- ]

rise the transit time, reference to Figs. 3a¢ and b shows that,
for a channel length greater than ~0-4 gm, the transit time
is sherter in InP than GaAs: the converse is marginally true
for channel lengths less than 0.4 gm. For this particular
channel lenath, the corresponding fr, given by (27 % transit
time)~ ', is 114 GHz. The recent results of Maloncy and
Frey* do not show this behaviour, with InP always having a
higher fy than GaAs for a given channel length. Moreover,
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their cut-off frequencies are also significantly lower than the
values we calculate, 50 GHz compared with 114 GHz for a
0.4 ym-long channel GaAs f.e.t. being one example. The
reason for this discrepancy is because they assume that the
channel field E is limited by the inequality 2V < EL € 7V,
where L is the channel length, as recently pointed out by
Shur.” There is, however, no reason a priori why the source-
drain voltage should not be less than 2 V in very-short-gate
devices.
G. HILL 7th March 1977
P. N. ROBSON
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LONGITUDINAL FIELD CONTROL IN
STRIPE-GEOMETRY LASERS

Indexing term: Semiconductor junction lasers

The theory of optical confinement by a gain-guiding mechan-
ism in stripe-geometry lasers has been extended to include
the effects of longitudinal inhomogencity of the optical field
and the gain coetlicient. A proposal is made for utilising
these etfects to improve ficld control and efliciency in lasers
with a.r.-coated faccts.

In the injection laser, a stripe geometry' is usually employed
to define the active width and provide a reasonably uniform
lasing region. There is now evidence, at least for narrow
stripes, that confinement of the lasing emission to the region
of the stripe occurs primarily via a gain-induced guiding
mechanism?' 3 although in larger stripe widths a real index
guidance may also occur.® Conventional thcories of these
effects?~* assume a uniform distribution of gain and loss
along the cavity length, allowing variations only in the trans-
verse dircctions. Although this is a reasonable approximation
for the facet reflectivity corresponding to a GaAs-air inter-
face (0-32), it becomes progressively worse for lower reflec-
tivities. This is because the photon field distribution along the
cavily becomes less uniform for decreasing mirror reflecti-
vities,®~7 and this produces corresponding changes in the
gain distribution. In view of the interest in the use of anti-
reflecting coatings on the mirrors to inhibit catastrophic
degradation® and possibly assist in long-term reliability,® we
present here an extension of the gain-guiding theory?:* to
include longitudinal inhomogeneity of optical field and gain.
In addition, a suggestion is made for achicving longitudinal
field control at low reflectivities by the use of specially-
shaped stripe geometry.

To illustrate the extension of the theory, we consider here
the case of gain-guiding only; the corresponding extensions
to the case of real index antiguiding?® or guiding* should be
obvious. We shall ignore the effect of stimulated emission on
the transverse gain profile, since this assumption has been
shown to be reasonable for narrow stripes (~ 10 um) by the
analysis of Hakki.'® Hence we consider a dielectric profile
&(x, z) of the form

e(x,z) = go(z)=2ia%(z)x2 . . . .. . . (D

where z denotes the direction along the cavity length, x is the
transverse direction in the junction plane and x = 0 occurs
at the centre of the stripe. The origin of the z-axis is taken at
the cavity symmetry point, where the amplitudes of forward
and backward travelling waves are the same. go(z) is the
relative permittivity at x = 0, and is given, in the notation
of Cook and Nash,* by

£o(z)=n,,,2+i'l§—g,(z). S )]

where k is the wave number in free space, g,(z) is the gain per
unit length at x = 0 and #, is an effective refractive index'!
determined by the waveguide provided by the heterostructure
layers perpendicular to the junction plane. The real para-
meter a(z) appearing in eqn. 1 is given by

a2 n. [ 2\2
(z) = (—S—> (go(z)+) . . . . . . (3
where S is the stripe width and « the loss at the stripe edges.?

To relate the gain g,(z) to the electric field E(x,z), the
usual equilibrium rate equations'? at x = 0 may be used. If
we consider (for simplicity) only the situation far above
threshold, and include both forward and backward travelling
waves, we find

jne
= R ]

ede o
where j is the current density (assumed uniform), d is the
active-layer thickness and the other symbols have their usual
meaning. At threshold and above, the modal gain is deter-
mined from the photon rate equation'?

