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Abstract—Internal thermal stresses in the active layer of a conven-.

tional InGaAsP/InP laser may cause polarization instabilities which nor-
mally do not exist in conventional AlGaAs/GaAs lasers. We analyze a
structure with a buffer layer for polarization stabilization by compensa-
tion of the internal thermal stresses in InGaAsP/InP lasers. Stress
analyses are carried out for various structures to obtain the conditions
for optimal stress-free structures, The effects of stresses from external
sources are also discussed.

1. INTRODUCTION

ONVENTIONAL InGaAsP/InP laser structures, including

the planar buried heterostructure and the buried crescent
heterostructure, consist of a thin InGaAsP active layer sand-
wiched between InP cladding layers on a thick InP substrate.
In these structures, the internal stress caused by lattice mis-
match and the differential thermal expansion exists mostly in
the thin InGaAsP active layer. The stress is larger for lasers
operating at longer wavelengths because of a larger composi-
tional mismatch between the active layer and the surrounding
InP layers which results in a larger difference in the thermal
expansion coefficients. Under usual LPE growth conditions,
this stress tends to be tensile along the junction plane (gxy >
0) at room temperature.
length range from 1.3 to 1.55 um for optical communications,
the tensile stress o,y is usually on the order of 10® dyne/cm?.

Semiconductor lasers normally operate in the TE mode
(electric field parallel to the junction) because of the higher
mirror reflectivity of the TE mode compared to that of the
TM mode (electric field normal to the junction). It has been
shown that the TM mode can be induced by applying on the
active layer an wuniaxial compressive pressure normal to the
junction [1], [2] which lifts the degeneracy of the valence
bands and thereby changes the relative contribution of the
light and heavy hole interband transitions [2]. The same ef-
fect can be caused by an internal tensile stress along the junc-
tion plane in the active layer of a double heterostructure laser
[31-[6].

Our analysis shows that [7] a net tensile stress on the order
of 10® dyne/cm? in the active layer will induce sufficient lat-
tice deformation to promote the TM mode gain large enough
to compete with the normal operating TE mode. This results
in some undesirable characteristics of InGaAsP lasers. First,
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For lasers operating in the wave-

271
I L :!
dp = 1 pm Ing _ yGayAs Py _y
dc =1 um p-InP
dy = 0.2 pm ing _ xGaxAsyP1 -y
de = 1pm n-inP
F4
dg = 80 um l n-inP
X
(@)
dy = 1 pm GaAs
de = 1 pm p-AlyGa, _  As
d; = 0.2 um
el #ﬁ AlGay _ As
e n-Al,Gay _ 4As
Z
‘ n-GaAs
dg = 80 pm X
(b)

Fig. 1. Schematic structure of (a) a typical conventional InGaAsP/InP
laser and (b) a typical conventional AlGaAs/GaAs laser.

an InGaAsP/InP laser may change polarization with the tem-
perature due to thermal stress in the active layer. In fact,
some InGaAsP/InP lasers are observed to operate in a mixture
of TE and TM modes even at room temperature under normal
operating conditions. Furthermore, at high injection currents,
kinks in the power-current characteristics associated with the
appearance of higher order TM modes are observed in some
InGaAsP/InP lasers [6]. These kinks are caused by a combina-
tion of several effects. However, the stress in the active layer
worsens the problem. These problems do not exist in conven-
tional AlGaAs/GaAs lasers with thin active layers because of
their structural differences, as can be seen in Fig. 1(a) and (b).
The thermal stress in the active layer of an AlGaAs/GaAs laser
induced by the thin cladding layers is compressive in the wave-
length range from 8000 to 8500 A. Such compressive stress
enhances the gain of the TE mode. In the longer wavelength
range, the stress becomes tensile. However, the stress in the
active layer of an AlGaAs/GaAs laser is always largely offset
by the thick GaAs substrate whose composition is similar to
that of the active layer.
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We propose in this paper an improved InGaAsP laser struc-
ture with an InGaAs buffer layer which drastically reduces the
tensile stress in the active layer and thus eliminates the possi-
bility of the TM emission. When the thickness of the buffer
layer and the substrate are optimized, the active layer can be
stress-free at all temperatures. This is a very significant im-
provement as the laser will no longer exhibit polarization insta-
bilities caused by environmental temperature changes and/or
injection. current changes. Release of the stress in the active
layer will also increase the life expectancy [&] and lower the
threshold current of the laser [2]. Furthermore, our new
structure allows fine tuning, after growth of the entire wafer,
to achieve the stress-free condition by thinning the substrate
to an optimal thickness.

