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Abstract—Analytical approximations of near- and far-field parameters characterizing the
TEo mode propagation in symmetric double-heterojunction waveguides are de-
scribed. By using trigonometric function approximations, the mode phase shift
at the dielectric interface is estimated within a few percent over the whole range
of D (normalized waveguide thickness) variation; as a result, approximations within
1% are obtained for: the field intensity in the waveguide, the effective waveguide
thickness, and the effective waveguide index. Field intensity maxima and effective
thickness minima are found to occur for D ~ 1.74. The physical significance of
the approximated parameters to device behavior is discussed. Simple approxi-
mation formulae for the radiation confinement factor, Iy, of the TE, mode (sym-
metric and asymmetric guide) and TM, mode (symmetric guide) are also given.
Gaussian approximations are used for estimating near- and far-field intensity
profiles over intermediate D ranges (1.8 < D < 6 and 1.5 < D < 6, respectively)
and for An/n < 10%. The laser beamwidth in the transverse direction, 0 | , is
obtained with 4% maximum error by using a Gaussian approximation for 1.5 <
D < 5, and a corrected asymptotic formula for 0 < D < 1.5. An accurate analytic
approximation is also obtained for the laser transverse far-field pattern in the
non-Gaussian region 0 < D< 1.5, 0, < 40°.

FILE COPY

1. Introduction

Semiconductor lasers of the double-heterojunction (DH) type have been
extensively analyzed!-3 due both to scientific interest as well as to their
utility in a wide range of applications. A DH laser is usually represented A
as a three-layer slab dielectric waveguide (see Fig. 1) composed of an

* This research was sponsored in part by the U.S. Army Research Office, Durham, N.C., and in part
by RCA Laboratories, Princeton, N.J.
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Fig. 1—Schematic representation of the fundamental transverse mode in symmetric dou-
ble-heterojunction waveguides. The refractive indices of the active layer and
cladding layers are ny and n,, respectively, with n{ > n,. The effective guide
thickness dgr = (1 + 2/Y/).

active layer of refractive index n; and thickness d, sandwiched between
passive cladding layers of refractive indices ns and n3, respectively, which
are less than n, (at the lasing wavelength). For symmetric structures (i.e.,
ng = n3), the waveguide has zero cut-off thickness for the fundamental
transverse mode.*® In practice, the active layer thickness d is chosen such
that only the fundamental mode lases.!:2 Also the lasing mode is found
in most instances to be TE polarized. Thus the symmetric DH operating
in the fundamental TE( mode is currently the most widely used laser
structure for optical communications via fibers. For this reason we chose
to restrict most of our analysis to the TE) mode. We have reported
previously® on beamwidth approximations for these structures. In this
paper we present a complete description of the fundamental TEy, mode
(near-fields and far-fields) with the help of accurate analytical approx-
imations. The approximations are based both on mathematical prop-
erties of certain functions as well as on physical trends in the mode be-
havior.

The analytical approximations that are employed, while covering wide
ranges of parameter variation, have different forms over different in-
tervals rather than a single form resulting from an asymptote combi-
nation.”-? For this reason we shall refer to our approximation formulae
as analytical approximations over intervals (the number of intervals for
a given function does not exceed two). Similar approximation methods
have been used previously for Fermi energy calculations.!?

The first part of the paper is concerned with the mode characterization
in the near-field. By using approximations for the mode phase shift at
the dielectric interface, ¥, various parameters directly dependent on y
can be accurately determined (e.g., the effective waveguide index). A
Gaussian approximation is obtained for near-field distributions over the
range 1.8 < D <6 (D = (2x/\)dVv/'n? — n} is the normalized guide thick-
ness?). In the second part, a Gaussian approximation is used for de-
scribing fields in the far-field over the range 1.5 < D < 6. The Gaussian
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approximation for this interval, as well as an asymptotic approximation
for the range 0 < D < 1.5, allows a very precise (within 4%) computation
of the beam angular spread in the plane perpendicular to the junction,
0, (fwhp). Relatively simple expressions for the far-field intensity
patterns are also presented.

