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Abstract—Semiconductor lasers with vertically integrated pas-
sive waveguides are theoretically studied using the coupled mode
theory and exact calculation. Formulas for the threshold current
density and the far-field patterns are derived. The physical
concepts of the modulation of the beam divergence by passive

-waveguides are given. The exact caluclated results show that the

beam divergence can be greatly improved by paying a price
of only a slight increase of the theshold current density. The
operation mode selection is discussed. Attention is also paid to
the appearance of side lobes for very narrow far-field patterns.
Discussions are given for device design.

1. INTRODUCTION

HE BEAM property of a laser diode is of great impor-

tance whenever the laser output is needed to be coupled
into another device. For lasers used to optically pump Er?*-
doped fiber amplifiers (EDFA), high coupling efficiency is
particularly important because high pumping power is needed
for the operation of the amplifiers [1]. To obtain high-power
coupling, required are not only the high output power but also
a narrow beam divergence. There have been a large amount
of reports on low threshold current [2]-[4] and high output
power [5]-[7] InGaAs—AlGaAs pump lasers at wavelength
of 980 nm. However, in conventional graded-index separate
confinement heterostructure (GRINSCH) quantum well lasers,
the tight optical confinement causes a large beam divergence in
the direction perpendicular to the heterojunction. This results
in highly asymmetric elliptical far-field patterns and, therefore,
reduces the coupling efficiency. This problem can be cured by
expanding the size of the transverse electric field in the optical
cavity. Furthermore, an expanded electrical field distribution
reduces the risk of mirror damage at high power operations
and therefore increases the laser’s life time. Structures for this
purpose include the large optical cavity and the thin active
layer [8]. However, reduction of the beam divergence for these
structures is limited and usually accompanied by a significant
increase of the threshold current.

Recently, lasers with very small beam divergence have
been achieved by engineering the cladding layers [9]-[13].
Wu et al. utilized periodic-index confining layers to replace
the conventional cladding layers and achieved high power
coupling into a fiber[9]. Cockerill er al. used a depressed
index cladding graded barrier structure to obtain a large size
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Gaussian-like mode [10]. A reduced beam divergence was
achieved with acceptable low-threshold current density. These
structures involve the engineering of the blocking behavior of
cladding layers. Different from these two approaches. Chen
et al. integrated passive waveguides in the cladding layer and
obtained a low-beam divergence of 11.2° [13]. In spite of
the improved performance, the danger of the emission of a
higher-order mode may occur, which results in side lobes in the
far-field pattern and degrades the beam divergence. Besides,
even in the fundamental mode operation, the extfemely small
beam divergence is usually accompanied with obvious side
lobes for these lasers.

In this paper, we theoretically investigate in detail the
performance of the lasers with passive waveguides in the
cladding layers. In the following section, the coupled mode
theory is used to demonstrate the physical concept of the
reduction of the beam divergence due to the existence of
passive waveguides. Formulas for both the threshold current
density and the far-field patterns are derived. In Section III,
we give the exact calculated results of the threshold current
density and the beam divergence for the coupled waveguide
lasers. The formulas derived in Section II are used to interpret
the calculated results. Greatly improved beam divergence
can be achieved at the expense of only a slight increase of
the threshold curent density. We discuss the threshold mode
selection and the problem of the appearance of side lobes
for small far-field patterns. A description is also given for
the influence of material quality and the longitudinal optical
cavity length on the threshold current density for the coupled
waveguide lasers. Discussions are given in Section IV from the
viewpoint of device design. Finally, we conclude this work in
Section V.

I1. THEORETICAL ANALYSIS

The conventional coupled mode theory [14] is used here to
illustrate the physical picture of how the passive waveguides
influence the performance of semiconductor lasers. We con-
sider the laser structure shown in Fig. 1 with a conventional
GRINSCH active waveguide (denoted as waveguide 2) and
two subordinate waveguides (denoted as waveguides 1 and 3).
This structure is similar to the coupled waveguide structure
proposed in [15] but the active waveguide in our structure
contains a thin quantum well that provides gain for the laser
operation. The subordinate waveguides are passive, i.e., there
is no gain in these regions. Assuming the coupled structure is
symmetric and according to the simple coupled mode theory,
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the transverse electric fields in the coupled structure can be
written in linear combination of individual uncoupled electric
fields 11 (z), 1a(z), and ¢3(z) for waveguides 1, 2, and 3,
respectively. The resulting effective refractive indices (defined
as the propagation constant along the waveguide divided by
that in free space ko) for the three guided modes can be
approximated as

1
Neft+ = E[neﬂl + ez + V/ (efr1 — ner2)? + 862 (1)

()]

Neff = Tleff2

1
Neff— = 5[%51 + Motz — V/ (Nt — Ne2)? + 862],  (3)

where n.g1 and nego are the effective refractive indices for
uncoupled waveguides 1 and 2, respectively. « is the coupling
coefficient proportional to the overlap integral of electric fields
11(x) and ¢5(x). The resulting transverse electric field in the
coupled structure is

3
b)) =Y ahi(x).

