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ABSTRACT

The relations between the astigmatism factor and the waveguide

structure, working conditions etc. were accurately calculated, using a method

for deriving a self-consistent solution of the optical field equation and the

carrier diffusion equation. Various theoretical models regarding the

spontaneous emission factor vere analyzed and compared. The results show

that there Is a difference between astigmatism factors of semiconductor

lasers with different waveguide structures. W. Streifer's results, for a

model having an Invariable distribution of the complex refractive index,are

larger by a factor of 6 to 80 than the accurate calculated value.

K. Peter-maim'» theory regarding the spontaneous emission factor 1B more

appropriate than other theories.

I. INTRODUCTION
The spectral characteristics and dynamic behavior of a

semiconductor injection laser are strongly affected by the
spontaneous emission factor. A lot of theoretical research [1,2]
and experimental research [3,4] on the spontaneous emission
factor have been done. But at present some theoretical points
are still under dispute [5-7] . K.Petermann came to the
conclusion that the spontaneous emission factor depends on the
astigmatism factor K [2). H.Streifer calculated the variation of
K-factor with the stripe width and obtained a value of K as high
as 345 for a laser with a narrow stripe, so an argument ensued
[9-11]. To explain why the K-factor of typical semiconductor
Injection lasers is smaller than that in Streifer's results,a new
factor Kn was defined by M.Newstein [5](in this paper, we call Kn
Newstein'9 astigmatism factor).

The K-factor value for various waveguide structures have been
measured [12,13]. The results show that K-l for the BH laser,
and K is about 1.73 for the stripe geometry laser with Sj'ta wide
stripe and operating at the single fundamental mode 112].

The astigmatism factor of semiconductor lasers is determined
by the distribution of the mode optical field. But the
distribution of the optical field and carrier density is
determined by the waveguide structure and working conditions.
Tor different stripe width, [B] used just one model which has an
invariable distribution of the complex refractive index, it is
certain that such a model will produce a large error, if one
want3 to obtain an accurate value of the K-factor, It is necessary
to find a method for deriving a self-consistent solution of the
optical field and the diffusion equation. In this paper, a
numerical method was used to calculate a self-consistent solution
of the optical field equation and the carrier diffusion equation.
The distribution of the optical field and the carrier density was
obtained. Then relations between the astigmatism factor and
waveguide structure, working conditions etc., were found. Based on
calculated results, various theoretical models are analyzed and
compared, and experimental results are explained.

II. THEORY
The structure of a typical stripe geometry Semiconductor laser

is illustrated in rig. 1.
K.Petermann'a and M.Newstein's definitions for th« astigmatism

factor are given by

K-
< / (G(y)l1 dy)'

I jV(y)dyl'
(1)
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(£*') t j C*(yHsp(y)dy)

jV(y)dyMjlsp<y)dy>
(2)

Where G<y) is the distribution of the mode optical field parallel
h i l ( d l t i ) f t i th l i

e <y
to the active layer (y-dlrection )
constant of the fundamental mode.
width in the y-direction.

J|G(y)l*dy/lap(y)dy

mode optical field parallel
ft ia the complex propagation

He is the effective laser

Iap(y) is the distribution of the spontaneous emission in
y-direction, Isp(y)txn (yl, n(y) is the distribution of the carrier
density in y-direction.

The dominant mode within the laser cavity is the TE node. Xt
is in the form:

Ey(x,y,t)-aEy(x,y)«

Ey(x,y»-F(x,ylG(y)

(I*)

Where F(x,y) is a slowly varying function of y. To determine
G(y) and the propagation constant fc , M> is substituted into the
scalar wave equation. The following results can be obtained.

<y>-|J»lO0 (5)

.<•*•! - o

Where iWy) Is the distribution of the effective refractive index
in one dimension.

£ 2B, > T + ji<x)/k*
g(y>-<X)/2k, (6)

b-2k,

Where <* Is the Internal loss factor, f is the confinement factor
with respect to the active layer.

dx
| *•

The gain coefficient induced by the injection carrier and
the appendant refractive Index of the plasma oscillations are

8n'
(1 —

Where a' is the gain constant, n( is the transparent injected
carrier density, f, is the dielectric constant, c is the optical
velocity, e la the electronic charge, p Is the hole density, m.
and mp are the effective qualities of the electrons and holes,
respectively.
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At each value of y, F(x*y) is presumed to satisfy

(9)

where
Ixl >d/2

lx|<,d/2

n, and rlj are the material refractive indexes in the active layer
and the cladding layer respectively.

Because the active layer is very thin, the distribution of the
carrier density in the x-direction is approximately uniform
within the active region. The distribution of the carrier
density in ydirectlon is independent of x, and satisfies a
diffusion equation of the form.

