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A theory of longitudinal modes in semiconductor lasers

KamY. Lau
Ortel Corporation, Alhambra, California 91803

Amnon Yariv
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A theory of longitudinal mode lasing spectrum of semiconductor lasers is developed which takes
into account the nonuniform carrier and photon distributions and local gain spectrum shifts
inside lasers with low end mirror reflectivities. The theory gives results consistent with observed
longitudinal mode behavior in lasers with reduced facet reflectivity.

PACS numbers: 42.55.Px, 42.60.Fc, 42.80.Sa

The longitudinal mode spectrum of semiconductor la-
sers has been studied extensively and major observed fea-
tures can be understood in terms of modal competition in a
common gain reservoir. '~ It was generally agreed that* gain
saturation in semiconductor lasers is basically homogeneous
and therefore it should oscillate in a single longitudinal mode
above threshold. Time and again this was demonstrated in
lasers of near-ideal structures®® free from unstable trans-
verse mode or self-pulsations, which otherwise would render
the longitudinal lasing spectrum multimoded. In general,
the number of lasing modes increases with increasing spon-
taneous emission and decreases with increasing optical pow-
er. Other subtle aspects of longitudinal mode behavior re-
quire more detailed theories, such as that including electron
coherence,’ or transverse waveguiding, '° for satisfactory
explanations.

It is well recognized that although ideal in a sense, sin-
gle-mode lasers are not suitable for application in multimode
fiber systems due to modal noise problems. It is important
that one has a laser that is ideal in every other aspects, such
as linear light-current characteristics, single transverse
mode, nonpulsating output, etc., but oscillates in many lon-
gitudinal modes. It was observed that'"!? otherwise single-
mode lasers, when antireflection (AR) coated on one facet,
becomes multimoded. This letter offers an explanation for
this phenomenon.

A combination of several effects, all of them involving
the nonuniform photon and carrier distributions in an AR
coated laser, is responsible for the multimode behavior.
First, the different levels of carrier densities in different parts
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of the laser cavity imply that the local gain spectrum varies
along the length of the cavity. This shift in the gain spectrum
as a function of carrier inversion density is well document-
ed."> When averaged over the entire cavity, the difference in
gain between neighboring longitudinal modes is reduced,
which leads to an increase in the number of oscillating modes
under identical optical power level. Secondly, superlumines-
cence'* takes effect in lasers with a low reflecting mirror
(< 19%) which results in an effective increase in spontaneous
emission contribution. Thirdly, at a certain output power
level measured at the AR coated facet of the laser (refered to
as the exit facet), the average internal optical power density is
much lower in an AR coated laser when compared to an
uncoated laser with identical output power. As mentioned
before, and will be elucidated below, the internal power den-
sity determines the number of oscillating modes.

The analysis is based on the normalized forward and
backward photon propagating equations in the laser cavity,
written for each longitudinal mode:

dx*
=Kgi(1v—-‘}vum)'xi+ +ﬁKN’ (la)
dz
dx;~
———=kKg;(N—N,,Ix;” +BxN, (1b)
dz
where
KN = N,,) =G, / (1 + Tl +x0). (g

where the x *’s and x ~’s are the forward and backward prop-
agating photon densities (which are proportional to the light
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intensities) for the ith mode, N is the carrier density, N,,, is
the carrier density for transparency, « is the gain constant in
cm™ '/(unitinversion), G, is the unsaturated gainincm ™', 8
is half of the fraction of spontaneous emission entering the
lasing mode, z is the distance along the active medium with
z = Oat the center of the laser and g; is the gain factor for the
ith mode, which is commonly approximated by a Lorentzian
with its maximum at the /;th mode.

& =1/[1+ali—i)]. (1d)

The mode i, where the gain maximum occurs varies with
carrier density and is approximately given by'?

iy = [0.095«N] + an arbitrary integer . (le)

Typical valuesare 8 = 107 %,a = 5X 107 %, and«N,,, = 200
cm ™ '. The coupled equations (1) must be solved subjected to
the boundary conditions
X (L/2)=Rx;*(L/2); x (—L/2)=Ryx; (—-L/2),
(2)

where L is the length of the laser, typically 250 um; R, and
R, are the reflectivities of the end mirrors. This boundary
value problem involving n coupled nonlinear differential
equations does not lend itself to even easy numerical solu-
tions. Major features can, however, be extracted with some
manipulations and a minimal amount of computations.

Equations (1a) and (1b) are averaged over the entire cav-
ity, and the forward and backward photons are summed to
give the total photon density in the ith mode:

[4, — B«(N—N,,)]|P, = BkN, (3a)
where P, = x;* + x;~ and
_ 1 RIL/2) [(R/R)'" +1][1— (R,R,)"?]

L P 1+ R,

A.

