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OPTICAL MODULES INCLUDING CUSTOMIZABLE SPACERS FOR FOCAL‘
LENGTH ADJUSTMENT AND/OR REDUCTION OF TILT, AND
FABRICATION OF THE OPTICAL MODULES

FIELD OF THE DISCLOSURE
[0001] This disclosure relates to optical modules for image sensing devices such as

cameras, and other devices. It also relates to methods of manufacturing such modules.

BACKGROUND

[0002] During the manufacture of devices, such as optical modules for array cameras,
manufacturing irregularities or manufacturing deviations may occur, for example,
because of more or less unavoidable variations or inaccuracies in one or more of the
process steps. For example, when the optical devices include one or more passive optical
elements such as lenses, the devices may have focal lengths that slightly vary one from
the other despite having the same nominal focal length. In some cases, the focal length
may correspond to the flange focal length (FFL), or more generally, the focal length may
refer to any focal length parameter (e.g., the effective focal length (EFL))‘. In any event,r
variations in the focal lengths can result in the focal plane of the lens system lying off the

image sensor plane, which can lead to inferior image quality..

[0003] Another problem that can arise, for example, in array cameras is shifting of the
optical axes of the various optical channels as a result of thermal expansion of the lens
stacks. In sofne cases, thermal expansion can cause thé various optical channels to shift
laterally with respect to the image sensor plane. Thermalr expanéion also may'cause the
optiéél channels to become tilted with respéct to the desired dptical axis. Thus, thermal

expansion also can lead to inferior image quality.

[0004] Additional problems that can arise relate to the use of adhesive in the optical
assembly and/or tilt of the barrel lens or optical assembly, For example, a lens barrel or

optical stack may be attached toa transparent wafer with adhesive, or an optical assembly
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may be attached to another substrate (e.g., a printed circuit board (PCB) or image sensor)
with adhesive. The adhesive must be applied with precision and accuracy because
uneven, unequal distribution of adhesive may cause tilt in the barrel/lens stack or tilt in
the optical assembly, which can result in reduced image quality. In addition, if not
controlled properly, adhesive may migrate to the active portion of the image sensdr, :

which can result in the optical modules being unusable.

SUMMARY ‘
[0005] The present disclosure describes optical modules and methods of fabricating the
optical modules. Various approaches are described to provide adjustments to reduce
variations in the focal lengths of the optical channéls, to reduce the occurrence of tilt of
the module’s optical channels, and/or prévent adhesive from migfaﬁng to active portions

of the image sensor.

[0006] For éxample, in one aspect, an optical module includes active optoelectronic
components each of which is mounted on a respective printed circuit board, wherein each
of the active optoelectronic cbmponents is associated with a respective different optical
channel. A tfanspafent cover extends over the active optoelectronic components and is
substantially transparent to one or more wavelengths of light detectable or emitted by the
active optoelectronic components. The module includes beam shaping systems, each of
which is associated with a different one of the optical channels and which is disposed
over the transparent cover. A spacer separates the active optoelectronic components and
printed circuit boards from ‘trhe transparent cover. A first one of the active optoelectronic
components is separated, by the spacer, from the transparenf cover by a first distance, and
a second one of the gcti\}e opto.electron‘ic components is separated by the spacer from the

transparent cover by a different second distance.

[0007] Some implementations one or more of the following features. For example, the
spacer can include first edge features attached to top surfaces of the active optoelectronic
components and second edge features attaéhed to top surfaces of the printed circuit

boards. The second edge features can be attached to the top surfaces of the printed circuit
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boards by adhesive. In some cases, the spacer is a single monolithic piece, and the
transparent cover has a substantially uniform thickness. The Spacer may have trenches
 that provide space for electrical connections from the active optoelectronic components
to the printed circuit boards. The trenches also may provide space and protection for
adhesive. In some cases, a protective hood laterally sﬁfrounds a periphery of the
transparent.cover. The module also may include auto-focus components, each of which
is disposed respectively over a corresponding one of the beam shaping systems. A
respective electrically conductive connection can be provided from each auto-focus

component to a corresponding one of the printed circuit boards.

[0008] In another aspeét, an optical module includes an image sensor on a substrate. A
beam shaping system is disposed over a photosensitive region of the image sensor. A
spacer separates the beam shaping system from the image sensor. The spacer includes an
alignment edgé; in direct contact with a surface of the iniage sénsor, and further includes
an adhesion edge attached to the surface of the image sensor or to a surface of the

substrate by adhesive.

[0009] The present disclosure also describes various methods for fabricating these and
other optical modules. For example, in some implementations, a wafer-level fabrication

process can be used to make multiple optical modules at the same time.