2. Mode Propagation in the Waveguide

The propagation of the TE¢ mode in the symmetric waveguide of Fig.
1 is characterized by the following variation of the electric field:*

E,(x,z) = Eolcos(gx)je /62 for |x| < d/2

E,(x,z) = Eofcos(qd/2) exp[—p(|x| — d/2)]}e /6=
for |x| > d/2. [1]
Here q and p are “transverse propagation constants” in the active layer
and cladding layer, respectively, 3 is the propagation constant along the
z direction, and Ej is the amplitude of the E, (x,z) field component. The

field time dependence is omitted. After applying the proper boundary
conditions one obtains the mode equation,®

vian(4) v, 20
where ¢ = qd and ¥/ = pd; ¢ and ¢’ are related by the condition
» :
v = (B i -ny - 02, (2b]

where D is the normalized waveguide thickness. For the fundamental
mode, the quantity ¢ is identical to the phase shift suffered by the guided
wave at the dielectric interface upon total internal reflection.!! For this
reason we shall refer to Y as phase shift at dielectric interface. Eqgs. [2a]
and [2b] reduce to

o SSEERe

cos (ﬂ)

2
All the information on a given structure is obtained in D, and thus Eq.
[2¢] unequivocally determines the phase factor Y characteristic of the
TE¢ mode propagation in the structure. In Fig. 1 we also show the electric
field variation with x: the electric field follows a cos|(y/d)x] dependence
in the active layer, and an exponential exp[—(¥//d)(]x| — d/2)] depen-

dence in the cladding. The electric field amplitude E is obtained by
normalizing the fields to unity:

‘f_m Ey(x,2)E;(x,2)dx = 1. [3a]

[2¢]
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The result is

1 2
i 3b
Eo vVd(0.5 + 1/{) \/6 5d +1/p \/ defs i

where d., the effective guide width, is the sum of d and the penetration
depths (1/p for each cladding layer), as shown in Fig. 1. The electric field
variation, as shown in Fig. 1, is an exact description of the mode in the
guide. Strictly speaking, it is not identical to the laser near-field distri-
bution, due to incident power coupling to unguided radiation modes at
the laser facet.!213 However, this difference has been shown to be neg-
ligible in semiconductor lasers,'213 and thus we shall consider the field
description given by Eqgs. [1] as applying to the near-field distribution
as well.

Another useful parameter in describing the dielectric waveguide is
the effective waveguide index N.11,14

2
N=£=ﬁ-'\/n +(1*§ (nl—n2) [43]
' A
which for small index differences (i.e., n; — ny << n1) becomes
2
N =ny + (1 —li); (ny — ny). [4b]

For a laser, the presence of gain in the active layer introduces changes
in the imaginary part of the dielectric constant;!® however, for the
transverse direction, we shall neglect the gain contribution to the bulk
index of the active layer, since even the largest estimates for that con-
tribution516 are much smaller than An = n; — ns of a practical de-
vice.

3. Approximations for the Guided Mode Propagation

As seen from the previous section, ¥ is the crucial parameter in deter-
mining the mode propagation in the guide. For this reason we first
concentrate on finding a simple yet suitable approximation for y. Near
the cut-off value (in this case D = 0) we use the property of the cosine
function of being very well approximated over a relatively wide range
by the first two terms of its power series expansion. For instance in ap-
proximating cosf by 1 — (62/2) over the range 0 < § < x/4 the relative
error introduced is at most 2.2%. With this approximation Eq. [2c] be-

comes
et
cos (g) |
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with the solution for :
V1 + (D22) -
v=4 H(ll)) =l 0<D<m (5]

By using Eq. [2c] it can be shown that for small errors in computing
cosy/2 [i.e. A(cosy/2) = cosy/2 — (1 — (Y2/8)) « cosy/2] the relative error

for ¢ is
4
éi : : A(cos 2) 5
v 1+(D%2)
cos 5

Thus the error introduced by using cosf ~ 1 — (62/2) is further reduced
by the term 1/v/1 + (D2%/2) . We find that ¥ can be approximated by Eq.
[5] within 2% for D values up to = (the cut-off value for the first order
mode). For instance, in an (AlGa)As DH guide with An = 0.22 and \ =
0.9 um, the case D = = corresponds to d = 0.36 um. In general all regions
of practical interest in cw diode lasers are within the 0 < D < 7 range.!2
Although for D = = the first order transverse mode could be excited, the
fundamental mode is the only one that is observed to lase, most probably
due to the difference in mode facet reflectivity.! Lasing in the funda-
mental transverse mode was found to occur up to values of D between
5and 7 (e.g., up to d = 0.6-0.7 um for (AlGa)As lasers with An = 0.22 and
A = 0.9 um?). For these reasons we also seek approximations for ¢ in the
x < D < 7range. We start far from cut-off (i.e., ¢ = 7). Fory = 7 — §, we
obtain

D e =1r—£:_:1r-£= 2y : 7]
i g e

cos (— - g) sin =

2 2 2
As the D value is reduced from « to 7 the error for the approximation
sin(£/2) = £/2 can be as high as 7%. However, just as in the near-cut-off
case, it can be shown that the actual error in computing ¥ from Eq. [2c¢]
is less, since

+ D (sm )

sin £
2

From Eq. [7], the expression for the ¢ approximation far from cut-off
is

Sy )

