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STRAIN CONTROL IIN OPTOELECTRONIC DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS

10001} This application claims the benefit of U.S, Provisional Patent
Application No. 62/684,720 titled “Strain Control of Temperature-Dependent
Wavelength Optoelectronic Devices,” filed June 13, 2018, incorporated herein

by refererice.

STATEMENT AS TO RIGHTS TO INVENTIONS MADE UNDER
FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT

10002} The United States Government has rights in this invention pursuant
to Contract No. DE-AC52-07M A27344 between the United States Department
of Energy and Lawrence Livermore National Security, LLC, for the operation

of Lawrence Livermore National Laboratory.

BACKGROUND

Field
[0003] The present technology relates to optoelectronic devices, arul more
specifically, it relates to techniques for controlling the emission wavelength

response to temperature of light emitting devices.

Description of Related Art

[0004] The light emission wavelength of optoelectronic devices such as
light emitting diodes (LEDs) and laser diodes (LDs) is determined by both the

bandgap of the emitting material system and the energy distribution of

-
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electrons and holes in that material. The band gap is a function of the crystal
lattice and is known to be a function of both temperature and strain, The
energy distribution of electrons and holes is dependent on material
parameters (effective masses), material geometry (e.g., quantum well
thickness), and temperature (Fermi-Dirac statistics). Both temperature and
strain have been exploited in the past to introduce some tunability to the
emission wavelength of diode lasers. For example, tunable laser diodes are
produced by introducing temperature control of the laser diode. However,
the rate that wavelength changes with temperature (dA/dT) in a light
emitting diode/ laser diode canniot be dirvectly engineered because of its close
ties to the physical properties of the light-emitting semiconductor material.

{0005} While temperature tuning has been exploited for some applications,
for many other applications it is undesired. In particular, for high power
diodes that are required to operate at a specific wavelength, this introduces a
significant temperature control and cooling requirements which increase
complexity, cost, size and power requiremernts,

0006} Strain is used in all laser diodes primarily to improve efficiency, but
also as a method to shift the effective bandgap energy it order to achieve the
desired emission wavelength. Strain is typically introduced during epitaxial
growth and arises from lattice mismatch between layers of varying
composition, This has the effect of limiting the degree of strain that can be
achieved, as cracking can occur due to relaxation away from the interface. In

addition, the strain is carefully controlled to improve laser efficiency.

SUMMARY
{0007} The present technology facilitates control of the emission
wavelength response to temperature of light emitting devices. Light emitting
diodes (LEDs) and laser diodes (LDs) exhibit an inherent wavelength shift
due to temperature changes caused by the external environument and self-

heating. As the temperature increases or decreases, the emission wavelength
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correspondingly decreases or increases due to changes in both the bandgap
energy and energy distribution of electrons and holes. There are several
applications where temperature insensitivity of the emission wavelength
would be highly desirable, however directly engineering the wavelength-
temperature coefficient (dA/dT) of an LED or LI is difficult because it arises
from the inherent physical properties of the materials used to make these
devices, The present technology provides an approach that facilitates an
engineered dA/dT. This approach relies on the application of a coating
having a mismatched coefficient of thermal expansion to the underlying
LED/LD chip, such that as the temperature of the device changes, a varying
level of strain is introduced to the underlying LED or LD. Because strain can
also adjust the effective bandgap energy (and hence emission wavelength) of
the device, the external strain-inducing coating can act to either compensate
for the wavelength shift due fo temperature (resulting in reduced dA/dT) or
accentuate it (resulting in increased dA/dT). By proper selection of coating

material and geometry, full control over dA/dT can be achieved.

BRIEE DESCRIFTION OF THE DRAWINGS

[0008] The accompanying drawings, which are incorporated into and form
a part of the disclosure, illustrate embodiments of the technology and,
together with the description, help explain the principles of the techinology.