[0010] In some implementations, the spacer portions are provided as a spacer wafer.

The method also may include a separating step to form the plurality of dptical modules.

[0011] Some implementations p_r()vide one or more of the following advantages. For
example, by providiﬂg for focal length adjustment during the fabrication process,
variations in the focal length from one channel to another can be reduced. More |

: geherally, the focal length of each channel in a single-channel modﬁle or a multi-channel -
mod‘ulé can be made closer to the nominal focal length. Further, by providing a single

~ transparent cover that extends acroés thé} entire> array of image sensors (;)r other active

optoelectronic components), thermal expansion and its associated adverse consequences
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can be reduced. Some implementations can help eliminate or reduce tilt in the optical
channels. Some features can help reduce the effects of stray light'and optical cross-talk
in the module. Further, various features can be provided to help protect wiring that
couples the image sensors to the PCBs on which they are mounted, as well as wiring that
couples auto-focus components to the PCBs. The modules and techniques described here

can lead, for example, to array cameras having improved image quality.

[0012] Other aspects, features and advantages will be apparent from the following

detailed description, the accompanying drawings and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. lisan e){ample of a multi-channel modulé having a customized spacer.
[0014] FIGS. 1A, 1B and 1C illustrate, respectlvely, a top cross-sectional view and side
cross-sectional views of a spacer for the 1mp1ementat10n of FIG. 1.

[0015] FIGS. 2A through 2D illustrate steps in accordance with a method of fabricating a
module with a customized spacer. :

[0016] FIG. 3 is a flow chart of a fabrication technique for making amodule with a
customized spacer. | - |

[0017] FIGS. 4A and 4B illustrate further details of a customized spacer.

[0018] FIG. 5 illustrates another example of a multi-channel module'having a
customized spacer. '

[0019] FIGS. 6A, 6B and 6C illustrate, respectively, a top cross-sectional view and side
cross—rsectional views of a proteétix}e hood for the implementation of FIG. 4.

[0020] FIGS.7A and 7B illustrate an example of a customlzable spacer for a single
channel module. ' ' o
[0021] FIGS. 8A and 8B illustrate plan views of examples of customizable spacers.
[0022] FIGS. 9 and 9A illustrate another example of a customizable spacer for a single
channel module.

~ [0023] FIGS. 10A and 10B illustrate plan views of further examples of customizable |

spacers.
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[0024] FIGS. 11A - 11N illustrate steps in a wafer-level fabrication process for making
multiple modules. ‘ '
[0025] FIG. 12A illustrates a further example of a multi-channel module.
[0026] FIG. 12B illustrates a further example of a single channel module.
[0027] FIG. 13 is a flow chart of a method of assembling the module of FIG. 12A.

- [0028] FIG. 14 is a flow chart of a method of assembling the module of FIG. 12B.
[0029] FIG. 15 illustrates an example of a module including features to eliminate or

reduce tilt.

DETAILED DESCRIPTION 7
[0030] As shown, in FIG:'1, a module 20 for a compact array camera or other imaging
device includes multiple optical channels 22, 24, each of which has a respective beam
shaping system such as a lens stack 26 held by 2 lens barrel 28. The lens barrels 28 can
be composed, for example, of an inj ection molded epoxy material. In the illustrated
example, eech lens stack 26 includes multiple lens elements 30 stacked one over the other
and intersecting the optical axis of the particular channel 22, 24. In some
implementations, only a sihgle beam shaping element (e.g., lens) may be provided for
-each optical channel. Each lens stack 26 is substantially aligned with a respective
monolithic image sensor 32, which can be implemented, for example, as a CCD or
CMOS pixel array that is operable to sense light (e.g., IR, visible, or UV) of a particular
wavelength or range of wavelengths. Further, each image sensor 32, which is an example
of an active optoelectronic component, can be implemented as part of an integrated
circuit (IC) formed, for example, as a semiconductor chip device that includes circuitry to
perform proeessing (e.g., analog-to-digital processing) of signals produced by the light -
sensmg elements. In some 1mp1ementat10ns each of the sensors 32 is operable to sense -
light of the same wavelength or range of wavelengths whereas in other 1mp1ementat10ns
the sensors 32 are operable to sense light at different wavelengths or ranges of
wavelengths from one another. Using individual sensors 32, rather than a single large
common sensor for all the channels‘ can provide greater flexibility in choosing sénsors
with specific characteristics tallored for each particular channel 22 or 24. Each sensor 32

can be mounted, for example, on a respective printed circuit board (PCB) 34 Wiring
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(i.e., electrically conductive connections) 36 can be provided from each sensor 32 to
electrical contacts on the respective PCB 34. In some implementations, flip chip
technology can be used to provide the electrical connections between the sensors 32 and
the PCBs 34.