Y= #<D<» [9]
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with a maximum error of 2.7% at D = w. By using different methods,
Reinhart et all7 as well as Marcuse® have obtained virtually the same
expression for the far-from-cut-off approximation. The  versus D plot
(0 < D <7) together with the two approximations, are shown in Fig. 2a.
The y approximation formulae (i.e., Eqs. [5] and [9]) are listed in Table
1, which is a summary of the approximations used for all of the near- and
far-field TE(, mode parameters studied here, together with a previously
reported? analytical approximation for the TE, radiation confinement
factor, I'p.17-20

With the help of the ¥ approximations several parameters describing
the mode propagation can be accurately determined. Figs. 2b-2d show
the variation of three such parameters: the normalized peak field in-
tensity in the guide, Ed,.,, the effective waveguide thickness d.s, and
the effective waveguide index N. For these calculations, Al;Ga;_xAs
structures with An = 0.1, 0.22, and 0.34 and n, = 3.6 are considered.

The normalized field intensity in the guide can be used in calculating
the peak field intensity at the facet!-2!

~ E2 noPo 105 kV)2
ni(l1 —R)

nl(l—R)(zi:(,)) ( ) [10]

where Py is the average power emitted per unit length expressed in
mW/um, 99 = 120~ is the vacuum wave impedance, and R is the power
reflection coefficient. It is interesting to notice from the la ' term in Eq.
[10] that for the maximum field intensity at the facet, the power density
per unit area is twice the average value usually considered for a laser (i.e.,
Po/d.fs). One can use Eq. [10] to estimate laser degradation and/or cat-
astrophic facet damage levels.! Fig. 2b shows that for all structures EZ,.,
has a maximum around D = 1.74, which thus should be the worst place
for high power laser operation (e.g., for a structure with An = 0.22, the
case D = 1.74 corresponds to d = 0.2 um). This maximum in field in-
tensity also corresponds to a 60% ratio of the energy propagating in the
active layer versus the total mode energy (i.e., I'g = 0.6). The approxi-
mations shown in Fig. 2b for EZ,... have a maximum error of 0.7%. Very
similar accuracy is obtained in calculating d.z, the effective waveguide
width (Fig. 2c). As expected, the minima of the d.j curves occur for D
= 1.74. The effective width is an important parameter when energy ex-
change is considered!4, and also is a measure of the degree of light con-
finement to the active layer.

The effective index N is shown in Fig. 2d. Maximum approximation
errors (i.e., at D = r) amount to only 3 X 1073 for An = 0.22. In the ex-
pression for N, the factor 1 — ¢2/D? (sometimes called the normalized

E 2ma:c,facet
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Fig. 2—The variation with respect to the normalized waveguide thickness D =
(27/\)dV nZ — nZ of the exact solutions (solid curves) and approximations (dashed
curves) for: (a) ¥, the mode phase shift at the dielectric interface upon total internal
reflection; (b) E3,, the maximum field intensity in the guide for the case when
the fields have been normalized to unity (Eq. [3a]); (continued)
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Fig. 2 (continued) (c) doy, the effective waveguide thickness (for comparison we plot d for
An = 0.22); (d) N, the effective waveguide index. The parameters shown in (b)
— (d) are plotted for Al,_,Ga,As DH structures with n; = 3.6, A = 0.9 um, and
for An = 0.1, 0.22, and 0.34. The extrema of the E3 curves (i.e., maxima) and dyy
curves (i.e., minima) occur at D = 1.74.
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guide index, b'4) can also be written as sin(y¥/2), but only for the TE,
mode (i.e., b = (N — ny)/(n; — ny) = sin?(y/2)). The formulation of b
in terms of ¥ only, allows a simple expression for the wavepacket longi-
tudinal shift upon total internal reflection at the dielectric
interface:!*

dy A

22.\' T __—.— ’

dp wAn siny
i.e., the Goos-Hianchen shift. Also, it can be easily shown that as D — 0,
b approaches asymptotically the value D2/4, and consequently (I'¢/2),°
rather than I'y.!6¢ The effective index is a very useful concept when
considering lateral light confinement in structures of varying active layer
thickness!!22:23.42 a5 well as in buried lateral guides.242%

The approximations presented above refer only to TE, modes of
symmetric guides. For the TM, mode of symmetric guides the difference
occurs in the characteristic equation [2¢]. Using the expressions of An-
derson? it can be shown that the characteristic equation is

Rl e A

Approximation formulae for ¢ can be easily found by using the same
methods as for the TE, mode. The errors thus introduced have values
very similar to the ones for the TE( mode (i.e., <2%). Table 2 summarizes
the near-field approximations for the TMy mode of symmetric DH
structures. We include in Table 2 an approximate formula for the TM,
mode radiation confinement factor, I'gyy,, Which was obtained in a
similar manner as the I'g 1, analytical approximation.® The expression
is found to agree fairly well (within 10%) with numerically calculated
curves by Hakki and Paoli.!®

