of 75 for optically-induced heating
because of the uncertainty in several device parameters such as
the thermal resistivity. However, our rough estimate indicates
that ny values are significantly smaller than the effective ng
value resulting from the carrier-induced index change (see

Appendix). Thermal nonlinearities may be avoided altogether
by using pulses that are shorter than the thermal response time
(~ms) but still longer than the carrier lifetime (~ns) so that
our cw analysis presented here remains valid.

A source for the negative intensity-dependent refractive
index (ng < 0) could come from the cladding layers. Since the
photon energy in the cladding layers is below the bandgap, it
experiences little loss. However, the third-order susceptibility
still leads to an index change given as An = (1 — I')nal,
which may be nonnegligible since most of the light is in
the cladding layers. Experimentally measured values of no
for AlGaAs near the 0.8 um wavelength region are in the
range ny = — 4-8 x 107'2 cm?/W depending on the Al
content [20], [21], with similar values reported for InGaAsP
near 1.5 pm [22], [23]. As seen from Fig. 6, such values are
large enough to affect the lateral stability for stripe widths
=15 pm when the laser operates 4-6 times above threshold.
By a proper design of the cladding layers, the self-defocusing
nonlinearity may help to offset or even cancel the filamentary
self-focusing effects caused by the linewidth-enhancement
factor [7]. This same idea may also be applied to amplifier
and MOPA configurations to extend the device length and thus
increase the output power.

APPENDIX
EFFECTIVE 1y FOR CARRIER-INDUCED NONLINEARITY

In order to get an expression for an effective no caused by
the linewidth-enhancement factor, we first need to eliminate
the carrier density from the gain in (3). Ignoring diffusion in
(5) and assuming only small deviations in the carrier density
from its threshold value, we can solve for the carrier density as

J7/(gd) — No

N =No+ =

(6)

where I is the intensity of the lasing field, I, = Aw/(al'T)
is the saturation intensity, and 7 is the carrier lifetime that
includes nonradiative and spontaneous recombination through
1/7 = 1/7y + BNy, Equation (6) yields a saturable form for
the gain g(N) = a(N — No) = go/(1+1/1,), where the small
signal gain is given by go = a[J7/(gd) — No]. From (3), this
saturable gain yields a carrier-induced index change

algo

AN = = e+ [T’

U

where « is the linewidth-enhancement factor. Although in
general, I can become comparable to the saturation intensity
close to laser threshold, we can expand An in a Taylor series
and ‘write An as Ang + n2l. The effective value of ngy is
found to be given by

al'go

= kol ®

n2

Using the parameter values from Table I, we obtain 7 = 1.9 ns,
and I, = 4.25 MW/cm?. Assuming near threshold operation
and using go = 210 cm™!, the effective a-induced Kerr
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coefficient is ny = 1.9 x 1071% cm?/W. At higher pumping (AlGa)As Lasers,” IEEE J. Quantum Electron.; vol. 25, pp. 862-870,
. . .« . - 1989.
lerElS, strlc'tly.speakmg, Fhe definition .Of n2 does not remain [20] M. J. LaGasse, K. K. Anderéon, C. A. Wang, H. A. Haus, and J. G.
valid. Qualitatively speaking, the effective values of ng should Fujimoto, “Femtosecond measurements of the nonresonant nonlinear
be ~1071% cm?/W because of gain saturation. index in AlGaAs,” Appl. Phys. Lett., vol. 56, pp. 417419, 1990,
{21] G.L Stegeman, “Nonlinear guided wave optics,” Contemporary Nonlin-
ear Optics, G. P. Agrawal and R. W. Boyd, Eds.- New York: Academic,
1992, ch. 1.
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