[0009] FIG. 1 shows a mismatched CTE coating between pillars of

semiconductor material.
(0010} FIG. 2 shows a mismatched CTE coating between pillars of
semiconductor material and further shows a guantum well located within the

senticonductor material below the pillars.
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[0011] FIG. 3 shows a mismatched CTE coating above semiconductor

material and further shows a quantum well located within the semiconductor

material.
DETAILED DESCRIPTION OF THE TECHNOLOGY
{0012} The present technology takes advaritage of strained microstructure

technology previously developed at Lawrence Livermore National
Laboratory (LLNL) as described in U.5, Patent No. 9,490,318, In that patent, a
description is provided where semiconductors are patterned into
microstructures and are then coated with another layer, such as a dielectric,
This layer is designed to have a high intrinsic strain, which is then fransferred
to the semiconductor. The 3D structure of the semiconductor enables high
strains to be applied in a controlled manner to large volumes of
semiconductors or to buried layers and has been shown to be capable of
shifting the emission wavelength of semiconductor materials (Voss et al Appl.
Phys. Lett, 103, 212104 (2013)).

{0013} The present technology provides an alternative method. Instead of
designing the coating for high strain, the coating layer is chosen to have a
miismatched coefficient of thermal expansion with the underlying
semiconductor. Thus, as a fabricated LD or LED is heated or cooled
(intentionally or unintentionally), the strain can act to counteract or
compliment the effect of temperature on the bandgap. This enables an
additional way to control the wavelength-temnperature (dA/dT) relationship.
With proper selection of geometry and CTE mismatch, LDs and LEDs with
controlled dA/dT can be produced. This leads to LDs and LEDs with believed
zero temperature dependence, enhanced dependence, and even negative
temperature dependence. The technology contemplates the use of materials
having a negative coefficient of thermal expansion and is not limited to 3~

dimensional structures. There are myriad potential applications for new LDs
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and LEDs in all of these regimes. These structures lend themselves well to
common laser types such as vertical cavity surface emitting lasers (VUSELS)
as well as edge emitting designs. Thus, the embodiments described in U.S.
Patent No. 9,490,318 can be altered according to the present technology such
that rather than utilizing a strain layer, a coating layer is provided that has a
mismatched coefficient of thermal expansion with the underlying
semiconductor, Such embodiments are exemplary but not limiting, It is
possible to provide embodiments that include the present technology as well
as an infrinsic strain layer.

{0014} The tunability of laser diodes with temperature is limited, as the
temperature can only be increased before the diode becomes inefficient. Thus,
enhanced tunability will result in more flexible laser diodes. Zero temperature
dependence significantly decreases or eliminates cooling requirements, thus
reducing size, weight and power (SWaP).

[0015] The external strain approach provides a way to induce more strain
than is possible through simple epitaxial growth means (i.e., the quantum
wells are able to accommodate greater amounts of strain from an externally
applied film than is possible with built«in strain provided by material
composition adjustment). This, in turn, provides an increase in the gain of the
device which helps reduce threshold and improve device efficiency.

{0016} One embodiment of the technology is a micro-structured
semiconductor device such as a laser diode or light emitting diode that is
coated with a second film. Exemplary materials useable for the second film
include a dielectric or a metal, but other materials are possible. The second
film possesses a coefficient of thermal expansion (CTE) that differs from the
coefficient of thermal expansion of the semiconductor material. The
microstructural geometry and second film are chosen such that the CTE
mismatch results in straining of the semiconductor during heating and
cooling, such that the emission wavelength of the semiconductor possesses a

different behavior vs temperature than under normal conditions, ie., the
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emission wavelength of the semiconductor possesses a different behavior vs
temperature different than would be exhibited by a the microstructured
semiconductor device if the film having the second CTE were not fixedly
attached to the semiconductor material. The entire device can be designed
(semiconductor, microstructure, second filmy) to result in the desired dA/dT
behavior.