For asymmetric guides (n3 > ns) an asymmetry factor n = (nj— n})/(n}
— n?) is used in the characteristic mode equation [4]. Table 3 gives the
characteristic equations for TEj, and TM(, modes and an analytical ap-
proximation for I'g of asymmetric guide TE( modes (the same method
as in Ref. [9] was used). Again explicit (approximate) solutions for ¢ over
the intervals 0 < D < 7 and D > = could be obtained and, thus, one could
approximate various near-field parameters.>14 However, we limit our-
selves in this paper to symmetric guides (n = 1), since the approximations
for the asymmetric DH case would be considerably more complex, and
because few practical DH lasers are of the asymmetric type. These are
treated in detail in Ref. [1].

In an article concerning light propagation in symmetric multimode
guides,” Lotspeich uses similar mathematical approximations for ¥, but
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Table 3—Asymmetric DH Structures

Mode Characteristic Equation
TEo 2= VIDT=y)(DT = %) + vy D2 cosy
2/D2 - 42 2./ 2 _ 42
TM, ¥ = tan™! i}-——D ¥~ 4 tan-! p-,'z-——"D ¥
nj v nj 12
Parameter Approximation; 1 < p <
o . Ny et
l‘o,m l—m, 1 0 1—-’_—77; D(D tan n 1) X
1 -1
1+ vV n2 -1 2
7?1+ (n—DAD —tan~ V5 - 1)

Definitions:

2
D‘—‘"g—dv ! n25,,7 —z—'zni>n2

Topg = f o El(x)dx

only over limited ranges, since his purpose is to find Y asymptotes. The
asymptotes are then used in a linear combination with variable coeffi-
cients chosen to provide a good y approximation. While very accurate,
the resulting ¥ formula is rather complicated. We believe that our rela-
tively simple approximations for ¥, over intervals of D, are more than
adequate in precisely describing the behavior of fundamental transverse
modes in symmetric guides.

4. Approximations of the Mode Near-Field Distribution

The electric field variation in the transverse direction (Eq. [1]) as well
as the peak field amplitude (Eq. [3]) depend directly on ¢, the phase shift
at the dielectric interface. Since, as shown in the previous section, ¢ can
be approximated very well over its whole range (0 < ¢ < =), a precise
determination of the mode field distribution in the active layer as well
as in the cladding layers is readily obtainable. However, in many cases
(e.g. scattering loss calculations, radiation loss calculations, etc.) the
description of the near-field by a single function would greatly simplify
the analysis. One such single-function field description can be obtained
by using the Epstein-layer model26, but the expressions that have to be
used are very complicated. In a recent paper?’” Marcuse presents
Gaussian field approximations for the fundamental modes of graded-
index and step-index weakly guiding fibers (An « n;). We also use a
Gaussian approximation in trying to describe the field distribution in
symmetric double-heterostructure slab waveguides. In Sections 6 and
8, the Gaussian approximation concept is extended to the transverse
mode far-field pattern. Just as in the case of fibers?” the Gaussian ap-
proximation for the fundamental mode is good only over a certain range
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of D, the normalized guide thickness. For small D’s the mode lies mostly
outside the active layer and thus it assumes a double-exponential-like
shape. At the other extreme, when the mode is mostly confined to the
guide, (i.e., large D’s) the field distribution will be cosine-like. We fit a
Gaussian to the field distribution in the intermediate region28 (i.e. a field
shape made of both a cosine curve and exponential curves).

A Gaussian field distribution is described by the following expres-
sion:

V2 L
Eq(x,2) = \/w\/;exp - E— zﬁz]; —o <y <o [12]

where w is the Gaussian beam width parameter, defined as the value of
x at which the field amplitude is 1/e of the peak amplitude. The peak
amplitude was determined by normalizing the fields to unity. The
Gaussian field distribution Eq. [12] is to be compared to the TEy mode
field distribution E, (x,z) as defined by Eqgs. [1] and [3].

The ideal approach for the Gaussian fit is to find the beam width pa-
rameter w such as to maximize the variational integral2?

f_ ~ E()E, (x)dx. [13]

However, this requires extensive numerical calculations. We chose to
first determine the asymptotic value of w/d as d — « and then find the
rest of the function w/d (D) by trial and error. As d tends to =, d;; —
d and Y — «; this gives for E, (x) the form v'2/v/d cos (zx/d). Thus, we
have to maximize the expression:

V2 /N2 i L e 2/1py2
\/3\/ cos(d)exp{ x2/w?dx

wVr J-=
2V 2rw 2w?
= d" exp {- ’;dz ] [14]