II. STRESS ANALYSIS

It is generally true for conventional buried heterostructure
lasers that the laser cavity length L is much (about 50-100
times) larger than the active region stripe width W. There-
fore, the stress problem in this structure can be reduced to a
one-dimensional one. Fig. 1(a) shows the schematic multilayer
structure of a typical conventional InGaAsP/InP laser. The
stress in the active layer caused by thermal strain in the multi-
layer structure is calculated using the generalized formula in
[9]. Throughout our analysis, we take the growth temperature
to be 650°C and the difference between the growth tempera-
ture and room temperature to be - 630°C. The thermal expan-
sion coefficients of In;_xGa,As,P;_, lattice-matched to InP
have been measured [10] for ¥ = 0, 0.6, and 1 only. They are
a=456X 107¢/°C for InP (¥ =0), a = 5.42 X 107%°C for
Ing,74Gap.26Aso.60P0.40 (¥ =06, A =130 ym), and « =
5.66 X 107¢/°C for Ing s3Gagp. a7 As (¥ = 1). For other com-
positions, we assume a(y) = (4.56 + 1.266¥) X 107¢/°C,
varying linearly with y [11]. The Young's modulus, #, does
not vary much with y. Throughout the calculations, we as-
sume a (100) substrate and take a constant effective [12]
(E/1 = ¥)(,00) = 9487 X 10'" dynefcm®, where v is the Pois-
son’s ratio. The positive values of the stress oy, in the active
layer are tensile along the junction plane, which corresponds
to a negative lattice mismatch (o, = 10® dynef/ecm? corre-
sponds to Agfa = -1077) and a lattice deformation in the
active layer with a lattice constant normal to the junction
smaller than that along the junction.

In order to grow good expitaxial layered structures for laser
devices, it is crucial to control the LPE growth conditions so
that the layers are close to perfect lattice-matching at the
growth temperature (typically 600 to 650°C). However, be-
cause the In; ., Ga,As P, material has a larger thermal ex-
pansion coefficient than that of InP, it is possible to have
perfect lattice-match and stress-free conditions at only one
temperature in the temperature range from the growth tem-
perature to the device operation temperature. The upper part
of Fig. 2 shows the stress o,, at room temperature for the
structure in Fig. 1(a) as a function of the As content, y, in the
active layer, assuming perfect lattice-matching at the growth
temperature 650°C. If a lower temperature between the
srowth and the device operation temperatures is chosen for
perfect lattice-match, as is usually done to compromise the
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Fig. 2. Active layer stress at room temperature for the structures of -
Fig. 1, grown under perfect lattice-matching conditions at 650°C and
900°C for InGaAsP/InP and AlGaAs/GaAs, respectively. y refers
to the As content in the cladding layers of the InGaAsP/InP struc-
ture and the Al content in the active layer of the AlGaAs structure,
Tespectively.

matching requirements at the two extreme temperatures, the
tensile stress in the active layer can be reduced linearly. How-
ever, under usual LPE growth conditions, the stress oy, in
lasers in the wavelength range from 1.3 to 1.55 um for optical
communications is usually tensile and on the order of 103
dynefcm?.

In order to show the difference between an InGaAsP/InP
laser and an AlGaAs/GaAs laser, we also perform a stress
analysis for a typical conventional AlGaAs/GaAs laser struc-
ture in Fig. 1(b), which has the same corresponding layer
thicknesses as the InGaAsP/InP structure in Fig. 1(a). We take
the growth temperature to be 900°C and the difference be-
tween the growth temperature and room temperature to be
- 880°C. Because GaAs and AlAs have a perfect lattice-match
at 900°C [13], [14], the AlGaAs/GaAs structure is always
grown perfectly lattice-matched at the growth temperature.
The thermal expansion coefficients are o = 6.78 X 107¢/°C
[13]. [14] for GaAs and & = 5.2 X 107¢/°C [13] for AlAs.
For the ternary compositions, Al},Ga1 -y As, we assume a linear
function a(y) = (6.78-1.58y) X 107°/°C. We also assume a
(100) GaAs substrate and take a constant effective [12]
(E/1 = ¥)(100y = 1239 X 10" dyne/em? throughout the
calculations. The composition difference between the clad-
ding layers (Al Ga, _,As) and the active layer (Al,Ga, - ,As) is
kept at x - ¥ = 0.25. The calculated stress g, at room tem-
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Fig. 3. (a) Improved InGaAsP/InP laser structure with an InGaAs buf-
fer layer. (b) Buffered InGaAsP/InP laser structure with alternating
InGaAs and InP layers. )