=1

“

The three guided eigenmodes have different a;’s, which are
expressed by the following vectors:

[mazasly =2+ (c+d)2751 c+d 1 (5)

[ara2a5) = 2731 0 —1] ()
[a100a3)- =24+ (c—d)? 21 c—d 1] ()
where
_ ”efﬂ;ﬂneﬁl 8)
d=ve +2. ©

Clearly, because c +d > 0 and ¢ — d < 0, (5), (6), and (7)
belong, respectively, to the fundamental, the first-order, and
the second-order modes. For the fundamental mode the electric
field tends to concentrate in the waveguide with a larger
effective refractive index. On the other hand, for the second-
order mode, the electric field has a tendency to concentrate in
the waveguide with a smaller effective reflective index. For
the first-order mode, because there is a node in waveguide 2,
the electric field is nearly zero there.

The confinement factor for the coupled structure can be
approximated as

T = ¢%(0)w, (10)

where the center of symmetry of the structure is at x = 0.
We have assumed that the modes are normalized and the
quantum well (with thickness of w) is very thin so that the
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Fig. 1. The coupled waveguide structure with an active and two passive
waveguides.

electric field is nearly constant in the region. Similarly, if the
passive waveguides do not exist, the confinement factor for

- the uncoupled structure is

T2 = 5(0)w. (11
Inserting (4) into (10) and using the fact
a393(0) > ai9(0), (12)
we obtain
-1
Pi = [1 + mJ Ty, a3

where I' | and I'_ are confinement factors for the fundamental
and the second-order modes. The confinement factor for the
first-order mode is nearly zero because the electric field
is nearly zero in the quantum well. The threshold mode
selection for the coupled waveguide laser is determined by the
confinement factors. From (8), (9), and (13), it is found that
to obtain a fundamental mode emission (under the condition
I'y > T'_), nego has to be larger than negs.

The threshold current density for quantum-well lasers can
be well approximated as the exponential expression [16]

Jin = ﬁ ex (_a£_>
th i p Fbo J() )
where Jy is the transparency current density, n; the internal
quantum efficiency, by the gain coefficient, and o, the total
loss including the mirror loss and all internal material losses.
The expression (14) can be well fitted to experimental data,
and parameters such as Jy and by are obtained by the fitting.
All parameters except I and o;; depend only on the thicknesses
of the quantum well and the barriers (denoted as w and
A, respectively in Fig. 1) but are independent of whether
the passive waveguides exist or not [17]. The total loss
ay, although depending on the cladding materials, can be
regarded as a constant and independent of the existence of the
passive waveguides. This is because the existence of passive
waveguides causes only a very small amount of increase
in material loss. The published experimental data showed
that the material loss is usually smaller than 10 cm™! for
InGaAs-AlGaAs lasers. Extremely low loss smaller than 2
cm~! has been reported [3], which is much smaller than the
mirror loss which is the dominant loss mechanism for most
laser structures. Therefore, using (13) and (14), the threshold
current density for the coupled structure is

a4

JE = Jina exp [ 15)

2 Qg
(c+d)2 Tabodo |



T'2 and Jyy,o represent the confinement factor and the threshold
current density for the structure without passive waveguides.
Jit and J; are the threshold current densities for the emission
of the fundamental mode and the second-order mode, respec-
tively. Clearly, based on this equation, because the exponent is
always positive, the threshold current density for the coupled
structure is always larger than that for the structure without
passive waveguides. Because of the exponential expression,

the threshold current density can remain insensitive to the

confinement factor and the coupling between waveguides
(through ¢ + d) if the argument of the exponential function
is small. On the other hand, when the argument of the
exponential function is large compared to unity, the threshold
current density will be very sensitive to both the confinement
factor and the coupling between the waveguides.