, JjMJilJ.

where D* r , B, and V are the diffusion constant, the lifetime of
tne spontaneous nonradiation recombination, the coefficient of
spontaneous radiation recombination, and the laser frequency
respectively. E(y) Is the normalized mode optical field in
y-direction.

|E(y)I2-
|G(y)

JfjGlyjfdy
Fa is the mode power within the cavity.

a-|£, C |Ey{x,y)t1dxdy

(11)

(12)

The distribution of the injected current in the stripe
geometry laser is determined by the device structure and working
conditions etc..To obtain an accurate current distribution, one
must solve simultaneously a mixed boundary value problem which
represents the situation at the surface contact, together with an
equation describing the current voltage relationship at the
junction (14], Moreover, the carrier distribution within the
active region influences the current flow, therefore, the
diffusion and current equations should be solved simultaneonsly.
For simplicity, the distribution of the injected current for the
narrow stripe geometry laser is assumed to be of the Gaussian form [15].

J(y)-Je exp[-<y/Wj.?) (13)

and for the wider stripe geometry laser, it is approximately
given by the form of a flat top with spreading sides [16).

Je ly|&Sw/2
.1 (lit)

Jetl+dyl-Sw/2)/*; ] |y|>Sw/2

where Wj-Sw/2+cr", di a (0.10339/Ry JethJ
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Ry la the total spreading resistance of all th« layers above the
active region, Jeth is the value of Je at the laser threshold.

Uaing the differential method, the diffusion equation (10) was
transformed into an algebraic equation group, the optical field
equation (5) was transformed into a complex Hessenberg matrix
eigenvalue equation. The Gauss-Seidel Iteration method was used
to solve the algebrac equation group. COMQR2 method (IT] was
used to solve the eigenvalue fa and the eigenvector G(y) of the
Hessenberg matrix equations.

r and ft are approximately given by [IB]

b~ T (15)

f~ -A / (2+A1 >

At the threshold or above the threshold, the mode gain or
equals the loss of the facet in the cavity.

O —TT
(yHE(yi|'dy

2L PI R2
(16)

<y)-2k,lm<R^ (y))

Where Rl and R2 are the facet model power reflectivities.
For a laser with definite waveguide structure and tinder

definite working conditions, when (16) is satisfied, a
aelf-consistent solution of the optical field and the diffusion
equation can be obtained, therefore K and Kn can be calculated
from (1) and (2).

Since the distribution of the even mode is symmetric for
the x-axis, and the distribution of the odd mode is
antisymmetric. For the fundamental mode, the connection
condition at the centre of the stripe Is given by

G(y) Iv.i "G(yJ it/..i °*

M is the number of the divided region. From N eigenvalues, one
takes the eigenvector corresponding to the largest imaginary part
of eigenvalues as the fundamental mode. If the connection
condition is given by

*-r
(16)

So the eigenvector corresponding to the largest imaginary part of
eigenvaluea is the first order mode.

III. CALCULATION RESULTS

The following parameter values were used:

T-LBKlO'lsec, B-0.97X10"%*/see, t&40em2/aec, K,-3,59, r^ -3.385

Rl-R2-0.3,<rt-10cm"', a'-1.0BJU0"'cm1, nj - 1 . /

-0.4 8m,, A-0.87*111, Ry-10000fl.('2\)(^1— 0.39,

m,

» — 0.26 fl9).
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Flg.2-5 illustrate the astigmatism factor of the stripe
geometry laser operating at the single fundamental mode, for
different waveguide structures and working conditions.

In Fig.2, K is a monotonlcally decreasing function of Sw, and
with an initial value of K-4.4, and Kn has a minimum value at
Sw-6>um. Fig.3 and 4 show that the thicker the thickness of the
active layer, the longer the cavity length, then the smaller the
K-factor is. Usually Kn is greater than K, but the variation of
Kn with cavity length is irreguler; the thicker the active layer,
the larger Kn is, but there is a kink. Fig.5 illustrates that Kn
decreases slightly as the bias current Increases. Below the
threshold, K increases slightly as the bias current increases ,
and above the threshold K decreases as the bias current
increases.

A stripe geometry laser has ! « • wide stripe, 0.1>x m thick
active layer and 400A»m cavity length, K-1.71 for the
fundamental mode and K-8.1 for the first order mode were obtained
respectively.

For the buried heterostructure (BH) laser, distributions
of the optical field and the carrier density are confined. If
the boundary conditions of the optical field equation (5) and the
diffusion equation (10) are taken as

(19)

The distribution of the injected current is given by

Je lyl
I

o ly I
(20)

K-l, Kn-2.01 were obtained for the fundamental mode.

IV.DISCUSSION
In Fig.2, the maximum value of K is 4.4 at iMm wide stripe.

