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The diagram below shows the distortion to the facet that causes these

strains.
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Figure 6.16. This diagram shows the distortion to the
facet that causes the strains calculated in Figure 6.13. (a) —
(e). As established before, the y-axis here is the z-axis in
the discussion.

The figure above indicates that there is some asymmetry about a vertical
line through the middle of the facet, primarily at the top. The slight bending at the
bottom is consistent with a bending motion brought about by the underlying
carrier. However, if the device were ‘pinned’ to the carrier by a uniform solder
while the carrier contracted on cooling to ambient temperature, one would expect

the convex distortion of the top of the facet, as is seen in the diagram, though not
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necessarily the downward buckling seen at the bottom of the device. Presumably,
therefore, the device-solder bond is not uniform. This would account for the fact
that the facet bends upwards more at the bottom left-hand side than the at the
bottom right-hand side. It would also mean that any downward bending at the top
would be more pronounced where the upward curvature ét the bottom is less: that
is, more downward curvature at the top right-hand side and less at the top left-

hand side. This is indeed observed in figure 6.15. above.
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Figure 6.17. (a) — (e) This series of plots shows the strain
profile along horizontal sections taken 0.1, 0.3, 0.5, 0.7, and
0.9 times the height, yt, of the device. As noted before, ey =

The bottom region of the material is under compressive & strain. This is
true for most of the device as one moves up. The magnitude of the strain
decreases monotonically until the top regions, where the material is under
significant tensile .. strain. As such, there is a region, about a third of the way up,
under no &, strain whatsoever.

The trend for the &, strain is exactly opposite. There is an almost linear
decrease in the magnitude of the strain as one moves up the device. The &, strain

changes from tensile to compressive.
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The figure below shows the strain profile along a vertical section through

the middle of the facet.
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Figure 6.18. This figure shows the strain profile along
a vertical section through the middle of the device. As
before, ey = &,.

The profile evalutated at 0.25 and 0.75 the width, we,
of the facet remained similar in shape.
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The diagram below shows the deformation of the facet that causes these

strains.
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Figure 6.19. This diagram shows the distortion to
the facet that causes the strains calculated in
Figure 6.16. (a) — (e). As established before, the y-
axis here is the z-axis in the discussion.

From figure 6.18. above, it is clear that this device shows very little
bending in the x-z plane. However, the device does show pure shear. This
accounts for the compression along the z-direction that is present along much of
the height of the facet, and the concomitant tensile strain along the x-direction,

also present for a similar length.
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Figure 6.20. (a) — (e). This series of plots shows the strain
profile along horizontal sections taken 0.1, 0.3, 0.5, 0.7,
and 0.9 times the height, yz, of the device. As noted
before, ey = &,.

The &, strain remains very nearly zero as one moves up the device,
although it does achieve a peak compressive value near the middle of the facet.
The highest magnitude it achieves occurs near the middle of the facet. However,
the magnitude of the &, strain increases monotonically, moving from compressive
to tensile as one moves up the facet. The region near the centre of the facet has

Zero &, strain.
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It is likely that the compressive & strain observed near the bottom of the

facet is due to an upward curvature induced by the carrier underneath. However, it

is not clear why that should not result in a tensile &, strain. From the stiffness

coefficients of InP, one might expect that the e.. strain be about twice the &,

strain. However, this does not account for the difference observed in this

simulation.

The figure below illustrates the strain profile along a vertical section taken

through the middle of the device.
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Figure 6.21. This figure shows the strain profile through a
vertical section through the middle of the device. As before, ey =

&.. The profile evalutated at 0.25 and 0.75 the width, wc, of the
facet remained similar in shape.
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The diagram below shows the distortion to the facet that causes these

strains.
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Figure 6.22. This diagram shows the distortion to the facet that
causes the strains calculated in Figure 6.19. (a) — (e). As
established before, the y-axis here is the z-axis in the discussion.

A bottleneck effect is quite apparent in figure 6.21. above. It dominates
the regions near but not at the top of the device. At the top of the device, there is
very little distortion in the x-direction. The tensile strain along the z-direction,
however, is evident here.