The far-field pattern can be obtained by taking the Fourier
transformation of the near-field distribution. The field strength
in free space at angle © is written as [§]

$(0) = G(r)g(@)/_Oo ¥(z) exp (ikoz sin©) dz,  (16)

where G(r) is independent of the far-field angle ©. kg = 21/ A
is the free space propagation constant. g(©) is the Huygen’s
correction factor for which several expressions are available.
The best choice according to [18] is

9(©)

By inserting (4) into (16) and after some simplification, we
obtain the far field for the coupled structure

$+(0) gy, $1(0)
$+(0) T 41(0) $2(0)”
(18)

where M., we call the modulation factors, are defined as

ctdga(0)]7
My [1 + 2 o 0)] .
$1(0) and ¢2(0O) are the far fields belonging to waveguides 1
and 2, respectively. ¢4 (O) and ¢_(©O) result respectively from
the fundamental and the second-order modes. S, as shown in
Fig. 1, is the separation between neighboring waveguides. An
interesting result from (18) is that the output electric field from
the coupled structure is composed of that from waveguide
2 modulated by those from waveguides 1 and 3 through
the modulation factor and the waveguide separation S. The
modulation factor determines the weight of mixing between
$1(©) and ¢2(0©). When the coupling between waveguides
is very weak, the values of M, for the fundamental mode
(nefr2 > new1) and M_ for the second-order mode (neg1 >
Tefr2) approach zero [as can be seen from (8), (9), and (19)]
and then the contribution to the far field almost comes entirely
from the waveguide 2. The modulation of the beam divergence
by the passive waveguides is therefore inefficient. .S, contained
in the argument of the cosine function, plays an important
role in the shape of the far-field pattern. Fig. 2 illustrates how
My and S work. In this illustration, we assume that the far-
field patterns for waveguides 1 and .2, ¢; and ¢g, are the

cos ©

E 17
oS O + N an

$2(0)

cos (ko Ssin®) + (1 — My)

19)
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same [shown in Fig. 2(a)]. In Fig. 2(b), we show the plot
of cos(koSsin®) versus © for kyS = 1, 5, and 10. We
see that for a small k¢S the function cos (k¢.Ssin ©) varies
slowly with © and the pattern is wide. On the other hand,
for a large koS, cos (koS sin®) varies rapidly with © and
the lobes are narrow. Fig. 2(c) shows the final modulated far-
field patterns for koS = 1, 5, and 10. For the fundamental
mode, because 0 < M < 1 (where M is chosen as (.5), the
two terms in the right hand side of (18) have the same sign
for © = 0 and then the beam divergence can be significantly
improved due to the presence of the passive waveguides. We
also find that a larger koS causes a smaller beam divergence.
However, side lobes appear. This is because the rapid variation
of cos (koSsin ®) with © for a large koS and the width of
the central lobe for cos (koS sin©) is much narrower than
that of the unmodulated field shown in Fig. 2(a). On the other
hand, when koS is small, the modulation is inefficient because
of the weak angular dependence of cos (koS sin ©). The far
field is then comparable to that of the unmodulated field. A
compromise can be reached by taking koS = 5. It can be
seen that for koS = 5 the beam divergence has been much
improved and the problem of side lobes is not serious.

When the lasing mode is the second-order mode, the mod-
ulation factor M_ > 1 or M_ < 0. The beam divergence will
be poor because the two terms in the right-hand side of (18)
have opposite signs for @ = 0 and the field strength around
0 = 0 is reduced.

III. NUMERICAL RESULTS

The simple couple mode theory is a useful tool for a qual-
itative understanding of the interaction between waveguides.
However, because of the assumption of weak coupling, it is
not suitable for the quantitative calculation when the coupling
is strong. In this section exact numerical results are presented
for the beam divergence and the threshold current density.
Comprehensible interpretation is given for these results using
the coupled mode theory. ,

In the calculation, only TE waves are considered. The
structures treated are InGaAs-AlGaAs strained GRINSCH
laser for 980 nm emission applications. Fig. 1 has shown
this kind of structures, which is composed of Al,Ga;. ,As
in regions C and F, GaAs regions A and D, Ing 5Gag gAs in
the quantum-well region w, and the linearly graded AlGaAs in
region B. The well and barrier thicknesses are chosen as w =
65 A and A = 150 A. the transfer matrix method is used to
calculate the guided modes [16]. In calculating the threshold
current density, formula (14) is used. The parameters used in
calculation are Jy = 50 A/cm?, by = 24 cm/A, n; = 0.97,
and oy = 20 cm™~? for a 1-mm-long cavity and a material loss
of 7 cm™! [16]. The far-field patterns are calculated using
formulas (16) and (17). The refractive indices- of AlGaAs and
GaAs used in the calculation are obtained from Casey and
Panish [8].