Assuming w = ad, it can be shown that Eq. [14) assumes a maximum for
a = 1/x ~ 0.31. Therefore w/d = 0.31 + f(D), where f(D) = 0as D —
®, To find f(D) we use as a trial function f(D) = (8/D3/2) + (y/D®),
which is similar to the function empirically determined by Marcuse for
fibers. By trial and error, and also by using the correlation between the
field in the guide and a Gaussian approximation for the far-field (see
Section 7), we find a best fit for
w 2.1 4
‘J =0.31 + ﬁ + b—G;
Figs. 3a, b, ¢ show comparisons of Gaussian field distributions versus
the exact solutions for D = 2, 3, and 4 and An = 0.22 (n; = 3.6; A = 0.9

1.8< D <6. [15)
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Fig. 3—Comparison of near-field distribution profiles (solid curves) E,(x) (Egs. [1 ! and !3b|1
versus the Gaussian approximation (dashed curves) Eg = 2/ T
exp(—x2/ w?) with w= 40.31 + 2.1/D%2 + 4/DP), for: (a) D = 2, An = 0.22; (b)
D=3, An=0.22;(c) D=4, An = 0.22. All graphs are plotted for structures with
ny=36and A =0.9 um.
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Fig. 3 (continued)—(d) D= 2, An=0.14;(e) D=3, An=0.14; () D= 4, An = 0.14.
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um). The curves agree very well for D values around 3 and 4. Figs. 3d,
e, f show similar comparisons for the case An = 0.14. The fit is still very
good. As mentioned previously, the field distribution in the guide is al-
most identical to the field distribution on the facet, and thus Egs. [12]
and [15] give a Gaussian approximation for the near-field as well.

Reinhart et al'” have shown that a Gaussian description of the near-
field is useful when computing mode reflection coefficients in DH
structures with D = 3. The authors claim as an upper limit for an ac-
ceptable Gaussian fit the condition ¥ < 2.4, which corresponds to D =
6.6 and thus agrees with our findings. For D < 2 (e.g., d < 0.25 um when
An = 0.22, n; = 3.6, and A = 0.9 um) the Gaussian near-field approxi-
mation will be increasingly poor and thus cannot be used for predicting
modal facet reflection coefficients.2® In a recent article, Utaka et al3? use
an expression similar to Eq. [15] for a near-field Gaussian approximation,
which appears to be good over the interval 7 < D < 6.

5. Mode Far-Field Intensity Distribution

The lasing mode far-field intensity distribution is the laser radiation
pattern at large distance from the mirror facet (r >> \). For the transverse
mode case, we are interested in the electric field distribution in the plane
perpendicular to the junction as a function of 6, the angle with respect
to the normal to the laser facet. When # assumes small values (i.e., cosf
~ 1), the far-field angular field distribution is obtained as the Fourier
transform of the near-field distribution (i.e., the aperture field)!.18.28

(SIDO) f E ’ (x ) exp

where E,’(x) stands for the field distribution at the laser facet. The
far-field dependence on r, the distance from the observation point to the
center of the near-field distribution (i.e. [exp{—j(27/\)r}]}/r), is omitted
since we are interested only in the field variation with the angle 6 at fixed
r. For large angles however, an obliquity factor g(f) must be

dx, [16]

sind
-9 o
X ( )\

‘used.28:29,31-33 Then the correct expression for the far-field angular field

distribution E\#) is

E®) = g(o)G'(%’g (17]

In order to calculate E(f) some simplifications are made. First one
computes the Fourier transform of the field inside the guide, G (sinf/
A),11828 gince, as mentioned previously, E, (x) is only slightly different
from the field distribution on the facet E,’(x). Then, for the obliquity
factor, the function cosf is used, which has been shown theoretically3!
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as well as experimentally!-?8 to be a very good approximation of g(f).
Thus the far-field intensity pattern I(6) is given by

(smO

1(0) = |E(0)|? = cos?0|G [18]

While this expression is found to very accurately predict experimental
far-field patterns,!-28:32 its computation is difficult since G (sinf/\) is a
rather complicated expression. Furthermore, in order to find the
beamwidth 0, = 26,/ (fwhp) the transcendental equation [1(6,/2)/1(0)]
= 1, has to be solved. Dumke® has found an approximation formula for
0, for very thin active layers, by combining the asymptotes of 0, as d
— (0 and as d — . However, as will be shown in the Section 7, Dumke’s
formula is a reasonably good approximation only over a very limited
parameter range (d < 0.1 um and An < 0.22). In the next section we use
a Gaussian approximation of the far-field pattern over the range 1.5 <
D < 6 in order to find very accurate expressions for 6, over wide pa-
rameters ranges (0 < D <6 and An/n < 10%). Furthermore we also can
predict fairly well the far-field intensity patterns.