[0031] As further illustrated in the example 0f FIG. 1, the lens barrels 28 can be mounted
directly or indirectly on a transparent cover 38 that is disposed between the lens stacks 26
and the sensors 32. The transparent cover 38 can be shaped, for ‘example, as a plate
whose thickness is substantially uniform. The cover 38, which can protect the sensors 32
from dirt and the like, is substantially transparent to the wavélength(s) of light detectable
by the sensors 32. In some instances, the cover 38 is composed of a glass or plastic
material. Providing a single transparent cover 38 over all the sensors 32 can help
improve the mechanical stability of the module 20 and can help reduce the extent of
thermal expansion in the module. In some instances, the lens stack-side of the cover 38,
for example, can be partially coated with black chrome 40 to prevent stray light from
being received by the sensors 32. The black chrome 40 can be deposited on the surface

of the cover 38 other than on areas corresponding to the optical channels 22, 24.

[0032] Each of the sensors 32 for the various channels 22, 24 can be positioned at a
different respective distancé from the transparent cover 38 (and thus from the respective
lens stack 26). Thus, in the illustrated example, the sensor 32 for the first channel 22 is
cioser to the transpérent cover 38 than the sensor 32 for the second channel 24. To obtain
this feature, a spacer 42 separates the transparent cover 38 from the sensbrs 32 and the
PCBs 34. The upper surface of the spacer 42 can be in contact with the sensor-side of the
transparent cover 38, and the lbwer surfaée(s)- of the spacer can be in contact with the

upper surfaces of the sensors 32 and the PCBs 34.

[0033] As illustrated in the example of FIG. 1, the height of the spacer 42 in an area
defining one of the optical channels 22, 24 can differ from the height of the spacer in an
area déﬁning the other channel. Thus, in the illustrated example, the height of the spacer |

42 is smaller for the first channel 22 than for the second channel 24. In particular, the
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distance from the sensor-side of the transparent cover 38 to the sensor 32 in the first
_channel 22 is h1, whereas tﬁe distance from the sensor-side of the transparent cover 38 to
the sensor 32 in the second channel 24 is h2 (> h1). Likewise, the distance from the
sensor-side of the transparent cover 38 to the PCB 34 in the first charinel 22 isHI,
whereas the distance from the sensor-side of the transparent cover 38 to the PCB 34 in
the second channel 24 is H2 (>H1). The difference in the height of the spacer for the
various channels 22, 24 can provide for focal length correction during manufacture and
assembly of the imaging device. For example, if (during fabrication and assembly) the
respective focal lengths of the channéls 22, 24 differ from a nominal value, the height of
the spacer 42 can be adjusted to correct for that difference. Thus, the actual focal length
of each channel 22, 24 can substantially match a desired or specified value by placing the
sensors 32 for the various channels 22, 24 at d_ifferent respective distances from the
transparent cover 38 (and thus from the respective lens stacks 26). Nevertheless, in some
implementations, each of the sensors 32 may be at substantially the same distance from

the transparent cover 38.

[0034] The spacer 42 also can include trenches 48 to provide space for the electrical
connections 36 from the sensors 32 to the PCBs 34. The trenches 48 can be formed as
annular spaces (e.g., ﬁng or rectangular/square shaped) such that the electrical-
connections 36 can be provided along any part of the periphery of each respective sensor
32. FIGS. 1A, 1B and 1C show, respectively, a top cross-sectional view and side cross-
sectional views of the spacer 42. The spécer 42 thus laterally surrounds the electrical
connections 36, thereby providing a level of protection for them. The sbacer 42 also
laterally surrounds each of the image sensors 32 such that a portion of the spacer

separates each image sensor 32 from an adjacent image sensor 32.

[0035] As further illustrated in the example ;)f FIG. 1, the spacér 42 can be formed as a
single monolithic piece and can be composed, for example, of a vacuum 'injéction molded
epoxy material that is substantially opaqué for the wavelength(s) of light detectable by -
the sensors 32. In some cases, the lens barrels 28 are composed of the same material as

the spacer 42. The spacer has openings (i.e., thfough—hoies) 46 that serve as light
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conduits of the channels 22, 24 to allow light to pass from the lens stacks 26 through the
transparent cover 38 and to the respective sensor 32. The sidewalls 42A and internal wall
42B of the spacer 42 that extend from the transparent cover 38 to the surface of the PCBs
34 laterally surround the sensors 32, thereby helping shield the sensors from stray light
and frorh optical cross-talk.