Fig. 3 shows the calculated confinement factor, the thresh-
old current density, and the full width at half maximum
(FWHM) of the far field versus the thickness of the graded
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Fig. 2. (a) The strength of far fields for waveguides 1 and 2, ¢y and ¢
versus the observation angle ©. We assume ¢; = ¢2. (b) The plot of
cos (koS sin ©) versus O, (c) The strength of far fields for coupled waveguide
structures versus ®. The emission of the fundamental mode is assumed and
M4 = 0.5. In (b) and (c) we consider koS = 1 (the solid line), koS = 5
(the dashed line), and koS = 10 (the dotted line).

region B for conventional lasers without passive waveguides
(D = 0), with the AlAs molar fraction z in region C as the
parameter. The confinement factor shown in Fig. 3(a), as the

well-known result [8], increases rapidly with B to reach the
maximum and then decreases slowly. The reason is the cavity-
size effect. Both large and small transverse optical cavities
cause the expansion of the transverse electric fields and then
reduce the confinement factor. For a small Al composition
x, because the small difference between the refractive indices
in A and C causes the expansion of the electric field, the
confinement factor i§\ reduced. In Fig. 3(b), the threshold
current density, which is related to the confinement factor
through (14), increases drastically when B is smaller than
1000 A. So very small B should be avoided. Due to the
cavity-size effect, the threshold current density has a minimum
and increases slowly with B. Fig. 3(c) shows the calculated
FWHM for the structures described above. Small FWHM’s are
always obtained for structures with small B’s and z’s. This is
because, for smaller B’s and z’s, the electric field has a wider
spread. Unfortunately, the small beam divergence is always
obtained together with a high threshold current density. It can
be seen from Fig. 3(b) and (c) that to obtain a beam divergence
smaller than 30°, a price has to be paid with a much increased
threshold current density. The trade-off between the threshold
current density and the beam divergence is obviously tight for
a conventional GRINSCH laser.

The tightness of the trade-off between the threshold current
density and the beam divergence can be cured by the addition
of passive waveguides to cladding layers, which provides
an additional degree of freedom in device design. Fig. 4
shows the calculated threshold current density and the beam
divergence versus the thickness C for structures with passive
waveguides. In these structures, the Al composition z in
region C' is taken to be 0.4 and the thickness of the graded
region, B is chosen as 800 A. Three different thicknesses
for the passive waveguides, D = 0, 500, and 1000 A,
were considered in the calculation. For these passive and
active waveguides described above, the lasing mode is the
fundamental mode (neg2 > ne1). From Fig. 4(a), we find
that for the coupled waveguide structrues the threshold current
density has a maximum at some C and decreases with both
the increase and decrease of C. When C is large, ie., the
separation between waveguides is large, the coupling between
waveguides is very small. As can be found from (8) and (9),
for nega > Memr1, ¢+ d approaches infinity when the coupling
coefficient x approaches zero. The threshold current density
for the coupled waveguide laser J;; therefore approaches
that without the passive waveguides [see (15)]. On the other
hand, when C is very small, the coupling between waveguides
becomes large and the results derived from the coupled mode
theory are no longer valid. We can interpret the behavior of
the threshold current density as follows. Because of the very
small separation between the waveguides, the electric field will
concentrate around the active waveguide. The confinement
factor and, therefore, the threshold current density approach
the values for the structure without passive waveguides. It
can be also found from Fig. 4(a) that for thicker passive
waveguides, the threshold current density is higher. This is
caused by two origins. The major one is that a thicker passive
waveguide (region D) contains a larger amount of electric field



than a thinner one, resulting in a smaller cofinement factor and,
therefore, a higher threshold. Another origin can be explained
as follows. Because for D = 1000 A neg is closer 10 Tegro
than for D = 500 A, ¢+ d is smaller for D = 1000 A. Based
on (15), a smaller ¢ + d results in a higher threshold current
density.

