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Effect of Stripe Width on Threshold in Single
Quantum Well Laser Dio_des
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ABSTRACT

Threshold dependence on stripe width in gain-guided single quantum well lasers has been
examined by complex domain effective index method. It is found, in narrow stripe regime, that the
lateral optical confinement estimated by newly introduced parameter Q decreases very rapidly as
the transverse optical confinement factor T decreases. Thus, in a single quantum well laser with a
usually very small I', the optical confinement may become very poor depending on stripe width not
only in the transverse but also in the lateral direction, further enhancing the gain saturation and
often leading to an anomalously high threshold current. The understanding of rather anomalous
threshold dependence on stripe width will be very important in optimization of quantum well laser
diode structures.
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1. Introduction
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a wide current injection stripe.'” However, In
applications requiring a relatively low output
power which 1s realized better with a narrow
stripe and a short cavity, QW laser diodes may
not be as successful. For example, QW lasers
with a short cavity usually have anomalously
high threshold currents.'**¥ It was also reported
that, especially in single quantum well (SQW)
lasers with a relatively narrow stripe, the thre-
shold current is often larger than in DH lasers. 'V
In QW lasers, in which the active layer is as
thin as the quantum size effect can be observed,
the active layer optical confinement factor T’ is
extremely small. Even though the active layer
optical confinement factor I' is improved con-
siderably with a separate confinement layer add-
ed'” as shown in Figure 2, it is in general very
small compared to in DH lasers. Also in QWs,
gain saturation occurs due to rapid band filling, "
as the theoretically calculated gain-current curve
shows in Figure 3. With the feature of both gain
saturation and very small active layer optical con-
finement factor, it i1s very likely that the thre
shold active layer gain becomes very high and is
in the saturation region, If this occurs, the car-
rier density will be extremely high activating
various non-radiative processes such as Auger re-

combination, carrier overflow to confinement or
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Figure 1. Schematical Cross-sectional view of laser dio-
des. If not specified otherwise, the refractive
indices of active layer and cladding layer are
assumed to 3.59 and 3.14, respectively., W:
stripe width.
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Figure 2. Active layer optical confinement factor I' as a
function of confinement layer thickness L.
[ : QW thickness, n.:confinement layer re-
fractive index.
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Figure 3. Active layer peak gain g and conduction band
quasi-Fermi level Ef (measured from the
bulk conduction band edge) as a function of
the injected current density. d; : active layer
thickness in DH structure,

cladding layer, and carrier transition to nonradi-
ative bands, * 7 often leading to anomalously high
threshold currents. Thus, in designing QW laser
diodes, it is crucial to make the threshold active
layer gain as low as possible and minimize the ga-
n saturation.
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In QW lasers with the feature of gain satu-
ration, the threshold in general depends much
more sensitively on geometry parameters such as
cavity length L and the stripe width W, The
threshold dependence on stripe width have been
studied very rarely compared to the threshold de-
pendence on cavity length. It is very important,
however, to understand how the threshold de-
pends on stripe width, since in most practical ap-
plications a relatively narrow stripe, which is to
better stabilize the lateral modes, is required. In
addition, in QW lasers the differential mode gain
may become extremely small in the saturation re-
gion. In this case, even a very small amount of
mode loss change, for example, as a result of
stripe width change will have a much more seri-
ous effect than in DH lasers with virtually no
gain saturation. In this work, the threshold de-
pendence on stripe width W is analyzed by using
the complex domain effective index method. ®

II. Theory

The evaluation of threshold dependence on
stripe width begins with a proper estimation of
mode gain G. In most of the previous studies,
mode gain G has been estimated by

G=Tg (1)

where I" and g are the transverse active layer op-
tical confinement factor and the active layer ga-
in, respectively. In reality, however, the gain G
estimated by equation (1) is the mode gain for
the transverse mode with an infinite lateral wid-
th. When the current injection stripe W is rela-
tively small, the mode profile will not overlap
well with the gain profile in the lateral direction.
In this case, the mode gain is estimated better by

G=[ [ gWIE(x y)idxdy /
L act

e
"

T 1B v)12dxdy (2)

il

e

where E(x, y) is the modal electric field. How-
ever, the equation (2) is not easily applicable be-
cause in general the modal field E(x, y) is not
very well defined in y-direction,
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Figure 4. Approximated current density and lateral mo-
de profiles when stripe width W is 5 um and
uniform injected current density Je in the
stripe region is 500 Ajcm? L. : confinement
layer thickness, I : transverse optical confine-
ment factor, W, : characteristic current sprea-
ding length.

In this study, instead of using the equation (2)
directly, the complex domain effective index me-
thod has been used.? In this method, the current
density profile estimated by Yonezu et al.'¥ was
piecewise-uniformly approximated into seven lat-
eral layers as shown in Figure 4, and the active
layer gain profile g(y) was then calculated using
the equations by Yan et al.®* Appropriate loss or
gain, in addition to active layer gain g, should be
also assumed in a waveguide. We have also in-
cluded the effect of the gain induced refractive
index change An by

A
An—aﬁ (3)
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where a, Ag, k=2n/A, and A are the line width en
hancement factor assumed to —0.5,'"" gain chan
ge, free space propagation constant, and wave
length, respectively. Then the net mode gain G,
1s given by