[0036] In some implementations, optical filters can be provided, for example, on the
transparent cover 38 or on the image sensors 32. Various types of optical filters can be
used, such as monochromatic, Bayer or other color filter arrays, neutral density, or infra-
red (IR). Depending on the implementation, the filters for each channel may be the same

or may differ. -

[0037] In some cases, the PCBs 34 are mounted on a common flexible cable (FPC) 44,
which provides electrical connections to the sensors 32. The flexible cable 44 can

conform to the different vertical positions of the PCBs 34.

[0038] Some implementations also include a protective hood 47 that surrounds the
periphery 49 of the transparent cover 38. The hood 47 can help shield the module from
stray light and can help conceal the transparent cover 38 from view. The hood 47 can
include a top ledge 50 located over the top surface of the transparent cover 38 near its
periphery. The hood 47, which can be formed, for example, of an injected molded epoxy |
material, should be substantially opaque to wavelength(s) of light detectable by the
sensors 32. In some cases, the hood 47 is composed of the same materiél as the spacer

42. The top ledge 50 of the hood 47 can be attached to the outer sidewalls of the lens

barrels 28 and can rest on the upper surface of the transparent cover 38.

[0039] Although the example of FIG. 1 illustrates a module 10 having two optical
channels, some implementations may include only a single optical channel. Other
impiementations may include a MxN array of optical channels, wherein one or both of M

and N are two or more.
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[0040] FIGS. 2A through 2D illustrate an example of fabricating portions of a module 10
having a custenlized spacer that provides channel focal length adjustment (e.g., focal
length correction). As illustrated in FIG. 2A, beam shaping systems, such as lens barrels
28 holding respective lens stacks 26, are attached to a first surface of a transparent plate
38. An initial spacer 102 is attached to a second surface on the opposite slde of the
transparent plate 38. The inltial spacer 102 can include openiugs 46 fer the light conduit
of each channel. The initial spacer 102 also can include a first set of extensions 104 to
provide sensor-edge features for contact to image sensors and a second set of extensions
106 to provide PCB-edge features for attachment to PCBs on Which the image sensors are
mounted. The extensions 104, l06 extend in a direction away from the plate 38. The
initial spacer 102 can be formed, for example, by a vacuum injection molding and/or

micromachining processes.

[0041] Before attaching the image sensor/PCB pairs to the spacer 42, a focal length (e.g.,
FFL) measurement is made for each optical channel (FIG. 3, block 202). The measured
focal lengths then can be compared to a specified (e.g., nominel) focal length value
(block 204). If the measured value for a particular optical channel differs from the
specified value, various adjustments can be made. In some cases, adjustments can be
made to provide for FFL channel correction (block 206). This can be accomplished, for
example, by applying (e.g., by photolithography) one or more layers of optically
transparent material to the underside of the transparent cover 38. The thickness of the
layer(s) provided for each optical channel may differ depending on the amount of
correction needed for each channel. Further, the height of the spacer extensions 104, 106
for the particular channel can be adjusted to achieve a corrected focal length of the
channel that substantially matches the desu'e(j value (block 208). For example the height
of some or all of the extensions 104, 106 can be reduced by micromachining. The height
of the extensions 104, 106 for different channels may be reduced by the same amount or
different amounts, depending on the alneunt of focal length correction to be made for
each channel. No adjustment may be needed for a particular channel if the focal length
of the channel already is sat1sfactory (i-e., within a specified tolerance of the nominal

Value) The result is a customized spacer 102A (see FIG.S 2B and 2C) which provides
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focal length adjustment (e.g., correction) and has sensor-edge features 104A, 104B for
contact with the upper surface of the reepective image sensors 32 and PCB-edge features
106A, 106B for attachment to the upper surface of the respective PCBs 34. FIG. 2C
shows an example in which the heights of the extensions 104A, 106A for the optical
channel on the left-hand side were adjusted, whereas the heights of the extensions 104B,
106B for the optical channel on the right-hand side were not adjusfed. In the resulting
customized spacer 102A, the vertical position (i.e., the height) of the sensor-edge feature
104A for one channel may differ from the vertical position of the sensor-edge feature
104B of another channel. Likewise, the vertical position (i.e., the height) of the
corresponding PCB-edge feature 106A for one channel may differ from the vertical
position of the PCB-edge feature 106B of another channel. In some cases, the focal
lengths for the channels suBsequently may be re—meaéured to confirm whether additional
rmcromachmmg of the extensions 104, 106 is needed. In some implementations, both
steps 206 and 208 are performed in other cases, only one of the steps 206, 208 may be

performed, and the other may be omitted.