Fig. 4(b) shows the calculated FWHM versus C' for the
structures described above. Much improved beam divergence
can be achieved for D = 1000 A. As will be seen below,
because the far-field pattern for D = 1000 A is modulated
more efficiently than for D = 500 A, the FWHM for D =
1000 A is therefore more improved than for D = 500 A.
By comparing Fig. 4(b) with Fig. 4(a), one can find that an
FWHM smaller than 30° can be easily obtained with only a
slight increase of the threshold current density. For example,
when C' = 8700 A and D = 1000 A, an FWHM of 21° is
achieved along with a threshold current density of 160 A/cm?.
For C = 10200 A and D = 1000 A, we have FWHM = 23
°C and Jip = 144 A/cm?. Clearly, these results are superior
to those for the structure without passive waveguides, which
have FWHM = 38° and Jij, = 136 A/cm? (see Fig. 3).

As described in the previous section; side lobes may appear
when the separation between waveguides is large. The side
lobes can lower the optical power coupling to another device:
Therefore a small FWHM, without considering the side lobes,
does not necessarily mean a good beam divergence. A more

reasonable definition for the beam divergence is the full width |

containing the half power (FWCHP) which is defined as

1FWCHP
f—%FWCHP |¢(®)|2 ) 1

[5 le@)pde 2

(20)

Fig. 4(c) is the plot of FWCHP versus C' for these structures
described above. By comparing Fig. 4(c) with 4(b), we find
that FWCHP is not improved as much as FWHM for C’s
larger than 1 pm. This is due to the appearance of side lobes
caused by the larger separation between the waveguides.

From Fig. 4(b), we can find an obvious oscillation
of FWHM, which is caused by the cosine function
cos (koS sin ©). The period for the oscillation is estimated to
be about 27 /kosin® = \/sin® ~ 0.23 pm if we choose
© ~ 25°. The estimated period is in agreement with the
calculated result shown in figures. The oscillation is also
obvious in the. plot for FWCHP [Fig. 4(c)]. On the other
hand, in Fig. 4(a), the threshold current density lacks such
oscillation. In device design, it is thus desirable to choose a
C' so that a local minimum of FWCHP is obtained while the
threshold current density remains small.

Only the fundamental modes are considered for the struc-
tures treated so far (for D < 1000 A). However, when D
becomes very large, the effective refractive index n.g; can be
larger than neg2. As can be seen from (8), (9), and (13), the
confinement factor for the second-order mode is then larger
than that for the fundamental mode. In this situation, the
second-order mode becomes the lasing mode and then poor
beam divergence results.
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Fig. 3. Plots of (a) the confinement factor, (b) the threshold current density,
and (¢) FWHM versus B for conventional InGaAs—AlGaAs GRINSCH lasers
lacking passive waveguides. In these structures, 4 = 150 A and w = 65
A. The solid line is for an AlAs molar fraction z = 03 in region C, the
dashed line for x = 0.4, the dotted line for z = 0.5, and the dash-dotted
line for = 0.6.

Fig. 5 shows the effect of the operation of the second-order
mode on the lasing characteristics. The plots are similar to
Fig. 4 but results for wider passive waveguides (D = 1200
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and 1600 A) are included. Fig. 5(a) shows the dependence of
the threshold current density on C' with various thicknesses
of passive waveguides. Again as expected, we see that the
threshold current density increases with D because a thicker
D reduces the confinement factor. Fig. 5(b) shows the plot
of FWHM versus C. In this figure, there is a considerable
dissimilarity between the results for D > 1000 A and those
for D < 1000 A. For D > 1000 A, the FWHM abruptly
hops to a maximum value when C' reaches a critical thickness
C. (C. ~ 2000 A in this figure). The sudden deterioration
in beam divergence is due to the switching of the lasing
mode from the fundamental mode to the second-order mode.
However, before C reaches the critical value C., even for a
large D (nefr1 > Mesr2), the FWHM remains small because
the fundamental mode still prevails. This can be seen from
(3), because of strong coupling between waveguides, g —
becomes so small that the second-order mode can not be
guided. In spite of the acceptable FWHM in this case, it can
be seen from Fig. 5(a) that the threshold current density is
unacceptably large since the electric field tends to concentrate
in the passive waveguides for the fundamental mode when
Teffl > Teff2.

From Fig. 5(b), it is expected that there exists a critical
thickness of D, denoted as D., between 1000 A and 1200 A,
where neg1 and Nego Cross over (Meg1 = nNegz) and |c £ d|
reaches the minimum. For D < D,, the FWHM is reduced
with increasing D because of the. decrease of |c + d| and
then the increase of the modulation factor [see (18) and (19)].
One can see from the plots of FWHM and FWCHP that the
improvement in the beam divergence is small for both too
small and too large C’s. For large C’s, the modulation factor is
small due to the weak coupling between the waveguides, while
for small C’s, i.e., small separation S between waveguides,
the angular dependence of cos(koSsin®) becomes weak
resulting in inefficient modulation.

