OPTOELECTRONIC MODULES HAVING A SILICON SUBSTRATE, AND
FABRICATION METHODS FOR SUCH MODULES
FIELD OF THE DISCLOSURE
[0001] This disclosure relates to optoelectronic modules having a silicon substrate, and

fabrication methods for such modules.

BACKGROUND

[0002] Smartphones and other devices sometimes include miniaturized optoelectronic
modules such as light modules, sensors or cameras. Light modules can include a light
emitting element such as a light emitting diode (LED), an infra-red (IR) LED, an organic
LED (OLED), an infra-red (IR) laser or a vertical cavity surface emitting laser (VCSEL)
that emits light through a lens to outside the device. Other modules can include a light
detecting element. For example, CMOS and CCD image sensors can be used in primary
or front facing cameras. Likewise, proximity sensors and ambient light sensors can
include a light sensing element such as a photodiode. The light emitting and light
detecting modules as well as cameras can be used in various combinations. Thus, for
example, a light module such as a flash module can be used in combination with a
camera that has an imaging sensor. Light emitting modules in combination with light
detecting modules also can be used for other applications such as gesture recognition or

IR illumination.

[0003] Although various module designs have been proposed, there is a constant need in
the industry to improve various aspects of such modules. For example, space in the
devices for which the modules are designed often is at a premium. Thus, it is desirable
for the module to have as a small a footprint as practicable. Further, poor transfer of heat
away from the modules can be problematic in some cases. Likewise, in some situations,
when temperatures vary from nominal values, the module’s optical properties may

become degraded.



SUMMARY
[0004] This disclosure describes optoelectronic modules having a silicon substrate, and

fabrication methods for such modules.

[0005] One or more of the following advantages are provided by some implementations.
For example, by using a silicon substrate in which various electronic and/or
optoelectronic components can be formed, the module can have as a relatively small
footprint. The overall cost of the module can be reduced in some cases by eliminating
the need for (and cost of) a printed circuit board substrate. Likewise, in some instances,
at least some wiring to the substrate that might otherwise be required can be avoided by
using a silicon substrate. Further, as the thermal conductivity of silicon is relatively high,
heat transfer away from the module can be improved. Also, in view of silicon’s
coefficient of thermal expansion, using a silicon substrate can help reduce degradation of

the module’s optical properties when temperatures vary from nominal values.

[0006] Depending on the application, a module may have a single optical channel or
multiple optical channels. For example, according to one aspect, an optoelectronic
module includes a silicon substrate in which or on which there is an optoelectronic
device. An optics assembly is disposed over the optoelectronic device. A spacer

separates the silicon substrate from the optics assembly.

[0007] The spacer preferably is substantially opaque to, or significantly attenuates, light
at wavelengths emitted and/or detectable by the optoelectronic device, which may be
implemented as a light emitting element formed in, or mounted on, the silicon substrate
or as a light detecting element formed in the silicon substrate. In some implementations,
the spacer laterally surrounds, and is in direct contact with, the silicon substrate and may
extend beyond an exterior surface of the silicon substrate. Other optical features such as

optical filters or focal length correction layers may be provided as well.

[0008] In another aspect, an optoelectronic module includes a first optical channel and a

second optical channel. A first optoelectronic device in the first optical channel is



integrated in or disposed on first silicon substrate, and a second optoelectronic device in
the second optical channel is integrated in or disposed on a second silicon substrate. First
and second optics assemblies are disposed, respectively, over the first and second
optoelectronic devices. A spacer separates the silicon substrates from the optics
assemblies, and a portion of the spacer separates the first and second channels from one
another. The spacer laterally surrounds, and is in direct contact with, the first and second

silicon substrates.

[0009] In some instances, the first optics assembly is disposed on the spacer at a first
distance from the first substrate, and the second optics assembly is disposed on the spacer
at a different second distance from the second substrate. In some cases, the first and

second optics assemblies form a laterally contiguous array of optical assemblies.