It is small by a factor of BO than Strelfer's results (8). The
experimental results {12J show that Streifer's results are larger
than the measured value for the laser operating at the single
fundamental mode. Fig.2 is in agreement with the measured value.
G. Arnold etc. measured K-15/--25 for the stripe geometry
laser [13). According to the above calculation results, the laser
measured by them must be operating at high order mode. The value
of K-factor depends on the distribution of the optical field.
For a stripe geometry laser, the distribution of the carrier
density produced by the injected current determines distributions
of the gain and the refractive index, and as a consequence the
distribution of the optical field is determined. The distribution
of the optical field in turn affecta the distribution of the
carrier density. But distributions of the optical field and the
carrier density are determined by the waveguide dimension such as
the stripe width, the cavity length and the thickness of the
active layer etc.. using the same model, no matter how wide the
stripe width is, must necessarily Induce a large error. In
Fig. 6, the curve (1) represents the normalized distribution of
the optical field obtained from a self-consistent solution of the
optical field equation and the carrier diffusion- equation for the
laser has the stripe width of 3*m, the cavity length of AOQM m,
and the thickness of the active layer being 0.15*m. Curve (2)
represents the nornglized distribution of the optical field
obtained from the model having an invariable distribution of the
complex refractive index for the laser with the same structure.
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The curve (2) is smoother than curve (1) and has a longer
trail, therefore the invariable model has the large K-factor.

In fig.2, the pattern of change of the mode near-field full
width halfpower (FWHP) with stripe width ia the same aa (6],
Although the value of the K-factor ia smaller than that in 18),
the pattern of ita change with stripe width ia the sane aa
(8] .The values of K and Kn are not very different. Tvo curves
cross each other. This is different from the results calculated
foe a model having an Invariable diatrlbution of the refractive
index [5].

Figs.3,3,4 show that the variation of the K-faetor with the
stripe width, the thickness of the active layer and the cavity
length obey a regular pattern. But the variations of Kn with the
cavity length and stripe width are irregular, moreover its
variation with the thickness of the active layer haa an opposite
pattern to K obtained from the model of {81, and there is a kink
in Kn. The variations of the optical field and the carrier
density of the semiconductor lasers with the waveguide dimensions
are regular. Therefore the variation of the astigmatism factor
will certainly toe regular. Nevertheless an irregular variation
of Kn with waveguide dimensions is irrational. For a BH laser,
since its wave front is a plane, K-l, and this has been confirmed
by both theory and experiment (12), but Kn-2.01. All the above
facts show that the model of (5} has some shortcoming.

H.Meataln wanted primarily to explain why the K-factor in [8]
vas ~ larger than that~of a common laser, and to give a more
appropriate expreasion. However, the above accurate calculated
results show that the K-factor is not too large and that it agrees
with the measured value. The difference between Newstein's and
Petermann's model is that they used a different expression of the
fundamental mode power. Petermann's expression is baaed on the
classical definition of power, and is reliable. Newstein
introduced a new definition , P - Re(E,J*>. An argument regarding
this point has been caused [6]. An expression derived from a
wave equation was given by Newstein |SJ.

(21)

Here Newstein thought that the right-hand side of equation (31)
represents the total power of the spontaneous emission in the
enclosed volume v, where the current density is J, and expanded
the field E as the sum of the various modes

Et-.JE.Dm £m(jc,y) «xp<* (22)

It is easy to find that if one substitutes equation (22) into
equation (21), then the right-hand side of equation (21) can
be expanded as the sum of various modes, so that it can be looked
on as the sum of the power of various modes, but for the left
hand side, all cross terms under the area integral do not vanish,
because the power is not orthogonal. So an expression which is
similar to equation (21) cannot been obtained for the
fundamental mode. Therefore there is no good enough ground to regard
Re(ErJ ) as the power radiated into the fundamental mode.
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V. CONCUISION
The above resul ts and analysis show that Petermann's theory,

about the spontaneous emission factor, i s more rational than other*
theories . The K-factor calculated from the model having
invariable distribution of the complex refractive index i s
larger than that obtained from deriving a self-consistant
solution of the optical f i e ld and the diffusion equation. The
later ia in agreement with the experimental resul t . The
K-factor of the semiconductor laser i s a function of the
waveguide structure and working conditions. The narrower the
stripe width, the longer the cavity length, the thinner the
thickness of the active lnyer,then the larger K-factor la . When a
laser i s biased at the threshold, K-factor has a maximum value.
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FIQURE CAPTIONS

Fig.l. Configuration of s stripe geometry laser. The
stripe width SH, the thickness of the active layer d,
the cavity length L.

Fig.2 Astigmatism factors and near-field mode width against
the stripe width Sw. d-O.l^nm, L-400,um, the ratio of the
bias current to the threshold current la I/Ith-1.5

Fig.3. Astigmatism factors against the thickness of the
active layer d, Sw-10,t< m, L»400j"m, I/Ith-1.5.

Fig.4. Astigmatism factors against the cavity length L.
Sw-10>f m, d-0.1y»m, I/Ith-1.5.

Fig,5. Astigmatism factors against the bias current I.
d-0.1 ̂ m , L-400/<m, Sw-lOxm.

Fig.6 Distributions of the optical fields obtained
from two methods .
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