When C becomes very large, the coupling between wave-
guides becomes very weak and the performance of the coupled
structures converges to that of the structure without passive
waveguides. When neg1 is closer to neg2, for example, when
D = 1000 or 1200 A, the convergence is slow with the
increase of C. According to (8) and (9), for small |neg1 —Nefral,
one needs a much small coupling coefficient x and thus a much
large C to obtain a large |c+d|. This slow convergence makes
possible the efficient modulation of the far-field pattern using
a large separation S, i.e., the modulation factor can be large
accompanied with a large separation S.

Fig. 6 shows the plots of the threshold current density,
FWHM, and FWCHP for the coupled waveguide structures
as functions of the thickness D. As before, A = 150 A, B =
800 A, w = 65 A, and the Alas molar fraction z in the C
regions is 0.4. Three different thicknesses for region C, C' =
4000, 8000, and 16000 A were considered in the calculation.
Impacts of the change of the threshold mode are clearly shown
in these figures. As can be seen in Fig. 6(a), there are sharp
peaks of the threshold current density at the critical D.. When
D = D., the confinement factor for the threshold mode is at
the minimum because the confinement factors for both of the
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Fig. 4. Plots of (a) the threshold current density, (b) FWHM, and (c) FWCHP
versus C for structures with A = 150 A, B = 800 A, w = 65 A, and the
AlAs molar fraction z in region C' is 0.4. The solid line is for D = 0, the
dashed line for D = 500 A, and the dotted line for D = 1000 A.

fundamental mode and the second-order mode cross over in
this situation. The width of the resonance peak is narrower for
a larger C. This result can be easily understood by utilizing the
coupled mode theory. For a larger C, the coupling coefficient



700 —r .
L i D=0 um
!
600 i' t . — - — 0.05 ]
~ i
NE 500 | I -------------- 0.1
L iy - 0.12
:5400—,.! e 016 A
£ i
S 300 b Y -
A
200 _',"." Y "-~.,_~ N 1
KO _ ""~~.._\_ '''' ~
100 L :
0.0 0.5 1.0 1.5
C (um)
@
140 — -
D=0 um
’§120r -—__ 0.05 f
O [ 0.1
o 100} Mry, e 0.12
~ ! i \\\\ 0.16
Sl I RN o
= i} NN
- 80 P RN ]
ﬂ\ P ST
40 [N I
‘*5«..‘: ~~~~~~ T e
20 "'I ___________________ e
0.0 0.5 1.0 1.5
C (um)
Q)
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fraction @ in region C' is 0.4. The solid line is for D = 0, the dashed line for
D = 500 A, the dotted line for D = 1000 A, the dash-dotted line for D =
1200 A, and the dash-dot-dotted line for D = 1600 A.

k is smaller and |c + d| (e — d]) is larger for the fundamental
mode (the second-order mode). From (15), one can see that
the threshold current density for a larger C (larger |c % d]) is
lower than that for a smaller C (smaller |c £ d|) except when
D approaches the critical value D, (neg1 & nego). This makes
the resonance peak of the threshold current density narrower
for a larger C'. As will be seen in the following, the narrow
peak of threshold current density allows us to choose a D close
to D,, at which the threshold current density remains small but
a significantly improved FWHM can be achieved. It is found
that for D larger than about 1700 A, the threshold current
density for smaller C' can be lower than that for larger C.
This is in contradiction to the expectation from the coupled
mode theory (15). The behavior, similar to Fig. 3(b), is the
optical cavity effect. This effect becomes innegligible when
the coupling is strong. ;

Fig. 6(b) is the plot for FWHM. We see that the FWHM
decreases with D and then reaches the minimum at D = D..
As expected, when D crosses over D., the lasing mode
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Fig. 6. Plots of (a) the threshold current density, (b) FWHM, and (¢) FWCHP
versus D for the coupled waveguide structures with A = 150 A, B = 800
A, w = 65 A, and the AlAs molar fraction  in region C is 0.4. The solid
line is for C = 4000 A, the dashed line for C' = 8000 A, and the dotted
line for C = 16000 A.

switches from the fundamental mode to the second-order mode
and the FWHM abruptly hops from the minimum to the
maximum. FWHM lower than 20° can be obtained when D
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Fig. 7. The far-field patterns for structures with A = 150 A, B = 800 A,
w = 65 A, and the AlAs molar fraction z in region C' is 0.4. The solid line
is for D = 0 (lacking the passive waveguides), the dashed line for C' = 8000
A'and D = 1000 A, and the dotted line for C' = 16000 A and D = 1050 A.