[0010] The present disclosure also describes methods of fabricating optoelectronic
modules. For example, in some implementations, a wafer-level method includes
applying upper and lower vacuum injection tools to a plurality of optoelectronic devices
each of which is integrated in or disposed on a respective silicon substrate. The tools
define spaces separating the silicon substrates from one another. The method further
includes injecting a polymer material into the spaces, and curing the polymer material to
form a spacer. One or more optics assemblies are attached to the spacer so as to obtain a
resulting structure in which each of the one or more optics assemblies is disposed over at
least one of the optoelectronic devices. The resulting structure then is separated into a

plurality of optoelectronic modules each of which includes at least one optical channel.

[0011] Other aspects, features and advantages will be readily apparent form the

following detailed description, the accompanying drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] FIG. 1 is an example of a multi-channel optoelectronic module.
[0013] FIG. 2 is an example of a single channel optoelectronic module.

[0014] FIG. 3 is another example of a multi-channel optoelectronic module.



[0015] FIGS. 4A — 41 illustrate steps in a wafer-level method of fabricating
optoelectronic modules.

{0016] FIG. 5 is a further example of an optoelectronic module.

[0017] FIGS. 6A and 6B illustrate example of modules having different types of optics
assemblies.

[0018] FIGS. 7A and 7B illustrate an example of modules having machine-able spacer
features.

[0019] FIG. 8 is an example of an optics assembly that includes focal length correction
layers.

[0020] FIGS. 9A and 9B illustrate examples of optoelectronic modules having optical

filters.

DETAILED DESCRIPTION

[0021] As shown in FIG. 1, a first example of an optoelectronic module 20 includes an
array of optical channels. In the illustrated example, the module 20 includes an emission
channel 22 and a detection channel 24. The module 20 has silicon substrates 26A, 26B,
which are separated from an optics assembly 28 by a spacer 30. Thus, interior regions of
the module 20 are bounded by the substrates 26A, 26B, the spacer 30 and the optics
assembly 28.

[0022] Different portions of each silicon substrate 26A, 26B may exhibit different
electronic and/or optoelectronic properties. A respective active optoelectronic device is
integrated in, or disposed on, each silicon substrate 26A, 26B. For example, a light
emitting element 32 (e.g., a LED, a laser diode or a series of LEDs or laser diodes) can be
formed in, or mounted on, the silicon substrate 26A in the emission channel 22.
Likewise, a single light detecting element (e.g., a photodiode) or an array of light
detecting elements 34 (e.g., pixels of a CMOS sensor) can be formed in the silicon
substrate 26B in the detection channel 24. In some instances, additional circuit

components may be formed in the silicon substrates 26A, 26B.



[0023] The spacer 30 laterally surrounds the optoelectronic devices 32, 34 and serves as
sidewalls for the module. Further, part 30A of the spacer serves as an interior wall that
separates the emission and detection channels 22, 24 from one another. The spacer 30
(including the interior wall portion 30A) preferably is substantially opaque to, or
significantly attenuates, light at wavelengths emitted by the light emitting element 32
and/or detectable by the light detection element 34. For example, in some cases, the
spacer 30 is composed of a polymer material (e.g., epoxy, acrylate, polyurethane, or
silicone) containing a non-transparent filler (e.g., carbon black, pigment, or dye). As
illustrated in FIG. 1, the spacer 30 also laterally surrounds, and is in direct contact with,
the silicon substrates 26A, 26B, and the interior wall portion 30A of the spacer separates
the two silicon substrates 26A, 26B from one another. These features can be
advantageous, in some instances, by providing electrical isolation of the module from
adjacent semiconductor components and by providing structural support that can help

prevent the silicon substrates from chipping.