[0017] The schematic drawings of FIGs. 1-3 show exemplary laser diode
embodiments according to the principles of the present technology. FIG, 1
shows a mismatched CTE coating 10 between pillars of semiconductor
material 12. A quantum well 14 is located within the serniconductor material
of each pillar. Electrodes 16 are located on top of each pillar and an electrode
18 is located on the bottom of the semiconductor material 12,

[0018] FIG. Z shows a mismatched CTE coating 20 between pillars of
semiconductor material 22, A quantum well 24 is located within the
semiconductor material 22 below the pillars. Electrodes 26 are located on top
of each pillar and an electrode 28 is located on the bottom of the
semiconductor material 22.

{10019] FIG. 3 shows a mismatched CTE coating 30 above semiconductor
material 32. A quantuin well 34 is located within the semiconductor material
32. An electrode 36 is located on top of the a mismatched CTE coating 30 and
an electrode 38 is located on the bottom of the semiconductor material 32.

{0020} Broadly, this writing discloses at least the following.

{0021} A coating having a mismatched coefficient of thermal expansion is
applied to an underlying light emitting diode (LED) or laser diode (LD), such
that as the temperature of the device changes, a varying level of strain is
introduced to the underlying LED oy LD. Because strain can also adjust the
effective bandgap energy (and hence emission wavelength) of the device, the
external strain-inducing coating can act to either compensate for the

wavelength shift due to temperature (resulting in reduced dA/dT) or .
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accentuate it (resulting in increased dA/dT). By proper selection of coating
material and geometry, full control over dA/dT can be achieved.

[0022] This writing also presents at least the following Concepts.

{0023} Concepts:

1. An apparatus, comprising:

semiconductor material having a first coefficient of thermal
expansion (CTE); and

a film having a second CCTE, wherein said film is fixedly attached to
said semiconductor material, wherein second CTE differs from said fizst CTE
to produce a CTE mismatch that results in straining of the semiconductor
material during heating and cooling of said apparatus.

2. The apparatus of concepts 1 and 310, wherein said
semiconductor material comprises a microstructured semiconductor device.

3. The apparatus of concepts 1, 2, 4-10, wherein said semiconductor
material comprises a microstructured semiconductor device selected from the
group consisting of a laser diode and a light emitting diode.

4. The apparatus of concepts 1-3 and 5-10, wherein said
semiconductor material comprises a microstructured semiconductor device
that produces an emission wavelength that depends upon temperature in a
different than would be exhibited by a said microstructured semiconductor
device if said film having said second CTE were not fixedly attached to said
semiconductor material.

5. The apparatus of concepts 1-4 and 6-10, wherein said
semmiconductor material comprises a microstiuctured semiconductor device
designed to result in a desired dA/dT behavior.

6. The apparatus of concepts 1-5 and 7-10, wherein said film
comprises a material selected from the group consisting of a dielectric and a
metal,

7. The apparatus of concepts 1-6 and 8-10, wherein said

semiconductor material comprises a microstructured semiconductor device,

i
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wherein said microstructured semiconductor device comprises a
microstructural geometry, wherein said microstructural geometry and said
film are chosen such that said CTE mismatch results in straining of said
semicorductor device during heating and cooling, such that the emission
wavelength of the semiconductor possesses a different behavior vs
temperature than would be exhibited if said second film CTE were not fixedly
attached to said semiconductor material.

8. The apparatus of concepts 1-7, 9 and 10, wherein said
semiconductor material comprises a 2-dimensional semiconductor device.

9. The apparatus of concepts 1-9 and 10, wherein said
semiconductor material comprises a 3~dimensional semiconductor device.

10. The apparatus of concepts 1-9, wherein said semiconductor
material comprises a semiconductor device selected from the group consisting
of a laser diode and a light emitting diode.

11. A method, comprising:

providing a semiconductor material having a first coefficient of
thermal expansion (CTE); and

attaching a film to said semiconductor material, wherein said film
comprises a second CTE, wherein second CTE differs from said first CTE to
produce a CTE mismatch that results in straining of said semiconductor
material during heating and cooling of at least one of said semiconductor
material and said film.

12. The method of concepts 11 and 13-20, wherein said
sermiconductor material comprises a microstructured semiconductor device.