There is also a slight bending at the bottom of the facet. From the

relatively undistorted shape of the top of the facet, it seems apparent the chip
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expands or contracts against the metal contact on top. A lateral expansion of the
carrier would cause an upward bending motion near the bottom. This would
induce a compressive strain in the z-direction, as observed. However, given the
intractable contact at the top, the semiconductor material there would be pinched
narrow. This would have two effects: it would cause a tensile strain in the z-
direction near the top of the device; and it would induce vertical planes near the
central regions of the facet to come together, causing a compressive strain in the
x-direction.

Perhaps the reason why one does not observe much of a tensile & strain at
the bottom due to the compressive &, strain is because of this pinching effect: the
curvature at the bottom causes too small a tensile z-direction strain; as such, the
pinching of the vertical planes above would be sufficient to overcome the natural

tendency to distend in the x-direction near the bottom.

6.4.2. Summary

The tensile strains of six devices, as determined by FEM fits to their DOP
data have been analysed in an attempt to explain the nature of the strain patterns
on them.

The qualitative behaviour of the strain near the bottom and top of the
respective devices can generally be explained by reference to the physics of the

situation.
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5000 hours (a) las2 exhibits an overall bending motion consistent with a
lateral expansion of the underlying carrier.

5000 hours (b) las6 shows a slight curvature at the bottom and general
compressive strain in the x-direction. The top of the device indicates features
consistent with a non-uniform metallisation.

3100 hours (a) las2 shows little to no strain at the bottom. The primary
cause of distortion in the facet is posited to be the top, where the strain at the top
right-hand corner propagates down the facet.

3100 hours (b) las9 indicates features implying a non-uniform solder.
Asymmetry is mirrored at the top and bottom, with more curvature at the bottom
left-hand side implying less at the top right-hand side and vice versa.

2400 hours (a) las9 indicates pure shear, causing the device to be
compressed along the z-direction and distended along the x-direction for much of
the height of the facet.

2400 hours (b) las7 exhibits a pinching effect due to an unyielding metal
contact on top. The semiconductor underneath expands and contract against this
rigid metal, inducing a higher-than-expected &, strain near the middle of the

device.

6.4.3. Discussion: Shear Strain Plots Extracted from ROP Fits

The asymmetry mentioned in Chapter 4 is apparent in all the ROP strain plots.
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5000 hours (a) las2

The figure below shows the shear strain, &., plots extracted from the FEM
fit to the ROP data near the bottom and top of the device.
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Figure 6.23. (a)-(b) This figure shows the shear strain
profile evaluated at 0.1 and 0.9 times the height, yt, of
the facet.

As noted before, gxy = &..

The asymmetry is about the central line bisecting the facet vertically.
Though the shape of the strain profile changes slightly as one moves up the
device, this asymmetry is preserved. Additionally, the basis functions used to
generate the fit lack torsion terms in both the bottom and top tensile strains. These
observations suggest that the primary source of shear strain is the bending of the
InP due to the carrier or metal contact, or both. This is consistent with what has

already been deduced above.
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5000 hours (b) las6

The figures below show the shear strains extracted from the FEM fit near
the bottom and top of the facet.

Though indicating an asymmetry like 5000 hour (a)’s, the simulation
shows it to be opposite in sense and also not quite centred about the vertical
bisecting line. Additionally, the form of the strain plot is not preserved as one
moves up the device from bottom to the top. Furthermore, the basis functions
indicate the presence of torsion terms both at the top and bottom tensile strains of
the device.

Therefore, in addition to the bending of the material due to the carrier and
metal contact, there is a twisting moment possibly due to both the metal and the
carrier. Looking at the respective magnitudes of the shear strains for the top and
bottom, it is clear that the bending is more severe near the top than near the

bottom.
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Figure 6.24. (a)-(b) This figure shows the shear
strain profile evaluated at 0.1 and 0.9 times the
height, yt, of the facet. As noted before, gxy = &...

These findings are consistent with what can be seen in figure 6.9. There is
a large distortion due to non-uniform deposition of metal on top. Presumably, this
distortion leads to the torsion terms observed here. The slight bending at the
bottom of the facet would account for the asymmetry observed here. Since the

distortion at the top is very much localised, it is understandable that the form of

the shear strain plot is not preserved moving up the device.
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3100 (a) las2

The figures below show the shear strains extracted from the FEM fit near

the bottom and top of the facet.
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Figure 6.25. This figure shows the shear strain
profile evaluated at 0.1 and 0.9 times the
height, yt, of the facet.

As noted before, gxy = &..

