ROLE OF PETERMANN'S K-FACTOR IN
SEMICONDUCTOR LASER OSCILLATORS

Indexing terms: Optics, Semiconductor lasers

The theory presented indicates that when the active region of
a semiconductor laser is very thin the linewidth enhancement
factor difers significantly from Henry’s | + «® factor and can
be reduced by a factor of 4. Petermann’s K-factor may also
play a role in the plane perpendicular to the junction.

The linewidth of semiconductor lasers has been found experi-
mentally to be about 30 times the value predicted by the
classical formula. This was explained by Henry,! who pointed
out that intensity fluctuations due to spontaneous emission
are esscntially suppressed by changes in the number of elec-
ons in the laser. These involve random changes of the phase
—of the optical field which cause an enhancement of the laser
linewidth by a factor | + «?, where x = An,/An, is the ratio of
small changes in the real and imaginary parts of the active
medium refractive index. We point out in this letter that the
relevant factor o, = Aw,/Aw;, where w=w, + iw; 1s the
complex cavity frequency, differs significantly from « in the
case of a thin active region.

Petermann, on the other hand,? found that when the wave-
fronts of guided modes are significantly curved as a result of
gain inhomogeneities, spontaneous emission in the guided
mode and the laser linewidth are very much enhanced, by a
factor K. While Petermann himsell was only concerned with
gain-guided lasers, we noted® that the same effect could be
found in the plane perpendicular to the junction when the
active region is very thin.

In the present letter we are considering a laser which has a
thin active region ( <0-1 um) and exhibits both effects.

The dispersion relation of a dielectric slab of thickness 24
and wavenumber k = (w/c)n in a medium of wavenumber
k. = (w/c)n, is given approximately by the equation

(k* — k3)d* + k2 = * (1)

when d is small.* Material dispersion is neglected.

In a laser resonator the propagation constant is a fixed real
number f = =l/L, where [ is the longitudinal mode number
and L the laser length.
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Setting

An = An, +i An; Aw = Ao, + i Aw; (2)
we find from eqns. 1 and 2
a, = A /Aw; = (x4 /(1 — ah) (3)

where o = An, /An, is the parameter introduced by Henry! and

h=bfa (K*—k}d=a—ib (4)
In the small d-limit the slab can be viewed as a reactive
surface of susceptance a — ib, where a > 0 expresses normal
guidance and b > 0 expresses the medium gain.

The line enhancement factor is not in general 1 + «? but
1 + a3, where o in eqn. 3 reduces to o only when b < a.

This 1 + «2 factor must be multiplied by Petermann’s K
factor which, for our model, is 1+ h* Thus the linewidth
enhancement factor F, after rearranging, is

F=K(Q0+a3) =+« + 1 — xh)]? (5)

For small h-values, the laser linewidth increases according to
the law

F/1 +2%) =14+ 2eh=~1+ 10h (6)

if we take for « the experimental value ~5.
For a given value of , F is minimum when

h=[1+ (1 + 29" ' ™

For 2 =35, the optimum h-value is 1-22 and the linewidth
enhancement factor Fis 6-2 instead of 1 + o2 = 26.

In order to give a feel for the parameters involved let us
consider a laser with a 0-05 um-thick active region, and a
free-space wavelength of 1 um. Let the active slab have a
relative dielectric constant equal to 13-69 + is;, where the par-
ameter —¢; is proportional to the medium gain. The confining
layers have a real diclectric constant equal to 13:25 (n, =
3-64).

The values of our a and b parameters follow rom egn. 4.
Expressed in (micrometres)™!, and with 24 = 0-05, we have

‘a=0434, b= —0987¢, h=bla= —227¢,and K = 1| + h%

The gain in decibels/millimetre is equal to 165b. Using for o
the experimental value ~5, we obtain Table 1.

Table 1

—g 0:01 005 0-088 1-86
h = b/a 0-027 0113 02 1-22
G, dB/mm 1:63 8:14 14:3 302

K ~1 ~1 1-04 25
2 8 58 12 5} —1-2
AfL/A iz 53 @ 0:23

This Table gives the ratio of the laser linewidth calculated by the
formulas in this letter: Af, and Henry's result A7 The active region
thickness is 005 pm and the free-space wavelength is 1 um. The gain
G (dB/mm) is also listed. h, Petermann’s K-factor and a, = Aw /Aw,
are intermediate results.

As we can see from Table 1, even for the usual gain values
(8 dB/mm), our o, = Aw/Aw, =12 is considerably larger
than Henry's o = 5. This 2, parameter is even infinite when
h = 1fz, but then the theory clearly needs revision. Going to
even higher pumping rates, the laser linewidth Af, decreases
and may be four times smaller than Af, Note that even for
such high pumping rates the relative index change remains
small and the weakly guiding approximation remains valid.

All of these analytical results have been checked against
exact numerical results for active slabs. The numerical method
has been applied also to the usual case of 0:1 um-thick active
layers, where the accuracy of the thin-slab theory is poor. The
same effects are found to be significant. For the gain appropri-
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ate to a 100 um-long laser (G = 48 dB/mm), for example, we
find Af/Af = 2:5. Thus the admitted theory is then in error by
a large factor.

The theory presented thus involves a re-examination ol the
laser linewidth data when the active region is thin (<005 um)
or the laser i1s short (< 100 gm). This theory is also relevant to
the junction plane in the case of gain guidance with narrow
stripes. In order to be able to apply our thin-slab approx-
imation it suffices that the field extent be a few times the active
region width. Finally we pointed out circumstances where the
linewidth is four times smaller than according to existing
theories.
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Appendix: This Appendix sketches'the proof of the validity of
eqn. 5 for laser modes-well above threshold. The details will
be given elsewhere.

We consider a laser model with perfectly reflecting mirrors,
the coupling taking place sideways, in order to have exactly
f = wl/L a real constant. With that coupling mechanism only
one longitudinal mode can be coupled to a single-mode fibre.
The theory should nevertheless be approximately applu:'lble
to the more usual end-mirror coupling.

The total electric field is written

E(t) = E, exp [ig(t)] + f (1)

where the first term represents the oscillating mode with ¢ =
¢, + i, the complex phase. f(t) represents the field accumu-
lated from spontaneous emission from time 0 to r. This is a
Wiener-Levy process analogous to the field in a capacitor
driven by a white Gaussian electric current. If we specify that
the complex phase ¢(f) varies in such a way that | E(1)] is
independent of time we find
phase (E) = (Y + a X)/E;, [=X+iY

where «, = Aw,/Aw,; f = constant.

Next, to obtain { ff*) in comparison to E, E§ we observe
that the power accumulated from spontaneous emission must
be compensated on the average by a decay of the power in the
oscillating mode. The small positive difference between coup-
ling loss and gain is evaluated by considering the laser output
as amplified spontaneous emission. We find that well above
threshold { ff*»/Eq E§ is proportional to the K-factor.

The ambiguity pointed out in eqn. 5 concerning the concept
of ‘power in the mode’ does not arise in our model because
the fields in the active slab plane are real, irrespective of any
loss or gain. The theory gives simple results for the coherent
power for any drive current. The K-factor is obtained only for
far-above-threshold modes. We have checked that the slab
radiation involving both TE and TM modes is isotropic when
the slab guidance is weak.

Aside [rom the distinction between «, and «, and the intro-
duction of the K-factor, the differences between the theory
sketched above and Henry’s theory are only formal.
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