13. The method of concepts 11, 12 and 14-20, wherein said
semiconductor material comprises a microstructured semiconductor device
selected from the group consisting of a laser diode and a light emitting diode,

14. The method of concepts 11-13 and 15-20, wherein said
semiconductor material comprises a microstructured semiconductor device

that produces an emission wavelength that depends upon temperature in a
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different than would be exhibited by a said microstructured semiconductor
device if said film having said second CTE were not fixedly attached to said
semiconductor material.

15. The method of concepts 11-14 and 16-20, wherein said
semiconductor material comprises a microstructured semiconductor device
designed to result in a desired dA/dT behavior.

16. The method of concepts 11-15 and 17-20, wherein said film
comprises a material selected from the group consisting of a dielectric and a
metal.

17. The method of concepts 11-16 and 18-20, wherein said
semiconductor material comprises a microstructured semiconductor device,
wherein said microstructured semiconductor device comprises a
microstructural geometry, wherein said microstructural geometry and said
film are chosen such that said CTE mismatch results in straining of said
semiconductor device during heating and cooling, such that the emission
wavelength of the semiconductor possesses a different behavior vs
temperature than would be exhibited if said second film CTE were not fixedly
attached to said semiconductor material.

18. The method of concepts 11-17, 19 and 20, wherein said
semiconductor material comprises a 2-dimensional semiconductor device.

19. The method of concepts 11-19 and 20, wherein said
semiconductor material comprises a 3-dimensional semiconductor device,

20. The method of concepts 11-19, wherein said semiconductor
material comprises a semiconductor device selected from the group consisting
of a laser diode and a light emitting diode.

21, An apparatus, comprising:

a substrate;

an array of three-dimensional semiconductor structures positioned

above the substrate, wherein each three-dimensional structure comprises a
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bottom surface, a top surface and at least one side surface connecting the
bottom surface and the top surface;

a cavity region between each of the three-dimensional structuses;
and

a film located in each cavity region and surrounding each side
surface of each three-dimensional structure, the film comprising a different
CTE from that of said three-dimensional semiconductor structures.

22. A method, comprising:

providing a substrate;

fixedly positioning an array of three-dimensional semiconductor
structures to and above said substrate, wherein each three-dimensional
structure comprises a bottom surface, a top surface and at least one side
surface connecting the bottom surface and the top surface;

forming a cavity region between each of the three-dimensional
structures; and

fixedly locating a film in each cavity region and surrounding each
side surface of each three-dimensional structure, the film comprising a
different CTE from that of said three-dimensional semiconductor structures.

[0024] All elements, parts and steps described herein are preferably
included. It is to be understood that any of these elements, parts and steps
may be replaced by other elements, parts and steps or deleted altogether as
will be obvious to those skilled in the art.

[0025] The foregoing description of the technology has been presented for
purposes of illustration and description and is not intended to be exhaustive
or to limit the technology to the precise form disclosed. Many modifications
and variations are possible in light of the above teaching. The embodiments
disclosed were meant only to explain the principles of the technology and its
practical application to thereby enable others skilled in the art to best use the

technology in various embodiments and with various modifications suited to

-10-
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the particular use contemplated. The scope of the technology is to be defined

by the following claims.

211~
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We glaim
1. An apparatus, comprising:
semiconductor material having a first coefficient of thermal
expansion (CTE); and
a film having a second CTE, wherein said film is fixedly attached to
said semiconductor material, wherein second CTE differs from said first CTE

to produce a CTE mismatch that results in straining of the semiconductor

material during heating and cooling of said apparatus.

2. The apparatus of claim 1, wherein said semiconductor material

comprises a microstructured semiconductor device.

3. The apparatus of claim 1, wherein said semiconductor material
comprises a microstructured semiconductor device selected from the group

consisting of a laser diode and a light emitting diode.