Shear strain asymmetry is not apparent in these plots. Presumably,
therefore, the metal-induced compression at the top does not cause an appreciable
bending of the underlying semiconductor. This is consistent with Figure 6.12.,
where one can see little to no bending at the bottom and a very localised distortion
at the top, with no bending. Furthermore, there is a torsion component to the basis
functions used to fit to the data. Both the metal contact and the carrier contribute

to this aspect of the tensile strain.
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A further analysis of the basis functions used to fit to the data reveals a
strong y-dependence on one of the tensile strains imposed on the perimeter of the
facet, up to and including the fourth order (where the y-direction is perpendicular
to the plane of the facet). This is observed in the vertical strain imposed at the
bottom of the device. Additionally, one observes curvature along the length of the
device at both the top and bottom to a high order in y. Presumably, the solder is
not uniformly deposited across the bottom plane of the die; this particular
inhomogeneity would lead to a strain contribution from the solder in the more
interior regions, or at least close to the emitting surface, of the device along the y-

direction. The metal contact should also contribute to this.

3100 (b) las9

The figures below show the shear strains extracted from the FEM fit near

the bottom and top of the facet.
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What little asymmetry there is is confined to the bottom right-hand corner
and the top left-hand corner. The former fact may be explained by the observation
that the solder does not extend the whole way across the bottom of the die,
leaving a strip of semiconductor overhang to one side. These findings are
consistent with the argument of a non-uniform solder that was posited in 6.4.1.
above. Both the top and the bottom of the device, however, include torsion terms

in the basis functions used to fit to the ROP and DOP data here; it is therefore

McMaster (Engineering Physics)

09:34:24 12/22/06
FlexPDE 5.0.11
Facet Shear Stram, exy, at 0.9%z

from (0,0.9"yt.Lc)
to (we,0.9%vt.Le)

1. X

(b)

Figure 6.26.(a)-(b) This figure shows the shear
strain profile evaluated at 0.1 and 0.9 times the

height, yt, of the facet.
As noted before, gxy = &..
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likely that the areas of the die attached to the solder contribute torsion terms to the
local asymmetry observed.

An interesting point emerges when one examines the basis functions for
the strains imposed at the bottom of the device. Both strains show high order (up
to third) dependence on the y-coordinate. This is true not only of strains expected
to have explicit y-dependence. For instance, a vertical strain imposed in the
bottom left hand corner shows strong y-dependence. This implies a non-uniform
solder bond in the y-direction, and may explain the highly tensile &, strain in the

middle of the facet, since not all stresses are due to forces in the x-z plane.

2400 (a) 1as9

The figures below show the shear strains extracted from the FEM fit near

the bottom and top of the facet.
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Figure 6.27.(a)-(b) This figure shows the shear
strain profile evaluated at 0.1 and 0.9 times the
height, yt, of the facet.

As noted before, gxy = &..

While the asymmetry in shear strain is present near the bottom of the
device, it is absent near the top. Presumably, there is some small bending at the
bottom of the device not evident in figure 6.18.

Additionally, the basis functions do not reveal a significant y-dependence
for the strains imposed on the facet. Interestingly, there is not a y-dependent force
at the top. This implies that the metal is uniformly deposited at least a short
distance away from the facet. There are, however, torsion terms both at the top

and bottom of the device.
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2400 (b) las7
The figures below show the shear strains extracted from the FEM fit near

the bottom and top of the facet.
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Figure 6.28. This figure shows the shear strain
profile evaluated at 0.1 and 0.9 times the height,
yt, of the facet.

As noted before, gxy = &,..

The asymmetry is present, though it is not centred about the bisecting line.

The FEM fit for this sample is rather distinctive for it was obtained
without imposing strains on the top of the facet. The DOP and ROP patterns were
generated from strain patterns imposed at the bottom of the device. Presumably
the primary origin for the strain patterns observed on the facet of the device
resides in the solder and carrier. This is consistent with what was argued in 6.4.1.

From an examination of the basis functions used to fit to the data, it is

found that the single imposed bottom vertical strain has a torsion component.
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Additionally, the explicitly y-dependent strain contains a third order term,
indicating curvature along the length of the device, at least a short distance from
the facet. These two factors might contribute to the compressive &, strain

observed at the centre of the facet in 6.4.1. above.

6.4.4. Summary

The shear strains of six devices, as determined by FEM fits to their ROP
data have been analysed in an attempt to explain the nature of the strain patterns
on them.