6. Beamwidth Gaussian Approximation (1.5 < D < 6)

It was shown in Section 4 that the field distribution in the waveguide can
be described quite accurately by a Gaussian field distribution over the
D range 1.8 to 6. Then, it should not be surprising to find a Gaussian
distribution in the far-field as well. Furthermore the obliquity factor can
be approximated by a Gaussian-like function32
02
cosf ~ exp [— —2—] [19]

within 2% for 0 < 0 < 40°.
The angular beam spread for a fundamental Gaussian beam has the
form34:35:

) (20]
TWo

where wy is the beam minimum waist and 0 is the angle measured from
the z axis. The parameter Opeam is the angle at 1/e of the far-field angular
field distribution. In order to obtain 6,/; (the angle at 1 of the far-field
intensity distribution), a factor of 0.59 = v/(In2)/2 should be added in
Eq. [20],

0beam = tan~! (

S = tan! (x0.59).

i [21]

To find wo by starting in the near-field is not an easy task since, as
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mentioned above, an obliquity factor has to be considered for the far-
field distribution. For this reason we chose to find wg by fitting the ex-
pression 0, = 20,/ = 2 tan—1(\0.59/7w,) to numerically calculated
beamwidth curves by Butler and Kressel.! From the Gaussian fit of the
near-field distribution, we know that wq should have the form wy/d =
0.31 + 8/D3/2 + 4/DS. The best fit to numerical computed 0, curves is
found for 8 = 3.15 and v = 2 over the range 1.5 < D < 6. Thus we obtain
for the beamwidth the approximation formula:

0, =2tan"! ()‘0‘59), [22]
TWwo
with
wo = d[0.31 + (3.15/D3/2) + (2/DS)] for 1.5 <D < 6.

The actual beam minimum waist is not wo but w, the Gaussian parameter
of the near-field profile (see Eq. [12]). The difference is due to the
obliquity factor g(f). It can be easily checked, via the far-field intensity
pattern Eqgs. [18] and [24], that Eq. [22] contains the contributions of
both the near-field Gaussian approximation, Eq. [12], as well as the
obliquity factor, cosf. Fig. 4 shows a comparison of the Gaussian ap-
proximation (D > 1.5) versus numerical data by Butler and Kressel for
various An = n; — ng values with n; = 3.6 and A = 0.9 um. The agreement
is very good (within 2%) for An values between 0.14 and 0.26, which also
is the region of most interest in Al,Ga,—,As lasers (An ~ 0.65 Ax)!. It
must be stressed that the numerical calculations by Butler and Kressel
agree extremely well with experimental data of various workers.18:32:36
The curve D = = in Fig. 4 signifies the cutoff for excitation of the first
order mode and also happens to be the locus of the 6, curves maxima
for given An. As mentioned previously, although the first order mode
can be excited, due to modal gain considerations it does not lase until
D has values somewhere between 5 and 6 (e.g., 0.6-0.7 um for An =
0.18).12 Thus the 8 ; curves have to be considered up to those D values.
From Fig. 4 it can be seen that for 1.5 < D < 5 the Gaussian approxi-
mation is good within 4% for 0.06 < An < 0.34. Yet as D — «, Eq. [22]
gives § ; — 1.2 \/d which is the expected behavior in the limit that the
near-field distribution becomes a cosine function.8 For large An values
(e.g., An 2 0.42), Eq. [22] fails to give a good approximation for 6 , , which
we expect since both the obliquity factor and the near-field distribution??
tend to diverge from a Gaussian-like shape. Since the # , formula applies
for any type of symmetric double-heterojunction (e.g., GaAs-AlGaAs,

. InP-InGaAsP), we conclude that the Gaussian approximation for the 3
i fundamental mode beamwidth is accurate within 4% for 1.5 < D < 5 and
for An/n < 10%. 1
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Fig. 4—The beamwidth 0 , (full width at half power) for the laser radiation pattern, in the
plane perpendicular to the junction, as a function of a wavelength normalized active
layer thickness, and for different index steps An (0.06 to 0.42). The crosses
correspond to numerically calculated points by Butler and Kressel.! The solid
curves are approximations: an asymptotic approximation for 0 < D < 1.5 (see
Fig. 5) and a Gaussian approximation for 1.5 < D < 6 (ie, 0, = 2
tan—'[A0.59/7wy] with wy = d[0.31 + 3.15/D%2 + 2/DF], where D =
[27/A] i = m)

7. Beamwidth for Thin Active Layers (0 < D < 1.5)

For D < 1.5, the beamwidth Gaussian approximation Eq. [22] is no longer
appropriate. The near-field patterns have double-exponential shapes?®
and become relatively wide, which in turn gives far-field angular dis-
tributions of narrow beamwidth and non-Gaussian shapes. In order to
approximate the beamwidth we use Dumke’s formula® with a correction
factor x chosen to match the Gaussian approximation at D = 1.5. We thus

obtain = 409(d/A)n} = nd
1 714 3.39(d/))2(n? - nd)
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i 0.65D\' ny— nl
1+ 0.086«D2 ’

o 2.52v ny—ns3
tan-l(0.36 vni— n2)