perature for the AlGaAs/GaAs structure in Fig. 1(b) is shown
in the lower part of Fig. 2 as a function of the Al content y,
in the active layer. Substantial differences between the
InGaAsP/InP and the AlGaAs/GaAs structures can be seen in
the active-layer stresses in Fig. 2. This is because the relation-
ship among the layers in an AlGaAs/GaAs structure is com-
pletely different from that in an InGaAsP/InP structure. Un-
like the case of the InGaAsP/InP structure, most of the stress
in the AlGaAs/GaAs structure exists in the cladding layers
rather than in the active layer. Therefore, a typical AlGaAs/
GaAs laser is not subject to the problem of stress-induced
polarization instabilities. To our knowledge, internal-stress-
induced TM emission was found only in AlGaAs/GaAs lasers
with very thick (>10 um) cladding layers [3].

[, STRESS COMPENSATION

We propose a buffered DH InGaAsP/InP structure, shown in
Fig. 3(a), for compensation of the tensile stress in the active
layer. Ing s3Gag 4 As is suggested as the material for the buf-
fer layer for two practical reasons: 1) it has the largest thermal

expansion coefficient among In,_,Ga, As,P, _, materials;and .

2) by controlling lattice-matching conditions at growth tem-
perature, a thicker misfit dislocation-free Ing s3Gag47As
layer can be grown on (100) InP substrate than other
In,_,Ga,As,P,_j, layers [15]. The stress oy at room tem-
perature for a laser at 1.3 um (y = 0.6) grown under perfect
lattice-matching conditions at 650°C is shown in Fig. 4 as a
function of the substrate thickness, d;, for several thicknesses,
dpy, of the buffer layer. Without the buffer layer, the structure
reduces to the conventional structure shown in Fig. 1(a). In
this case, Fig. 4 shows that if the structure is grown stress-
free at the growth temperature, a large tensile stress, almost
independent of the substrate thickness, always exists in the
active layer. When a buffer layer of reasonable thickness is
introduced, it is obvious from Fig. 4 that it is always possible
to optimize the substrate thickness, by thinning, for example,
so that the active layer is stress-free both at the growth tem-
perature and at room temperature. As a matter of fact, the
active layer is stress-free at all temperatures in this optimized
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Fig. 4. Active layer stress at room temperature for a laser at 1.3 um
(¥ = 0.6) with the structure of Fig, 3, grown perfectly lattice-matched

at 650°C, as a function of the substrate thickness for several thick-
nesses of the buffer layer.

100

condition, which is never possible for the structure without
the buffer layer, as illustrated in Fig. 5.

The thickness of the buffer layer required to achieve the
stress-free condition in the active layer depends on the com-
position of the InGaAsP material in the active layer and the
thickness of the substrate. However, it does not change ap-
preciably when the thicknesses of other layers, inciuding the
top layer, the active layer, and the cladding layers, are changed
within a reasonable range. Therefore, the results obtained
from calculations for the structure in Fig. 3 can be used as gen-
eral guidelines for the optimal design of stress-free structures.
The active layer stress gy, for the buffered laser structure at
A= 1.30 um (¥ = 0.6) is shown in Fig. 6 as a function of the
thickness dp of the buffer layer for various substrate thick-
nesses. Figs. 7 and 8 show similar plots for lasers at two other
wavelengths, A = 1.08 ym (¥ =0.3) and A= 1.55 um (y =
0.9), respectively. It is possible to deduce from these plots the
relationship of the optimal buffer layer thickness dj and sub-
strate thickness d for stress-free structures at various interme-
diate laser wavelengths. Fig. 9 shows these optimal djp - d,
relationships with a tolerance of oy, = £107 dyne/cm?. It is
clear from Fig. 9 that it is quite easy to control oy, within
+107 dynefcm? since the tolerances for dp and d, to meet
this condition are quite large. Notice that a stress of 107
dyne/cm? corresponds to a negligible lattice deformation of
Aafa = - 107° which is far from being able to promote the TM
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Fig. 7. Same plot as Fig. 6 for a laser at 1.08 um (y = 0.3).
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Fig. 9. Optimal relationships between the thicknesses of the buffer
layer and the substrate for the stress-free condition for (a) 1.3 um, (b)
1.08-um, (¢) 1.55-um structures with an InGaAs buffer layer, and (d)
a 1,3-um structure with an Ing 74Gag,26A80,60P0.40 buffer layer,
Each pair of traces shows a stress tolerance of = 10’ dyne}’cmz.