5000 hours (a) las2 reveals a nearly perfect asymmetry about the line
bisecting the facet vertically. It shows no torsion terms in the strains imposed on it
to generate the fit. Both facts suggest that bending due to either, or both of, the
carrier and the metal contact is the primary cause of the strain observed.

5000 hours (b) las6 also reveals an asymmetrical distribution of the shear
strain, though it is not as perfect as the case above. This is possibly due to the
twisting terms present in the basis functions used to generate the strains imposed
on the device for the FEM fit. Thus, although there is a bending of the device,
more severe at the top than at the bottom, there is also a twisting of the facet.

3100 hours (a) las2 indicates no asymmetry. The material is therefore not
under significant bending. However torsion terms in the basis functions suggest
shear due to the metal and carrier exerting a twisting moment on the die.

Additionally, strong y-dependence on some of the basis functions up to and
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including the fourth order suggest non-uniform deposition of metal and solder, so
that more interior regions of the device, or at least those regions near the surface,
should experience curvature due to this.

3100 hours (b) las9 shows localised asymmetry near the bottom right-hand
and the top left-hand corners of the facet. This is posited to be due to a
combination of die overhang as well as the torsion due to the incomplete coverage
of the solder at the bottom of the device. There are also high-order y-dependent
terms in the basis functions for the strains imposed on the device for FEM fitting.
This also suggests non-uniform deposition of the metal and solder.

2400 hours (a) las9 reveals asymmetry near the bottom but not near the
top of the device. Thus, one may assume that the carrier contributes to the
bending of the device here. There are also no y-dependent terms in the expansion
for the strains imposed at the top of the facet, suggesting that the metal contact is
uniformly deposited there. There are, however, torsion terms both at the top and
bottom of the device.

2400 hours (b) las7 reveals asymmetry, though this is not centred around
the bisecting line. The FEM fit needed no strains imposed at the top of the device,
only the bottom, suggesting that the primary origin for the strain patterns in the
facet was the carrier. A combination of torsion due to the carrier as well as a
strong curvature in the body of the die may explain the €., compressive tensile

strain observed before.
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It may therefore be noted from these figures that FEM fit plots of the shear
strain reveals details of the bonding and metallisation. This is not surprising, as
previous work has shown [11]. For instance, comparing figure 6.23. (a) to figure
6.24 (a) for the bottom of the respective devices, one sees that the &, is positive
on the former and is negative in the latter. This is consistent with a pronounced
upward bending in 5000 hours (a) las2 (see figure 6.7) versus the slight

compressive downward bending (as inferred from the compressive &, strain)

noted in 5000 (b) las6 (see page 97). Similarly, local variations in &, (x,z = const)
may also reveal further bonding and metallisation details. For instance, all the

curves in these figures and even those for the tensile strain plots are fairly

. , SR . L
‘smooth’, and largely lacking local discontinuities in —=. Such discontinuities
x

have been related to bonding defects such as voids [11]. Presumably, these are

absent in the devices fitted to.

6.5. Conclusion

This chapter has introduced the finite element method, and described how
it has been used to fit to the data using the proprietary programme, FlexPDE, and
the custom-built programme, X3D. Its purpose has been to quantify the strain

observed and explain the origins of this strain.
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Chapter 7. Conclusions

7.1. Introduction
This thesis documented research carried out by the author as part of his
MASc studies. This final chapter presents a summary of the work carried out by

chapter and some ideas for possible work to be carried out in this area.

7.2. Review

Strain is one among the many factors that can influence the lifetime of a
device. The hypothesis that was the basis of this work was that stress (or strain)
played a major role in determining the performance of the diode lasers.

Chapter | presented a synopsis of the thesis.

Chapter 2 provided a brief introduction to elasticity. It also introduced the
use of polarisation-resolved photoluminescence (DOP and ROP) to determine the
strain on III-V materials.

Chapter 3 described the details of the experimental system used to make
measurements on the devices. It also explained the process used to make the
devices themselves.

Chapter 4 presented a qualitative treatment of the data. It was discovered
that some of the very short-lived devices showed extensive damage to the top
(near the active region). The shorter-lived devices also showed high strain in these

areas. An examination of scanning electron micrograph images showed that the
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reason for this was likely due to the shape of the metal and dielectric deposited
around the ridge region. DOP patterns near the bottom regions were in general
rather complex, but did not reveal any particular influence on device reliability.
Additionally, it was found that ROP patterns were similar across most devices in
all hour groups, characterised by an asymmetry due to a twisting moment. The
tops of the facets were not under a lot of shear strain, and so it was concluded that
ROP would not significantly affect the performances of these devices.