As can be seen from Fig. 4, this approximation is very good. The factor
« varies almost linearly between 1.95 and 2.9 as An takes values between
0.06 and 0.6 (e.g., x = 2.2 when An = 0.18). For the reader’s benefit,
we show in Fig. 5 values of 0, over the very thin active layer region
0 <0.9d/X <0.2 um, and for additional An values (0.5 and 0.6). We also
extend the approximation Eq. [22] beyond the D = 1.5 limitup tod =
0.2 um (for An > 0.18). For comparison, we plot dashed curves® corre-
sponding to the case k = 1, for two An values, 0.22 and 0.6. It appears that
Dumke’s formula considerably overestimates the beamwidth for d > 0.1
um at An = 0.22 and for d > 0.05 um at An = 0.6. The previously re-
ported?® relatively good fit of Dumke’s formula to beamwidth curves
published by Casey et al'® is thought to arise from the fact that in the
latter study the obliquity factor was not considered.3235 The 6 | curves
of Fig. 5 should prove useful for an estimate of An once 0 ; , d, and \ have
been accurately determined experimentally.!

0<D<15 (23]
with

- 56.17.

8. Far-Field Patterns

We showed in Section 6 that a Gaussian approximation is a very good
fit when trying the estimate the laser beamwidth for D > 1.5 and An/n
< 10%. We thus expect that for the same ranges of parameter variation,
the far-field intensity pattern is very much like a Gaussian curve.
Therefore we assume:

1(6) = exp [-—

2
o | D>15% < 10%, [24]
(01/2)? n

where 0,2 = 6, /2 is given by Eq. [22] and the factor 0.69 is introduced
such that when @ = 6,5, 1(6) drops to half its value at § = 0. Previously,
Lewin32 also proposed a Gaussian form for the far-field intensity pattern,
but he assumed it should work only for small angles and with no re-
striction on D. In the same article Lewin finds very good agreement
between his Gaussian approximation corrected for the obliquity factor,
and an experimental far-field pattern of a structure with D = 1.52 (Ax
=0.3,d = 0.18, A = 0.89 um). As shown in Figs. 6a and b, we also find
good fit to Gaussian curves of experimentally obtained far-field patterns
from structures with D > 1.5. Thus, Fig. 6a shows an excellent agreement
between a Gaussian and the experimental3 far-field intensity profile
of a structure with D = 3.68 and An = 0.08 (/2 = 19°). For structures
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with 0, ; larger than ~25°, there is some disagreement in the curve tails
as shown in Fig. 6b (i.e., for a Gaussian versus experimental3? far-field
of 0,2 = 25.5° obtained from a laser with D = 2.16). We believe that this
effect is mainly due to the obliquity factor deviation from a Gaussian-like
form for 8 > 40°. Overall though, down to approximately 25% of the peak

'00[ 2.52 /nZ-n2
- K= -5.17 4.09 (d/2) (n2-p2)
E ton-! ’ [~ .3 | 2
s B 1+3.39K (d/2)2 (n2-0n2)
a0 - (THIS WORK) R S

/ n =36
+++BUTLER AND KkREsseL /
(NUMERICAL / A=09um
CALCULATION)

80 / n,-n,=An
— —K =1 (DUMKE) /An=0.6
/ + +-060
»n 70
w
w
a
(U]
w
260

4

BEAMWIDTH (FWHP) 8
& 4]
o o
Il[llll[llll]llll]llll[IIll[lIllllllllll

(73
o
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0 o.l ; 0.2
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Fig. 5—Laser radiation pattern beamwidth 6 ; for thin active layers (i.e., 0 < 0.9d/\ < 0.2
um). The crosses correspond to Butler and Kressel's numerical calculations,'
while the solid curves correspond to the approximation formula inserted in the
top right corner. The case x = 1(Dumke’s formula®) is represented by dashed
curves for An = 0.22 and 0.6. All curves are computed for DH structures with
ny=36and A = 0.9 um.
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Fig. 6—Comparison of experimental (solid curves) far-field patterns (from Refs. [37] and
[33], respectively) to the Gaussian approximation (dashed curves) 1(0)/1(0) =
exp(—0.69 62/(04/2)%), where 0/, = 0 , /2 is given by Eq. [22]: (a) d = 0.7 um,
An=0.08,D=23.68,0, =38°%(b)d=0.25um, An=0.22;D0=2.16,0, =
51°. The patterns were obtained from structures with n; = 3.6, A = 0.9 um and
TE polarized beams.
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intensity, the Gaussian approximation appears to be a very good estimate
of the far-field intensity profile.