[0024] Details of the optics assembly 28 may depend on the particular application, In
the example of FIG. 1, the optics assembly 28 includes transmissive covers 36A, 36B that
are laterally embedded within substantially opaque material 38. The transmissive covers
36A, 36B can be composed, for example, of glass, sapphire or a polymer material. The
transmissive covers 36A, 36B generally are transparent to wavelengths of light emitted or
detectable by the optoelectronic devices 32, 34. The opaque sections 38 can be
composed, for example, of the same material as the spacer 30 or some other substantially
non-transparent material. Each transmissive cover 36A, 36B can have one or more
optical elements 40 such as lenses or other beam shaping elements formed thereon.

Other examples of optics assemblies are described below.

[0025] The exterior side of each silicon substrate 26A, 26B can be provided with one or
more solder bumps or other conductive contacts 42 (e.g., a ball grid array), which can be
coupled electrically to a respective one of the optoelectronic devices 32, 34 in a known
manner. Some implementations include through-silicon vias for the electrical

connections.



[0026] In some implementations, a module may include only a single optical channel.
For example, as shown for example, in FIG. 2, the module 20A has a single optical
detection channel] and includes a light detection element 34. In other cases, the module

may have a single optical emission channel and may include a light emitting element 32.

[0027] In some instances, an optical filter is provided in or more of the channels. For
example, as shown in FIG. 3, a module 20B includes two detection channels 24A, 24B.
A first optical filter 44 A is disposed over a first light sensor 34 A, and a second optical
filter 44B is disposed over a second light sensor 34B. The first and second filters 44A,
44B may allow the same wavelength (or range of wavelengths) to pass or may be tailored
to allow different wavelengths (or ranges of wavelengths) to pass. Thus, for example, the
optical filters may include color filter arrays, IR-cut filters, band-pass filters,

monochrome filters, or no filters.

[0028] The foregoing modules can be fabricated, for example, in a wafer-level process.
Wafer-level processes allow multiple modules to be fabricated in parallel at the same
time. Generally, a wafer refers to a substantially disk- or plate-like shaped item, its
extension in one direction (y-direction or vertical direction) is small with respect to its
extension in the other two directions (x- and z- or lateral directions). In some
implementations, the diameter of the wafer is between 5 ¢cm and 40 cm, and can be, for
example, between 10 cm and 31 cm. The wafer may be cylindrical with a diameter, for
example, of 2, 4, 6, 8, or 12 inches, one inch being about 2.54 cm. In some
implementations of a wafer level process, there can be provisions for at least ten modules
in each lateral direction, and in some cases at least thirty or even fifty or more modules in
each lateral direction. The following paragraphs describe an example of such a wafer-
level fabrication process for manufacturing optoelectronic modules such as those

described above.

[0029] As illustrated in FIG. 4A, a silicon wafer 100 is provided in which integrated

optoelectronic components 102 are formed. The wafer can be provided with electrical



connections 104 (e.g., solder bumps or ball grid arrays) on its backside and also may
include through-silicon via connections. Optical filters 106 then can be applied over
some or all of the optoelectronic components. In some instances, optical filters may not
be applied to any of the optoelectronic components 102. In some cases, a protective layer
(e.g., composed of glass or other transparent material) may be applied, for example, to
protect the optoelectronic components from dust or particles generated during subsequent
dicing. External light emitters such as LEDs, laser diodes, or VCSELS may be mounted
on the silicon wafer as well. Next, as shown in FIG. 4B, a support wafer 108 is applied
to support the silicon wafer 100, and, as indicated by FIG. 4C, the wafer is separated
(e.g., by dicing) into multiple individual silicon device 110 each of which includes at

least one optoelectronic component 102.

[0030] The silicon devices 110 can be removed from the support wafer 108 and placed
on a lower vacuum injection tool 112 (see FIG. 4D). An upper vacuum injection tool 114
is applied to the devices 110 as well. When brought into contact with the silicon device2
110 as shown in FIG. 4D, the vacuum injection tools 112, 114 define spaces 116 around
the silicon devices 110. A spacer material (e.g., epoxy with a non-transparent filler) 118
is injected into the spaces 116 as illustrated, for example, in FIG. 4E, and subsequently is
cured, for example, by ultra-violet (UV) radiation 120 and/or thermal treatment (see FIG.