Chapter 5 presented a quantitative treatment of the data by introducing
two metrics, v and w. v measured the difference between the middle and the top of
an area-averaged DOP and ROP value for a device. w measured the average strain
profile across the top of the facet, specifically how the strain immediately beneath
the ridge region differed from regions immediately to the right and left of it.
Correlations were sought between these metrics and device parameters such as
aging time, metal thickness and type, and threshold current degradation rate.
Statistically significant differences were found between individual devices of one
test-hour group when compared with another test-hour group via the v(%DOP)
metric. The only exceptions occurred when devices from the 3100-hour group
were compared to the 3200-hour group; and when devices from the 4300-hour
group were compared to devices from the 5000-hour group. While the average v-
values of aged and non-aged devices consistently indicated a difference, this was
found to be within experimental error. However, both the consistent trend

between aged and non-aged devices as well as the tendency of rms-error values to
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be exaggerated in highly strained structures meant that the difference between
aged and non-aged devices could not be so quickly dismissed. It was therefore
concluded that v(%DOP) could allow one to observe the length of time for which
a device is annealed. None of the metrics displayed a clear correlation to the
nature of contact thickness. Additionally, none of the metrics showed any
correlation to device reliability, possibly due to the protracted aging time of the
devices investigated for this thesis.

Chapter 6 introduced the ideas of the finite element method, and outlined
its use in the solution to the differential equations presented by the elasticity
problem in this work. The origin and values of the strains observed were
elucidated through FEM fits to the data. For instance, non-uniform deposition of
both metal and solder could be inferred from the nature of the basis functions used

to generate fits to the data.

7.3. Suggestions for Future Work

There are some areas which for various reasons were not explored in this
work, but which might make interesting study in future. It would have been
interesting to examine the active region in plan view. Not only would this give
one the strain distribution in the body of the laser diode, but it would also allow
one to detect any possible defects such as dislocations. The idea that the

difference in v-value between aged and non-aged samples is due to strain-
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relieving mechanisms such as this would also be tested in this way. As it is, the
information is not quite complete.

v(%DOP) has been shown to be sensitive to the aging time to which the
device has been exposed. It would also be fascinating to see how far one can take
the notion of the v-value. It would be interesting to find out how finely the
concept is able to resolve the difference in life-test hours between different
devices, and therefore its evolution as the device ages. This might also shed some
light on whether the aging-induced increase in value seen in this thesis was due to
strain-relieving mechanisms, or simply experimental error. The consistently more
positive average v-value for the aged as compared to the non-aged devices within
a particular hour group as well as the fact that more highly strained environments
generate a larger rms error suggests that the errors observed for the non-aged
devices may be exaggerated. It is therefore likely that the change in average v-
value between aged and non-aged devices represents something of physical
significance.

The author had no control over the processing and subsequent aging of the
devices investigated for this thesis. In order to conclusively determine whether or
not a correlation exists between the metrics and device reliability, it might be
instructive to manufacture devices with identical metal contacts. Degradation
rates might then be calculated based on non-linear fits to the I, vs time data

following limited aging time.

138



Master’s Thesis: M. N. Muchemu McMaster (Engineering Physics)

1.

REFERENCES

Mitsuo Fukuda, “Laser and LED Reliability Update,” Journal of
Lightwave Technology, 6, pg. 1488-1495,1988.

Mitsuo Fukuda, Optical Semiconductor Devices. Wiley-Interscience
(1999).

S. Zhang, M.G. Bourdreau, R. Kuchibhatla, Y. Tao, S.R. Das & E.M.
Griswold, “Influence of the Electrical Contact on the Reliability of InP-
Based Ridge Waveguide Distributed Feedback Semiconductor Diode
Lasers for Telecommunications Applications,” J. Vac. Sci. Technol. A
22(3), pg. 803 — 806, 2004.

A.S. Wakita, N. Moll, S.J. Rosner & A.Fischer-Colbrie, “Thermal
Stability of MoAu and TiPtAu Nonalloyed InGaAs Contacts,” J. Vac. Sci.
Technol. B 13, 2092 (1995).