J'(g,,(z)—a(:)/n‘,)clz=ln(l/R,Rz). T

&(2) (JE(0, 2)]2 + | E(0, —2)|?)

where the integral is over one round trip of the cavity and
R, R, are the facet reflectivities.
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In addition to eqns. 4 and 5, a further relation between
the unknowns E(v,z) and g.(z) is furnished by the scalar
wave equation with relative permittivity given by eqn. 1.

in!ensily[ z
x

a3

Fig. 1 Front and side views of calculated power distribution
for a;70 wm stripe-geometry GaAs d.h. laser
Facet reflectivities 0-1, cavity length 500 ym, loss % -= [0 ecm~!

Although a completely self-consistent solution of these equa-
tions would require lengthy numerical computation, a reason-
able Ist-order approximation may be achieved by an iteration
technique commencing with the known solution® ?* for
E(x, z) obtained by ignoring the z-dependence of « and g, in
the equations. Inserting this result in eqn. 4 yields, for a
cavity length L,

£(0)

&(2) = )

z
cosh [Z_LIn (1/R, Rz):|

whence the threshold equation (egn. 5) may be solved for
2,(0). Eqn. 6 provides a Ist-order approximation for the
dielectric distribution &(x,z) via eqns. 1-3. Hence we seek
solutions of the wave cquation with the resultant expression
for e(x, z). Following Kogelnik,'3 we write

E(x,z) = exp[—id(2) = i(P()+ Qz)x¥2)] . . ()

where ¢'(2) = k(eo(2))* and P(z), Q(c) are complex beam
parameters. The resulting equation for Q(z) is'3

(D) +k(eo(2)) Q(2)+2ik*a*(z) =0 . . . (8

where ¢,(2) and a(z) are given by eqns. 2 and 3, together
with eqn. 6. Solution of eqn. 8 is effected most simply by a
series in ascending powers of z with complex coeflicients.
Similarly, the complex phase P(z) may be obtained as a series
from the relation given in Kogelnik's paper.!?

Solutions for the case R, = R, = 0-1 are given in the form
of 3-dimensional intensity plots in Fig. 1. These results
illustrate the main features of gain-guided ficlds in laser
cavities with low facet reflectivitics. As expected {from simple
physical considerations, the fields are best confined in the
lateral direction near the centre of the cavity and spread to
their maximum breadth at the mirrors. We may draw the
following conclusions for stripe-geometry lasers, especially
those with a.r.-coated facets:

(@) In the situation considered here, where the guiding action
is accomplished by the variation of gain and loss across the
stripe, the fields arc spread at the facets, hence giving a lower
power density, which may assist in inhibiting both catastrophic
and long-term degradation.

(b) 1n the opposite situation of real index guidance produced
cither by dips in the carrier concentration (spatial hole
burning)* '® or by a particular fabrication process,'* the
behaviour will be reversed in that the fields will be strongly
focused at the facets; detailed calculations not presented
here support this. An analogous situation may cxist in the
direction normal to the junction planes in single hetero-
structure lasers.
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(c) Experiments designed to study guidance mechanisms in
a.r.-coated lasers® should be interpreted with caution.

In conclusion, we note that the ficld distributions of Fig. |
do not make the most efficient usc of the available gain which
could be provided by the stripe geometry. A more optimal
distribution could, however, be achieved by a measure of
longitudina! field control. For this, it is merely necessary to
provide shaped stripe contacts, as opposed to the conven-
tional rectangular stripes. For example, to encourage a field
distribution with constant beam width, it follows from
eqns. 3, 6 and 8 with 07(z) = 9 that the required variation of
stripe width S(z) should be

S%(z) &0)
Sl +a

cosh [iln (1/R, Rz)]

[£,(0)+a]!

(9)
wh_ere'g,,(O) may be found from eqns. 5 and 6. Provided the
guidance mechanism is well cstz}blished and likely values
for a determined, the fabrication of such a stripe, e.g. by

photolithographic techniques, should present no special
technological problems.
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