4F).

[0031] After the spacer material 118 is cured, the upper tool 114 can be removed. The
resulting structure can remain on the lower tool 112, which serves as a support structure
during some of the subsequent fabrication steps (see FIG. 4G). For example, a wafer-
level optics assembly 122 can be attached (e.g., by adhesive) to the free end of the spacer
118 (see FIG. 4H). In this example, the waver-level optics assembly 122 includes
transparent windows 124 formed in through-holes of a non-transparent PCB wafer 126.
The optics assembly 122 can include one or more beam shaping elements (e.g., lenses)
128 formed (e.g., by a replication technique) on each of the transparent windows 124 to
help focus incoming light onto the corresponding light detection element(s). Next, as

indicated by FIG. 41, the resulting structure is separated (e.g., along dicing lines 130) into



individual optoelectronic modules each of which includes a single optical channel or an

array of channels. The modules then can be removed from the lower support tool 112.

[0032] Various modifications to the foregoing method and modules can be implemented.
For example, although in some cases the bottom of the spacers 30 may be substantially
flush with the bottom of the silicon substrates 26A, 26B, in other cases, the spacers may
protrude somewhat beyond the bottom of the silicon substrate(s) (see FIG. 3). In
particular, the spacers 30 may extend beyond the lower surface 50 of the silicon

substrate(s) on which the external conductive contacts 42 are located.

[0033] Various types of optics assemblies can be attached to the spacers 30. For
example, instead of the wafer-level optics assembly 122 of FIG. 4H, a respective lens
barrel 122A with appropriate lenses 40 can be provided for each channel (see FIG. 6A).
In some cases, an autofocus mechanism 41 can be included, for example, in the lens
barrel 122A. The autofocus mechanism can be implemented, for example, as a tunable
lens or a piezo-electric element. Electrical connections 43 from the autofocus mechanism
4] to the silicon substrate can be provided, for example, along the surface of the spacer
30 or as through-spacer connections. The auto-focus mechanism 41 can be used alone or
in conjunction with a glass optical element and/or the customizable vertical alignment

features to provide very accurate and precise optical performance for the module.

[0034] Further, in some cases a laterally contignous lens array wafer 122B can be
provided as part of the optics assembly (see FIG. 6B). In the latter case, a single
contiguous lens array wafer may 122B span across the entire array of channels. Such an
arrangement can be particularly advantageous, for example, when all of the channels

have the same height.

[0035] On the other hand, in some cases, it may be desirable to position the optical
assembly for some of the channels at a height different from that of other channels. Such
a situation may be helpful in providing focal length correction during the fabrication

process. For example, prior to attaching an optics assembly over a particular channel,



optical measurement(s) can be made to determine the extent to which the channel’s focal
length deviates from a specified target value. If the focal length needs to be corrected,
one way of providing the correction is to adjust the height of the spacer through
mechanical machining. As shown, for example, in FIG. 7A, the spacers 30 can include
machine-able features 52 at their free ends. The free end of the spacer 30 for the
particular channel can be micro-machined so as to achieve a specified focal length when
an optics assembly 122C is attached to the spacer (see FIG. 7B). The optics assembly
122C then can be positioned over the channel, for example, using pick-and place
equipment. In some instances, each optics assembly [22C includes a lens 40 and cover
glass 36, only a lens 40, or only a cover glass 36. As shown in FIG. 7B, instead of
contiguous lens array, the result is a non-contiguous lens array, which allows the optics
assembly for each channel to be placed at a different height, if needed. In some cases,
this process can result in a multi-channel module in which the optics assembly for one

channel is at a height slightly different from the optics assembly for another channel.