emission. Also shown in Fig. 9(d) is the dj - d; relationship
for a stress-free laser structure at A = 1.30 um, but with the
buffer layer consisting of the same material (Ing 74Gag,26-
Asg.s0Po.40) as the active layer. Comparison of Fig. 9(a) and

(d) indicates that for a given substrate thickness, a thinner
Ing s3Gag 47 As buffer layer is needed than an In,Ga, - As,-
P, , with y # 1 to achieve the stress-free condition. This
leads us to the suggestion of the use of Ing_s3Gap 47 As as the
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buffer laver material since the growth of a very thick misfit
dislocation-free In,Ga,_(As,P,_; layer on the InP substrate
may encounter some practical difficulties [15].

We also find from Fig. 9 that for lasers operating at longer
wavelengths a thicker buffer layer is needed for a given sub-
strate thickness. In practice, it may be difficult to grow misfit
dislocation-free InGaAs layers thicker than 15 gm on an InP
substrate. In this case, the substrate should be thinned down
sufficiently to conform to the stress-free @), - d; relationship.
In case a very thin substrate is not preferable, we propose an
alternating-layer structure shown in Fig.3(b)to circumvent this
problem. In this structure, alternating InGaAs and InP layers
of practical thicknesses can be grown and the InP substrate can
be thinned afterward. For the purpose of calculating the stress
in the active layer, the total thickness of the InGaAs buffer
layers is equivalent to dp and that of the InP layers is dj.
Then, Fig. 9 can be used for optimal design of the structure.

IV. DiscussioN

This paper mainly addresses compensation of thermal stress
in the active layer caused by lattice mismatch of the epitaxial
layers. In a semiconductor laser, the polarization behavior
may also be affected by stresses from external sources, such as
the stress caused by the mismatch of thermal expansion coef-
ficients of the laser chip and the heat sink materials and the
stress caused by the interaction between the substrate and the
stripe window of the oxide film. So far, there has been no
systematic study of the effects of the heat sink materials and
die-bonding procedures on the polarization characteristics of
semiconductor lasers. Among the commonly used heat sink
materials, copper, with acopper = 6.8 X 107%/°C > ayyp, and
solder materials are believed to enhance the TE mode because
the stress along the junction plane is compressive at room tem-
perature, while silicon, with agjicon = 3.2 X 107¢/°C < appp,
and diamond, with @gjamona = 1.65 X 107%/°C < agp, en-
hance the TM mode because the stress is tensile. Since we
have observed the TM stimufated emission at room tempera-
ture in lasers mounted on copper, as well as those mounted on
diamonds, the stress caused by heat sink does not seem to be
a dominant one.

Liu and Feng |4] reported the observation of mixed TE and
TM modes in oxide-defined narrow-stripe AlGaAs/GaAs lasers
with very thick (2 um) Ga, O films formed by thermal oxida-
tion. Their analysis showed that, for 2.5 um stripe width, the
uniaxial stress (0., — 0xx) in the central part beneath the
stripe window and in the depth of 2 um, where the active
layer is located, is tensile along the junction plane and, there-
fore, promotes the TM mode. Our calculation, following the
formula in [16], shows that the uniaxial stress decreases with
increasing width of the oxide window and becomes compres-
sive for widths larger than 5 um. To stabilize the TE mode, it
is important to avoid using thick oxide film and narrow oxide
window for current confinement.

V. CONCLUSION

The internal tensile stress in the active layer of a conven-
tional InGaAsP/InP laser structure tends to cause polarization
instabilities in the laser. We have analyzed and compared the
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stress in the active-layers of the conventional InGaAsP/InP and
AlGaAs/GaAs structures to show their differences and have
proposed an improved InGaAsP/InP laser structure to reduce
the tensile stress in the active layer and to eliminate the possi-
bility of the TM emission. The active layer can be made stress-
free at all temperatures when the thicknesses of the buffer
layer and the substrate are optimized. The proposed struc-
tures stabilize the polarization characteristics of the laser
against changes in the environmental temperature and/or the
injection current level and eliminate stress-related kinks in the
power versus current characteristics. Release of the active-
layer stress may also increase the life expectancy of the lasers
and lower the threshold current for lasing.
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