is around D.. By comparing Fig. 6(a) with Fig. 6(b), we see
that a considerable improved FWHM can be achieved with
a slight increase of the threshold current density. For larger
C’s, the dip at the minimum of FWHM is sharper. This can
be interpreted by the reason similar to that for the relation
between the resonance peak width of the threshold current
density and the thickness of region C. For a smaller coupling
coefficient «, the modulation factor M is smaller. A smaller
minimum FWHM can be achieved for a larger C' due to the
narrow central lobe of the cosine function cos (koS sin ©) (see
Fig. 2). However, in spite of the extremely small FWHM, if
the dip around D = D, is too sharp, the region for small
FWHM becomes so narrow that the tolerance to obtain a
small FWHM is tight. Even if a much smaller FWHM is
available, it does not mean it is a desired pattern because of the
appearance of side lobes for large C’s. In this case, we prefer
FWCHP to FWHM for the judgment of the beam divergence.
Fig. 6(c) is the plot for FWCHP. The behavior for FWCHP
is generally similar to that for FWHM. The main difference
is that the smallest minimum FWCHP occurs at C = 8000
A rather than at C' = 16000 A. The beam divergence clearly
becomes undesirable for large C’s. To demonstrate that the
use of FWCHP is more suitable than that of FWHM, we plot
the far-field patterns for three different structures in Fig. 7.
Although the far-field pattern for the structure with C' = 16 000
A and D = 1050 A has an FWHM as low as 12°, the problem
of side lobes is serious. On the other hand, the far-field pattern
with an FWHM of 22° for the structure with C' = 8000 A
and D = 1000 A lacks such serious side lobes. The beam
divergence for this structure is clearly superior to that for C =
16000 A and D = 1050 A and to that for the structure without
the passive waveguides. This is in agreement with the result
of FWCHP in Fig. 6(c) which implicitly considers the shape
of the far-field pattern. :

When calculating the threshold current density, we have
assumed that the parameters in the argument of the exponential
function in (14) are constant except the confinement factor T'.
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Fig. 8. The threshold cusrent density versus C for structures with A = 150
A B =800A D =1000A, w=65A4, and the AlAs molar fraction z
in region C is 0.4. The solid line is for a; = 0, the dashed line for oz =
10 cm™?, the dotted line for oy = 20 cm™?!, and the dash-dotted line for
a; = 40 cm™ 1,

It is worthy to investigate the influence of these parameters on
the performance of a coupled waveguide laser. Fig. 8 is the
plot for the threshold current density versus C' with the total
loss «y as a parameter. The structures considered are with A =
150 A, B =800 A, D = 1000 A, w = 65 A, and the AlAs
molar fraction z for the C regions is 0.4. As can be seen, when
C is small, the coupling between waveguides is strong and the
threshold current density rises. The threshold current density
is sensitive to the coupling between the waveguides for large
losses such as oy = 40 cm™!. Because the loss is contributed
mainly from the mirror loss, a long cavity of low mirror loss
is desired for the coupled waveguide laser. For a cavity length
of 1 mm, which we have considered in this study, the total
loss a; = 20 cm™' and the threshold current density remains
weakly dependent on the coupling. On the other hand, if the
cavity length is chosen to be 300 pm, the total loss o is about
40 cm™1, resulting in the increase sensitivity of the threshold
current density to the coupling strength.

IV. DISCUSSION

We have found that two more parameters C and D can be
utilized in device design for coupled waveguide lasers than for
conventional lasers. The tightness of trade-off between current
density and beam divergence for the conventional laser can
be overcome by these addditional degrees of freedom. We
have known that the coupled waveguide laser can be used
to significantly improve the beam divergence at only a small
sacrifice of the threshold current density when the parameters,
such as the thicknesses of regions B, C, and D, the AlAs
molar fraction z, and the longitudinal optical cavity length,
are properly chosen.

When designing a coupled waveguide laser, it is of the
most importance to make sure that n.g; is never larger than
nega for the operation of the fundamental mode. The second-
order mode causes poor beam divergence. The thicknesses of
the passive waveguides D are therefore always needed to be



smaller than the critical D., which depends on the structure
of the active waveguide.