[0036] Instead of, or in addition to, micromachining the height of the spacer 30 to adjust
a channel’s focal length, in some cases, a focal length correction layer 54 is provided
(e.g., on a surface of the or cover glass 36, or on a surface of the lens wafer 38 as
illustrated in FIG. 8). The thickness of the focal length correction layer 54 can be
adjusted, for example, by exposing the layer to radiation so as to achieve a specified focal
length for the channel. Thus, some channels may include micro-machined spacer
features 52 and/or a focal length correction layer 54. Other channels may include neither
of the foregoing features. After micro-machining the height of the spacer(s) 30 and/or
adjusting the thickness of the focal length correction layer 54, an optics assembly can be

attached to the spacer.

{0037] As previously described, optical filters can be provided for one or more of the
channels. In some implementations, instead of, or in addition to, providing a filter
directly on the optoelectronic device (e.g., 34A), a filter 44C can be pfovided on a surface

of the lens assembly wafer 38 (FIG. 9A) or on the surface of the cover glass 36 (FIG.

9



9B). In some cases, an optical filter 44D is integrated into the optics assembly (FIGS. 9A
and 9B).

AN 13

[0038] As used in this disclosure, the terms “transparent,” “non-transparent” and
“transmissive” are made with reference to the particular wavelength(s) emitted by or
detectable by the devices in the module. Thus, a particular feature, for example, may be
considered “non-transparent” even though it may allow light of other wavelengths to pass

through.

[0039] The modules described here can be useful, for example, as proximity sensor
modules or as other optical sensing modules, such as for gesture sensing, recognition or
imaging. The modules may be integrated into a wide range of small electronic devices,
such as smart phones, bio devices, mobile robots, surveillance cameras, camcorders,

laptop computers, and tablet computers, among others.

[0040] Various modifications can be made within the spirit of the foregoing description.

Accordingly, other implementations are within the scope of the claims.
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What is claimed is:

1. An optoelectronic module comprising:

a silicon substrate in which or on which is an optoelectronic device;

an optics assembly disposed over the optoelectronic device;

a spacer separating the silicon substrate from the optics assembly, wherein the
spacer is substantially opaque to, or significantly attenuates, light at wavelengths emitted

and/or detectable by the optoelectronic device.

2. The optoelectronic module of claim 1 wherein the spacer laterally surrounds, and is in

direct contact with, the silicon substrate.

3. The optoelectronic module of any one of the previous claims wherein the spacer

extends beyond an exterior surface of the silicon substrate.
4. The optoelectronic module of any one of the previous claims wherein the
optoelectronic device is a light emitting element formed in, or mounted on, the silicon

substrate.

5. The optoelectronic module of any one of claims 1 — 4 wherein the optoelectronic

device is a light detecting element formed in the silicon substrate.

6. The optoelectronic module of any one of the previous claims including an optical filter

intersecting a light path to or from the optoelectronic device.

7. The optoelectronic module of any one of the previous claims including a focal length

correction layer intersecting a light path to or from the optoelectronic device.

8. An optoelectronic module comprising:

a first optical channel and a second optical channel;

11



a first silicon substrate in which or on which is a first optoelectronic device in the
first optical channel;

a second silicon substrate in which or on which is a second optoelectronic device
in the second optical channel;

first and second optics assemblies disposed, respectively, over the first and second
optoelectronic devices;

a spacer separating the silicon substrates from the optics assemblies, wherein a
portion of the spacer separates the first and second channels from one another, and
wherein the spacer laterally surrounds, and is in direct contact with, the first and second

silicon substrates.

9. The optoelectronic module of claim 8 wherein the first optics assembly is disposed on
the spacer at a first distance from the first substrate, and wherein the second optics
assembly is disposed on the spacer at a different second distance from the second

substrate.

10. The optoelectronic module of claim 8 wherein the first and second optics assemblies

form a laterally contiguous array of optical assemblies.
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