Since the beamwidth Gaussian approximation does not apply for
structures with D < 1.5, we expect that for the same D range a Gaussian
curve cannot closely fit the far-field pattern. For comparison we show
in Fig. 7 a Gaussian curve with 0,/ = 11° superposed over the far-field
distribution of a laser with 8 ; = 22°.38 While there is fairly good agree-
ment from the peak intensity to its half-height (=3 dB), below —3 dB
the Gaussian curve severely underestimates the far-field distribution.
Similar results were obtained when comparing Gaussian curves to nu-
merically calculated far-field patterns of structures with beamwidths
below 30° and D < 1.5.1 One is left with the alternative of using the
Fourier transform. For § < 45° and D < 1.5, it can be shown that the
near-field distribution Fourier transform?8 can be simplified; as a result,
the relative far-field intensity distribution is

/ fin— 9

1(6) = cos2f Lilal o e S0

1(0) 2(¢2 — A%)(y2 + A?)
where A = (27/\) d sind, ¥ = D sin(y/2), and for y one can use the ap-
proximation formula obtained in Section 3 (i.e., ¥ = 4(v1 + (D2%/2) —
1)/D). For various low beamwidth data we find that the condition 6 <
45° is equivalent to 8 ; < 40° if @ = 45° corresponds to a —10 dB drop in
peak intensity (i.e., if 1(45°)/I(0) = 0.1). In Fig. 7, we compare the ap-
proximation Eq. [25] to the experimental far-field with 8, = 22°, and
find a very good agreement.

. D < 15,0 <45°, [25]

I (dB) EXPERIMENTAL
—=== GAUSSIAN FIT

=-=-+=— APPROXIMATION

8, =22°

S L i L e

1 Rk i ) R | 1 1 7
-30 -20 -10 0o 10 20 30

8 (DEGREES)

Fig. 7—Comparison of experimental (solid curves) far-field patterns of a low-beamwidth
TE polarized laser (0 ; = 22°)38 to a Gaussian of same full-width at half-power
(dashed curves), and to a Fourier transform approximation (dash-and-dot curve)
for angles 0 < 45° (see Eq. [25]). The structure has D = 0.5 and An = 0.18.

600 RCA Review ¢ Vol. 39 ¢« December 1978

VI SR A T




DH LASERS

The far-fields (beamwidth and intensity profiles) for TM, modes are
not treated due to the difficulty in calculations and lack of experimental
data. However, from the work of Butler and Kressel! it turns out that,
for the same DH structure, there are only slight differences between TE
and TM, mode patterns. Thus the above approximations for far-fields
should be reasonable estimates for TM(, modes as well.

For optical communications, the far-field intensity pattern determines
the coupling efficiency to optical fibers when no lenses are used. It ap-
pears from our analysis that for low-numerical-aperture fibers (i.e., those
of acceptance angles less than 20°), a Gaussian description of the laser
beam in the plane perpendicular to the junction is fairly accurate. Then,
if the laser oscillates in a fundamental lateral mode, the whole beam
could be considered Gaussian. When lenses are used such that the lasing
spot is imaged onto the fiber end, the degree to which the imaged field
is Gaussian-like, as well as the ratio of its spot size to the fiber core radius
or to the fiber spot size2739:40 definitely influences the coupling effi-
ciency.

9. Conclusion

This paper contains a series of relatively simple yet very accurate ana-
lytical approximations for parameters characterizing the near- and
far-field distributions of the TE( mode in symmetric DH lasers. For the
reader’s convenience we have summarized all these approximations in
Table 1. As can be seen, all parameters of interest can be written as
functions of only two quantities: the normalized waveguide thickness,
D, and the square root of the difference in real parts of the layers’ di-
electric constants v'n? — n3 . Aside from obvious simplifications in the
calculation of various device parameters, the approximations should
allow explicit analytical solutions for various laser optimization problems
as well as physical insights into trends in device behavior. The ability
to approximate near- and far-field TE(, mode intensity patterns by a
Gaussian function (over certain ranges of D and An) should prove useful
for solving problems of scattering, radiation loss, and/or coupling to
optical fibers.

The various formulae contained in the paper, together with the ana-
lytical approximations for the radiation confinement factor I'¢® (i.e., I'y
~ D2/(2 + D?)) and the mode reflection coefficient Ry*! give a complete
analytical picture for the TE, mode propagation inside and outside the
laser. As mentioned previously, similar approximation methods can be
extended to the TM, mode propagation in symmetric waveguides and/or
fundamental mode propagation in asymmetric waveguides, by starting
from their corresponding characteristic equations (Tables 2 and 3).
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