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Single-layer antireflection coating films are used to transform semiconduc-
tor injection lasers into different kinds of active devices such as superlumi-
nescent diodes or optical amplifiers. In this paper, optimum film parameters
(thickness h and index of refraction n) are established for a wide range of
InGaAsP lasers emitting at 1.3 um. Optimum film parameters are different
for the TE and TM polarizations. The minimum theoretical power reflectivity
is higher for the TM polarization than the minumum reflectivity for the TE
polarization by a factor of about three. Both are very low, on the order of 1076,
Tolerances in film parameters for a power reflectivity B < 107 (which is
acceptable for most practical applications) are calculated for a typical laser
having a spot size a = 0.5 um. The tolerances are Ah = +50A and An/n = +3
percent for the TE polarization and Ah = +43A and An/n = +2.4 percent for
the TM polarization. Processing of high-quality antireflection coating films
on InGaAsP devices is possible according to these tolerances by using sputtered
SisN;, which allows a very slow deposition rate (on the order of 75A/min) and
the tailoring of the film index by adjusting the nitrogen pressure in the plasma.

I. INTRODUCTION

Single-layer antireflection (AR) coating films can be very useful in
transforming semiconductor injection lasers into different kinds of
active devices. For example, a laser whose emitting facet reflectivities
(one or both) are reduced to zero is transformed into a superlumines-

* AT&T Bell Laboratories.

Copyright © 1984 AT&T. Photo reproduction for noncommercial use is permitted with-
out payment of royalty provided that each reproduction is done without alteration and
that the Journal reference and copyright notice are included on the first page. The title
and abstract, but no other portions, of this paper may be copied or distributed royalty
free by computer-based and other information-service systems without further permis-
sion. Permission to reproduce or republish any other portion of this paper must be
obtained from the Editor.

357



cent diode! or an amplifier-modulator,? respectively. Such matching
layers are analyzed in this paper. The purpose of the analysis is to

1. Establish the optimum parameters (thickness and index of re-
fraction) of a matching layer for a given laser

2. Estimate the minimum theoretical reflection from a matching
layer

3. Calculate the allowed tolerances of the film parameters for an
acceptable reflectivity

4. Compare the reflectivities of TE and TM polarized light for
possible explanation of the observed preferential polarization in prac-
tical devices.!

Il. THEORY

The device shown in Fig. 1 is assumed to have the properties
described in the following paragraphs.

The laser diode’s index of refraction is n; = 3.52, which is that of
the InGaAsP active region in which the field is largely confined. We
ignore the step in the index due to the cladding material to simplify
the calculations. Kaplan and Deimel have shown that in most cases
this simplification has a very small effect on the resulting reflectivity.?
In some cases, however, this index step cannot be ignored and one
should use a weighted average of the indices or resort to the rigorous
calculation presented in Ref. 3.

The emitted beam is assumed to be Gaussian in both transverse
directions. A Gaussian functional form is a good approximation to the
emitted beam of practical devices! and enables us to characterize the
laser in terms of a measurable parameter, the spot size. The spot size
measured is that of the emitted beam and is slightly different from
the spot size of the field inside the device. This is because of the
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Fig. 1—Geometry of the laser and AR film.
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angular-dependent reflection coefficient of the AR film. The difference
between the two is negligible however.

The spot size in the direction perpendicular to the junction (X
direction) is assumed to be much smaller than the corresponding spot
size in the Y direction. Therefore, it is reasonable to analyze a two-
dimensional model in the XZ plane (see Fig. 2). This model is valid
for most lasers with the possible exception of buried structure lasers,
which emit a nearly circular beam. The electric field is assumed to be
linearly polarized along the Y, or along the X directions (TE or TM
polarization, respectively.) The problem at hand is approached in a
manner similar to the problem of calculating the modal reflectivity of
a laser.*® There, a narrow guided beam is impinged on a semiconduc-
tor-air interface, while here, the same guided beam impinges on an
AR matching layer.

The technique used is that of the angular plane wave spectrum
representation.® The calculation is an extension of two previous papers
by R. H. Clarke,”® and details are given in the appendix.

IIl. RESULTS

The power reflectivity R of an optimum AR layer was calculated for
a wide range of laser spot sizes. Detailed results for a 0.5-um spot size,
typical of practical devices, are shown in Figs. 3, 4, and 5. (The spot
size is defined as the electric field radius at its 1/e point.)

The reflected power in the case of TE polarization is shown either
in Fig. 3a as a function of film thickness assuming optimum film index
ne = 1.8346, or in Fig. 3b as a function of film index assuming optimum
normalized thickness hny/A = 0.2606. Similar results are shown in
Figs. 4a and b for the TM polarization. The optimum index and
thickness are n, = 1.9361 and hny/X = 0.2511, respectively. In these
expressions A is the free-space wavelength = 1.3 um.

The minimum reflectivity under the theoretically optimum condi-
tions is very low (R < 107%). This extremely low reflectivity is of little
importance, however, since achieving it in practice would require
tolerances too stringent for the film parameters. Assuming, for ex-

Fig. 2—Definition of the coordinate system and the angle of incidence.
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Fig. 3—Reflectivity: (a) as a function of film thickness (with optimum index), and
(b) as a function of index (with optimum thickness) in the I'E case for spot size a = 0.5
umand A = 1.3 um.
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Fig. 4—Reflectivity as a function of: (a) thickness (with optimum index), and (b) as

a function of index (with optimum thickness) in the TM case for spot size @ =

and A = 1.3 pm.