4. The apparatus of claim 1, wherein said semiconductor material
contprises a microstructured semiconductor device that produces an emission
wavelength that depends upon temperature in a different than would be
exhibited by a said microstructured semiconductor device if said film having

said second CTE were not fixedly attached to said semiconductor material.
5. The apparatus of claim 1, wherein said semiconductor material

comprises a microstructured semiconductor device designed to resultin a

desived dA/dT behavior,

w2
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6. The apparatus of claim 1, wherein said film comprises a material

selected from the group consisting of a dielectric and a metal.

7. The apparatus of claim 1, wherein said semiconductor material
comprises a microstructured semiconductor device, wherein said
microstructured semiconductor device comprises a microstructural geometry,
wherein said microstructural geometry and said film are chosen such that
said CTE mismatch results in straining of said semiconductor device during
heating and cooling, such that the emission wavelength of the semiconductor
possesses a different behavior vs temperature than would be exhibited if said

second film CTE were not fixedly attached to said semiconductor material.

8. The apparatus of claim 1, wherein said semiconductor material

comprises a 2-dimensional semiconductor device.

9. The apparatus of claim 1, wherein said semiconductor material

comprises a 3-dimensional semiconductor device.

10. The apparatus of claim 1, wherein said semiconductor material
comprises a semiconductor device selected from the group consisting of a

laser diode and a light emitting diode.

11. A method, comprising:

providing a semiconductor material having a first coefficient of
thermal expansion (CTE); and

attaching a film to said semiconductor material, wherein said film
comprises a second CTE, wherein second CTE differs from said first CTE to
produce a CTE mismatch that results in straining of said semiconductor
material during heating and cooling of at least one of said semiconductor

material and said film.

13-



WO 2019/241082 PCT/US2019/036174

12, The method of clairn 11, wherein said semiconductor material

comprises a microstructured semiconductor device.

13. The method of claira 11, wherein said semiconductor material
comprises a microstructured semiconductor device selected from the group

consisting of a laser diode and a light emitting diode.

14. The method of claim 11, wherein said semiconductor material
comprises a microstructured semiconductor device that produces an emission
wavelength that depends upon temperature in a different than would be
exhibited by a said microstructured semiconductor device if said film having

said second CTE were not fixedly attached to said semiconductor material.

15. The method of claim 11, wherein said semiconductor material
comprises a microstructured semiconductor device designed to resultin a

desired dA/dT behavior.

16. The method of claim 11, wherein said film comprises a material

selected from the group consisting of a dielectric and a metal.

17. The method of claim 11, wherein said semiconductor material
comprises a microstructured semiconductor device, wherein said
microstructured semiconductor device comprises a microstructural geometry,
wherein said niicrostructural geometry and said film are chosen such that
said CTE mismatch results in straining of said semiconductor device during
heating and cooling, such that the emission wavelength of the seniiconductor
possesses a different behavior vs temperature than would be exhibited if said

second film CTE were not fixedly attached to said semiconductor material.
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18, The method of claim 11, wherein said semiconductor material

comprises a 2-dimensional semiconductor device.

19. The method of claim 11, wherein said semiconductor material

comprises a 3-dimensional semiconductor device.

20. The method of claim 11, wherein said semiconductor material
comprises a semiconductor device selected from the group consisting of a

laser diode and a light emitting diode.

21. An apparatus, comprising:

a substrate;

an array of three-dimensional semiconductor structures positioned
above the substrate, wherein each three-dimensional structure comprises a
bottom surface, a top surface and at least one side surface connecting the
bottom surface and the top surface;

a cavity region between each of the three-dimensional structures;
and

a film located in each cavity region and surrounding each side
surface of each three-dimensional structure, the film comprising a different

CTE from that of said three-dimensional semiconductor structures.

22. A method, comprising:

providing a substrate;

fixedly positioning an array of three-dimensional semiconductor
structures to and above said substrate, wherein each three-dimensional
structure comprises a bottom surface, a top surface and at least one side
surface connecting the bottom surface and the top surface;

forming a cavity region between each of the three-dimensional

structures; and

15
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fixedly locating a film in each cavity region and surrounding each
side surface of each three-dimensional structure, the film comprising a

different CTE from that of said three-dimensional semiconductor structures.

116-
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