M. A. Fritz., Die Bonding of Diode Lasers. PhD thesis, McMaster
University, Department of Engineering Physics (2004).

D. Lisak & D.T. Cassidy, “Bonding Stress and Reliability of High Power
GaAs-Based Lasers,” IEEE Trans. Comps., Pack., Manuf. Technol. 24,
92-98 (2001).

V. Swaminathan, L.A. Koszi & M.W. Focht, “Effect of Macroscopic
Stress on Accelerated Aging of GalnAsP Channeled Substrate Buried

Hetereostructure Lasers,” J. Appl. Phys. 66, 1849-1854 (1989).

139



Master’s Thesis: M. N. Muchemu McMaster (Engineering Physics)

8.

10.

11.

12.

13.

14.

15.

16.

P.D. Colbourne, Measurement of Stress in I1I-V Semiconductors Using the
Degree of Polarization of Luminescence. PhD thesis, McMaster
University, Department of Engineering Physics (1992).

P.D. Colbourne & D.T. Cassidy, “Imaging of Stress in GaAs Diode Lasers
Using Polarization-Resolved Photoluminescence,” IEEE Journal of
Quantum Electronics 29, No. 1, 62-68 (1993).

D.T. Cassidy, S.K.K. Lam, B.Lakshmi & D.M. Bruce, “ Strain Mapping
by Measurement of the Degree of Polarisation of Photoluminescence,”
Applied Optics 43, No. 9, 1811-1817 (2004).

M. A. Fritz & D.T. Cassidy, “Extraction of Bonding Strain Data in Diode
Lasers From Polarization-Resolved Photoluminescence Measurements,”
Microelectronics Reliability 44, 787-796 (2004).

S. Adachi, Physical Properties of II-V Semiconductor Compounds.
Wiley-Interscience (1992).

J.E. Nye, Physical Properties of Crystals. Oxford, Clarendon Press (1957).

P.C. Chou, N.J. Pagano, Elasticity: Tensor, Dyadic and Engineering
Approaches. D. Van Nostrand Company (Canada), Ltd, 1967.

S.L. Chuang, Physics of Optoelectronic Devices. Wiley-Interscience
(1995).

C.P. Kuo, S.K. Vong, RM. Cohen, & G.B. Stringfellow, “Effect of
Mismatch Strain on Band Gap in HI-V Semiconductors,” J. Appl. Phys.

57(12), 5428-5432, (1985).

140



Master’s Thesis: M. N. Muchemu McMaster (Engineering Physics)

17. G. P. Li, T. Makino, R. Moore & N. Puetz, “1.55 um Index/Gain Coupled
DFB Lasers With Strained Layer Multiquantum-Well Active Grating,”
Electron. Lett. 28, 1726-1727 (1992).

18. Discussions held with Dr. Marcel Boudreau, InP MZ Design, Bookham
Co. Ltd.

19. As quoted in the online version of CRC Handbook of Chemistry and
Physics, 87th Edition. CRC Press. Boca Raton, Florida, 2006; Section 12,
Properties of Solids; Thermal and Physical Properties of Pure Metals.

(http://www.hbcpnetbase.com/).

20. R.P. Runyon, K.A. Coleman, D.J. Pittenger, Fundamentals of Behavioural
Statistics. 9™ Edition. Mc-Graw Hill (2000).

21. H. Friedman, Introduction to Statistics. 1% Edition. Random House (1972).

22.J.E. Freund, Modern Elementary Statistics. 4" Edition. Prentice-Hall
(1973).

23. A. Katz, B.E. Weir & W.C. Dautremont-Smith, J. Appl. Phys. 67, 6237-
6246 (1990).

24. P.R. Bevington and D.K. Robinson, Data reduction and error analysis for
the physical sciences. 3" edition. Mc-Graw-Hill (2002).

25. S. C. Chapra, R. P. Canale, Numerical Methods for Engineers. New York,
McGraw-Hill, 2006.

26. K.H. Huebner, E.A. Thornton & T.G. Byron, The Finite Element Method

for Engineers, 3 Ed., John Wiley & Sons Inc. (1995).

141



Master’s Thesis: M. N. Muchemu McMaster (Engineering Physics)

27.1J. Coleman, “Strained-Layer InGaAs Quantum-Well Heterostructure
Lasers,” IEEE Journal on Selected Topics in Quantum Electronics, 6, no.

6, 1008-1013 (2000).

142

994% 36