{

(3b)
1 [ &(N—NyP, dz
" L) [N=N,)P]
and P, = (1/L )§P, dz = average photon density in the cav-
ity, N = (1/L )§N dz = average carrier density. The factor
A; involves the photon density at the mirror facet and is
related to the rate of photon loss from the end mirrors. B,
can be regarded as the overall efficiency of stimulated emis-
sion in the cavity, which is considerably smaller than 1 be-
cause of the nonperfect overlap of the carriers and photons:
the photon density is highest near the end facet where the
carrier density is lowest because of local gain saturation. In
the case where both mirrors are sufficiently reflective
(> 20%), the carrier distribution is almost uniform along the
length of the cavity and B; approaches g;. Equation (3a) can
be physically interpreted as that the spontaneous emission
kBN makes up for the slightly excessive cavity loss 4, P, over
the stimulated gain xB,(N — N, )P,.

The factors 4; and B, for mode { depends on the shape of
the photon and carrier distributions. Now, the fact is that the
shape of these distributions depends strongly on the level of
pumping and the mirror reflectivities, but only weakly on
the mode number. This conclusion can be drawn from a di-
rect integration of Egs. (1a) and (1b), which gives

(3c)
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xz =C expl g [V~ N, )
+ terms of higher orders in . (4)

The gain factor g; differs only slightly (parts in 10*) from one
mode to another and therefore the distributions x*’s are
almost identical, except for the proportionality factor C;
which determines the power in the ith mode. The small dif-
ferences in the g;’s, however, plays a crucial role in determi-
nating the C,’s when applying boundary conditions (2).
Given that the photon distribution of each mode has
nearly identical shapes, one can derive the following:

A, = constant independent of 7, (5)
Selx@+x @=Sk@+x @, (©

where S~ 2P, /P, is the ratio of the total power to that in an
arbitrarily chosen Oth mode. The photon number in each
mode is then computed as follows: given a value for S, the n
coupled equations (1) can be reduced to two equations for the
Oth mode:

dxgt .
i dz =gOK(N_Nom)xO_ +BN! (7)

KN —=N,,)=G,/[1+Sx" +x,)]. (8)

This can then be solved with boundary condition (2) and the
resulting photon and carrier distributions can be used to
compute from Eq. (3¢) the factors B, for each mode. The
ratio of the photon number in the ith mode to that in the Oth
mode is derived from Eq. (3a):

_ 8
0 B+(B0“Bi)(1'—Num/1v)}To ‘

o] >o|

(%)

7+

intra-cavity

output

(b)

optical power (mWw)

_ L
o] 100 200 300 400 500

Gy + KNgn lem™)

FIG. 1. Output optical power (solid lines) from the exit facet of (a) a common
laser with R, = R, = 0.3 and (b} an AR coated laser with R, = 0.01,

R, = 0.3, plotted as a function of G,, + «N,,,,, which is proportional to the
pump current.
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FIG. 2. Lasing spectrum of the two lasers in Fig. 1 at 3-mW output from the
exit facet.

Given a pump level (designated by the unsaturated gain G, ),
the laser length and facet reflectivities, one can self-consis-
tently compute from Eqgs. (7)—(9) the total power ratio S and
the power in each mode.

Figure 1 shows the computed optical power output (all
modes) from the exit facet as a function of (G, + «N,,,)
{(which is proportional to the pump current) for (a) a common
laser with R, = R, = 0.3 and (b) an AR coated laser with R,
reduced to 1%. Also shown is the average intracavity optical
power in both cases. At comparable output power levels, the
significantly lower internal photon density in the AR coated
laser manifests the large number of longitudinal modes, evi-
dent from Eq. {9).

Figure 2 shows the principle results of this study: the
longitudinal mode spectrum of the two lasers in Fig. 1 is
shown at identical output powers of 3-mW /facet. These re-
sults are consistent with that observed in Refs. 11 and 12. At
higher output power levels (> 7-8 mW/facet) though, both
lasers give essentially single-mode output, although the un-
coated laser spectrum is somewhat “purer.” Lasers with in-
creased facet reflectivity exhibit spectrum of even higher pu-
rity, due principally to the higher intracavity optical power
and the smaller variation in the gain spectrum along the
length of the cavity.
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Femtosecond interferometry for nonlinear optics
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A technique of time-resolved interferometry capable of observing nonlinear optical phenomena
down to 70 fs is presented. We report the direct observation of the rotational contributions to the
nonlinear refractive index of molecular liquids using this technique. The subpicosecond
dynamics of such a nonlinearity in CS, are investigated. This technique can be readily extended

to solids, in particular laser glasses.

PACS numbers: 42.65. — k, 07.60.Fs

A wide variety of nonlinear optical effects arises from
the nonlinear polarization P®, third order in the electric
field. There are two intrinsic contributions to this third-or-
der nonlinearity. First, the nonlinear distortion of the elec-
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tronic distribution around a fixed nuclear configuration of
the molecules gives rise to the “purely electronic” contribu-
tion. The second contribution is of “nuclear” origin, arising
from the optical field induced motions of the nuclei of the
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