360

0.5 um



| Anying opt IN PERCENT,

= -0.008

Fig. 5—Tolerances in thickness and index of refraction for R = 1073 for TE and TM
polarizations.

ample, that a reflectivity R < 107° is acceptable, we deduce from Fig.
5 the tolerances in the film parameters to achieve this reflectivity.
They are assuming n, = 1.8346 and hny/ A = 0.2606, Ahny/ A = +0.00744
(Ah = +504) and Ang/n, = +3 percent for the TE polarization, and
assuming n, = 1.9361 and hny/A = 0.2511, Ahny/A = 0.2511,
Ahng/\ = +£0.0064 (Ah = +43A) and Any/n, = +2.4 percent for the
TM polarization. The tolerances in film thickness and index can be
traded for each other according to the contours described in Fig. 5.

Similar calculations were performed for a wide range of laser spot
sizes. Optimum film parameters as a function of laser spot size are
shown in Figs. 6a and b for the TE and TM polarizations, respectively.
In both cases spot sizes @ > 3.5 um (for A = 1.3 um) approach the
condition of a plane wave, i.e., hny/\ = 0.25 and n, = Vni. Small spot
sizes, however, deviate significantly from these asymptotic conditions.
Figure 6 should be used as a design curve for optimum AR films for a
given laser.

IV. DISCUSSION

The reflectivity of AR matching layers on the emitting facet of an
injection laser was calculated for a wide range of laser spot sizes. The
calculation assumes that the optical field is Gaussian and that the
spot size in the direction perpendicular to the junction is much smaller
than the corresponding spot size in the direction parallel to the
junction. This allows for a two-dimensional model that is valid for
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6—Optimum film parameters as a function of spot size for: (a) TE polarization
and (b) TM polarization.

most lasers. For lasers with an essentially circular spot the results
presented here can be used only qualitatively.

Optimum film index and thickness were calculated, as well as the
allowed tolerances, to ensure a reflectivity B = 1073, which is an
acceptable reflectivity for most practical applications. Optimum film
parameters for TE and TM polarizations were found to differ slightly.
The minimum reflectivity for TM polarization is slightly higher than
for TE polarization. Moreover, the tolerances for the TE case are
higher. Therefore, we can assume that in practical devices, the reflec-
tivity for the TM component of the optical field is higher than for the
TE component. However, a practical superluminescent diode has most
of its power polarized TE (more than 75 percent).! We have to
conclude, therefore, that this observed preferential polarization is not
due to the reflectivity but rather due to differences in internal gain
and losses.

The reflectivity of practical AR films on superluminescent diodes
was found to be on the order of 107* to 107® (see Refs. 9 and 10). This
reflectivity is quite realistic according to the tolerances calculated.

Finally, the tolerances calculated tell us that the use of sputtered
SizgN, on InGaAsP devices can result in high-quality AR coatings.
Indeed, the slow deposition rate (on the order of 75A/min) and the
possibility of tailoring the film index by adjusting the nitrogen pressure
in the plasma allow the processing of films with the required toler-
ances.
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APPENDIX
Calculation of Modal Reflectivity

We assume a Gaussian beam (with spot size a) to the left of the
laser facet (Z = 0)

E(X, 0) = exp(—X?/a?). (1)

A time-variation exp(iwt) is assumed throughout. This field can be
represented as an angular spectrum of plane waves incident at different
angles O (see Fig. 2):

Fis) = % f E(x, 0) exp <i % sx) dx, @)
where s = sin® and A = free space wavelength = 1.3 um. Equation 2
becomes
Vran, s?
Fi(s) = &P [T (3)
Tan,

The amplitude reflection coefficient r(s) for each plane wave inci-
dent on the AR film (thickness h, index of refraction n;), followed by
a semi-infinite region (nz = 1) is™*

r(s) = riz + resexp(—2if)

"1 + ruoresexp(—2i8) ’ @
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where

2
g = 2mwhns 1— <Qg> 5)

A Ny

and ry5(s), res(s) are the well-known Fresnel reflection coefficients at
the first and second boundaries, respectively. (Note that the Fresnel
coefficients for the TE or T'M polarizations are different from one
another.)

The reflected wave F.(s) is easily found to be

Fi(s) = r(s)Fi(s). (6)

The power reflection coefficient of the film R is found by calculating
the portion of the reflected wave that is coupled back into the laser
mode and the proper normalization, i.e.,

hd 2
f_ _r(5)Qs) exp —<2TS>§ ds

mna

R =
? 2s2
exp [———= \ds
| j:w p x V2| °
mnra

where @ = cos® in the TE case and @ = (cos® — sin’®)/cos® in the
TM case.® The integration range is from s = —x to s = «. The
corresponding angle is real for |s| < 1 and becomes complex for
|s| > 1; its value is ©@ = xx/2 = iy. ¥ varies from 0 to « as | s| varies
from 1 to . The integrals in eq. (7) are solved numerically and the
results are plotted in Figs. 3, 4, 5, and 6.
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