As discussed above, for coupled waveguide lasers, the beam
divergence is improved because the far field is modulated
by the presence of the passive waveguides. To make the
modulation of the far field efficient, the modulation factor can
not be too small and the separation between waveguides needs
to be large enough. However, a large separation S reduces
the coupling strength and then reduces the modulation factor.
To obtain a large modulation factor and a large separation
S simultaneously, the thickness D of the passive waveguide
therefore should be chosen so that the beam divergence
changes slowly with the increase of C (see Fig. 4). A better
chosen D is the one which is close to the critical thickness,
D.. However, when D approaches D, the threshold current
density increases rapidly [see Fig. 6(a)]. A compromise has
to be made. A good compromise would be for C not too
small and D not too close to D.. From Fig. 6(a) and 6(b),
we can find that the desired D should be about 1000 A and
the desired C' should be larger than 8000 A. However, for
a good far-field pattern, the separation between waveguides,
S, can not be too large because of the appearance of side
lobes and the tightness of design tolerance. A suitable choice
for C' is 8000 A. Because the separation between waveguides
can not be small (for a good beam divergence), the electric
field should not be bound too tightly in the active waveguide
in order to obtain a sufficient coupling between waveguides.
This is why we choose the active waveguide with z = 0.4
and B = 800 A in this study rather than that with = 0.6
and B = 1500 A which has a larger confinement factor and
a lower threshold current density (see Fig. 3). On the other
hand, the active waveguide which confines the electric field
too loosely should also be avoided because of the increase of
the threshold current density. Once the active waveguide is
determined, we have simultaneously determined negs and D,.
According to the discussion above, the other parameters can
then be chosen properly.

From the calculated results and the discussion above, we
can propose an InGaAs-AlGaAs coupled waveguide laser
structure for 980 nm applications. It is the structure with a 65
A Ing.2Gag gAs quantum well, 150 A GaAs barriers (region
A), 800 A graded layers (region B) linearly graded from
GaAs to Alg 4Gag gAs, 8700 A Aly 4Gag gAs region C, 1000
A GaAs passive waveguides (region D), and a longitudinal
cavity length of 1 mm. The threshold current density for this
structure is expected to be 160 A/cm? and the FWHM is 21°
with a good far-field pattern (see Fig. 7). It should be point
out that the laser structure with the record FWHM of 11.2°
is not the desired one for the coupling application because of
the serious side lobes and the high threshold current density
[13]. Other structures with small FWHM’s are also found to
have the threshold current density much higher than that for
our proposed structure.

In this study, we have assumed a single passive waveguide
in each cladding layer. For structures with multiple passive
waveguides in each cladding layer [13], the analysis for both
the threshold current density and the beam divergence is

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 32, NO. I, JANUARY 1996

similar to that presented in this study. The formula (18) for
the far-field pattern will contain more terms of the cosine
functions. We have also assumed that the waveguides are
isolated from the cap layer, metal layer, and the substrate.
In reality, these layers may influence the performance of
lasers, regardless of whether they are the coupled waveguide
lasers or the conventional GRINSCH lasers, if the separations
between these layers and the active waveguide are not large
enough.

V. CONCLUSION

We have theoretically investigated both the threshold cutrent
density and the beam divergence for coupled waveguide lasers
using couple mode theory. The coupled waveguide structure is
composed of an active waveguide which provides gain and two
passive subordinate waveguides used to modulate the far-field
pattern. The theoretical results show that the far-field pattern
for the coupled waveguide laser depends on the modulation
factor and the separation between the waveguides. Based
on our analysis, the beam divergence can be significantly
improved using the coupled waveguide structure with only
a slight increase of the threshold current density.

Exact numerical calculation for coupled waveguide struc-
tures has been performed. Results from calculation are well
interpreted using the simple coupled mode theory. The thick-
nesses of the passive waveguides are required to be thinner
than a critical thickness for the fundamental mode operation.
The separation between waveguides needs to be large enough,
and, the coupling needs to be strong enough to make the
modulation of the far-field efficient. Therefore, the width of
the passive waveguides should approach the critical width
so that the modulation factor converges slowly to zero with
the increase of the separation between waveguides. Large
separation between waveguides should be avoided because
the side lobes may appear in the far-field pattern. A long
optical cavity is required to obtain the insensitivity of the
threshold current density to the coupling between waveguides.
An optimum 980-nm InGaAs—AlGaAs coupled waveguide
laser structure is proposed. It has a low threshold current
density of 160 A/cm? and a small FWHM of 21° with a good
far-field pattern.
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