Gy =2Im(g4,) (1)

where 8. is the complex mode propagation con
stant for the lateral mode. It 1s noted that the
gain by equation (4) 1s the net mode gain. since
the internal mode loss due to either the lateral
radiation'™ or the absorption 1s automatically ta
ken into account. The threshold will he achieved
when the net mode gain 1s equal to the output
mirror loss, 1/L-In(1/R) where L and R are the
cavity length and reflectivity, respectively, In
this study, a very useful parameter Q. named the

lateral optical confinement factor, is defined by
Gn::Q'C‘xv:Q'(zlrn(ﬂxr)) (5)

where G.. and By 1s the transverse mode gain
and the transverse mode propagation constant,
respectively, in the stripe region in which uni
form current density J. 1s assumed as shown n
Figure 4. It 1s noted that the equation (5), in re
ality, is obtained by extending the relationship in
equation (1) into the lateral direction. '™

lll. Computational Results

Figure 5 shows the lateral optical confinement
factor as a function of the stripe width W at a
current density J. = 500 Afcm. It 1s quite obvi
ous that as the stripe width decreases the lateral
optical confinement factor Q decreases, because
not only the mode spreads more but also the lat
eral radiation increases. '™ Another very import
ant observation in Figure § is that the lateral op
tical confinement factor Q decreases as the trans-
verse optical confinement factor I', since in gen-
eral the gamn-induced lateral guiding or optical

confinement effect decreases as the active layer
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Figure 5. Lateral optical confinement factor Q as a fu
nction of the stripe width at a injected cur
rent density J. — 500 Afem®,
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Figure 6. Net mode gain GG, as a function of the injected
current density for various stripe width, Jap :
threshold current density at a given mirror
loss 1/L-In{l/R}.

optical confinement factor I'.''"" This point can
also be observed in Figure 4. The lateral mode spre-
ads more in a simple QW structure (.. =0 pm)
with smaller I', compared to in a separate con-
finement heterostructure (SCH) with improved
I". Simularly, compared to in DH lasers with a
lager I, the optical confinement in QW lasers is
i general very poor not only in the transverse

but also in the lateral direction. The seriously de
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graded lateral optical confinement factor Q can
easily move the threshold active layer gain into
the saturation region, thereby increasing the
threshold current significantly.

Figure 6 shows the net mode gain as a function
of the current density J.. For a same stripe wid-
th, the SCH-QW structure with larger I" and Q
have a larger net mode gain and a lower threshold
current density Jecn than a simple QW (L. =0 um)
structures, In addition, in the SCH-QW struc-
ture, the threshold current density depends much
less sensitively on stripe width. For example,
when the stripe width changes from 5 ym to 3 um
but with the mirror loss fixed as indicated in the
figure, the threshold current density Jen changes
from 230 A/cm? to 310 Afcoy’ for the SCH-QW
lasers while for the simple QW lasers it changes
much more significantly from 1250 A/em? to 2750
AJ/cm?®. Similarly, in a DH laser with both much
larger I' and Q, the threshold current density will
have a much less sensitive dependence on stripe
width.

In our calculation, we have neglected the ef-
fect of the non-radiative processes which will be-
come active under severe band filling. As shown
in the Figure 3, the conduction band quasi-Fermi
level E¢ rises significantly as the current density
increases, For example, in the case of GaAs QW
of L,=100 A at current density Je= 2000 A/cm?,
the Ei 1s about 0.38 eV and is larger than the
conduction band offset AE. which is about (.28
eV between GaAs active layer and Gag g Alp s As
confinement layer, ‘'’ This implies that a con-
siderable amount of injected carriers would over-
flow to confinement layer degrading the carrier
injection efficiency significantly. ™’ The effect of
the carrier overflow will become more serious as
the stripe width decreases, since the lateral op-
tical confinement factor Q decreases as the stripe
width, leading to more severe band filling and
gain saturation. With this effect included, the ac-
tual threshold current density will depend on stripe
width W more sensitively than expected in our
calculation,

IV. Summary and Discussion

In surnmary, the lateral optical confinement fa-
ctor Q in gain-guided QW lasers has been estim-
ated by using the complex domain effective index
method. The result reveals that as the stripe
width decreases the lateral optical confinement
factor Q becomes closely related with the trans-
verse optical confinement factor I', and in gen-
eral, as the I' decreases the Q also decreases, As
a result, in gain-guided QW lasers with a usually
very small T', the lateral optical confinement fac-
tor Q may become very small depending on stripe
width W, further enhancing the gain saturation
and often leading to anomalously high threshold
current, By the same token, 1in QW lasers, the
smaller the stripe width, the larger the critical
cavity length below which the threshold current
increases anomalously.

Based on the above understanding, a funda-
mental guide line for optimization of QW laser
diodes in terms of especially threshold and output
power 1s made as below.

1) Narrow Width Regime (W< for example 5 ym) :

In this low output power regime, the single qu-
antum well (SQW) structure may hardly complete
with the conventional DH structure in terms of
especially threshold current and temperature ch-
aracteristics, One possible approach may be to em-
ploy either a strongly index-guided or a multiple
quantum well (MQW) structure in order to im-
prove the Q or both the I' and Q, respectively. In
the case of MQW structure, however, the exter-
nal quantum efficiency may converge to that of
DH structure as the number of wells N increases.

2) Intermediate Width Regime (5 ym< W <20 um) :
In htis medium output power regime, depend-
ing on cavity length L and stripe width W, either
a SQW or a MQW (N =2 or 3) structure may be
employed, However, a strongly index guided stru-

cture may be inevitable.
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3) Wide Width Regime (W > 20 um) :

In this high output power regime, a SQW stru-
cture is preferred over either DH or MQW struc-
ture, especially in terms of output power and ef-

ficiency.

Lastly, we believe that the above conclusions
will hold equally well for other material systems,
such as InGaAsP/InP and InGaP/InGaAlP.
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