[0042] After making any necessary or desired adjustments to the spacer, the sensor-edge
features 104A, 104B of the spacer 102A can be brought into contact with respective
image sensors 32 and the PCB-edge features 106A, 106B of the spacer 102A can be
attached (directly or indirectly) to the respective PCBs 34 on which the image sensors 32 |
are mounted (FIG. 3, block 210; see FIGS. 2C and 2D). In some cases, the upper surface
of each PCB 34 is attached directly, for example, by an adhesive to a respective PCB-
edge feature 106A, 106B. The wiring 36 connecting the sensors 32 to the PCBs 34
should be provided prior to attaching the sensor/PCB pairs to the spacer 102A. After
attachmg the spacer 102A to the i 1mage sensors/PCB pairs, a protective hood 47 and
flexible cable 44 can be prov1ded (see FIG 1).

[0043] In some implementations, the height of the image sensors 32 may vary slightly
from a nominal value or may vary with respect to-one another. Likewise, the thickness of
glue or other adhesive 33 that is used to attach the images sensors 32to the respective

PCBs 34 may vary from anominal value or may vary ﬁ'om one sensor/PCB pair to

10
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another. Thus, variations in the sensor-to-PCB thickness (D) may occur. See FIG. 4A.

To reduce the extent of any-such variations, the height of the extension 106 fora 7
particular PCB-edge feature 106A should be such that, when the corresponding sensor-
edge feature 104A of the spacer is brought into contact with the upper surface of the
image sensor 32, there is a small space (of thickness (t)) between the PCB-edge feature
106A and the surface of the PCB 34. In some cases, it may be necessary to reduce the
height of the extension 106, for example, by micromachining, prior to bringing the spacer
into contact with the image sensor 32. The space between the spacer’é PCB-edge feature
106A and the PCB 34 then can be filled with an adhesive so that the PCB-edge feature
106A rests indirectly on the PCB 34. Thus, in this case, the PCB-edge feature 106A is-
attached indirectly to the PCB 34. In this way, the focal length adjustment (e.g.,
correction) for a given channel need not be impacted significantly by any variations in the
sensor-to-PCB thickness (D). See FIG. 4B. In particular, the foregoing techniques can

accommodate for differences in the sensor-to-PCB thickness (D).

[0044] In some implementations, multiple modules like the module 20 can be made by a
wafer-level process. Wafer-level processes allow multiple modules 20 to be fabricated at
the same time. Generally, a wafer refers to a\subsfantially disk- or plate-like shaped item,
its extension in one direction (z-direction or vertical direction) is small with respect to ité
extension in the other two directions (x- and y-, 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, énd in some cases at least thirty or even fifty or more modules in

each lateral direction.

[0045] As an example of a wafer-level process, multiple beam shaping systems can be
-arranged on one surface of a transparent wafer, and spacer portions can be provided on
the sensor side of the transparent wafer. The transparent wafer can be composed, for

example, of glass or plastic. The spacer portions can be provided, for example, by

11
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vacuum injection molding, or as a spacer wafer that is attached to the sensor-side of the
transparent wafer. The spacer wafer can be composed, for example, of a rion—transparent
material, such as a vacuum injected polymer material (e.g., epoxy, acrylate, polyurethane,
“or silicone) containing.a non-transparent filler (e.g., carbon bléck, pigment, or dye).
After measuring the focal length (e.g., FFL) for each optical channel, the height of the
spaber can be adjusted, for example, by micromachirﬁng, to provide for focal length
correction of one or more of the channels. The image sensors then can be brought into
contact with the spacer portions, and the stack can be separated (e.g., by dicing) into
multiple individual modules 20. In some cases, the dicing may be performed prior to
bringing the image sensors 32 into contact with the spacer portions. 'Further, in some
cases, the dicing may be performed even before micromachining the spacer portions to

provide for focal length correction.

[0046] In some implementatiohs,l other features can be included, such as an auto-focus
feature. FIG. 5 illustrates an example of such an implementation. The module 300 of
FIG. 5 is similar to the module 20 of FIG. 1, but also includes auto-focus components 302
each of which is associated with a respective one of the optical channels 22, 24. The
auto-focus components 302 can be disposed over the respective lens stack 26 and can
include, for example, a dynamic lens with electrical connections to the PCB 34. In some
implementations, the auto-focus components include a lens that can be moved vertically
within the optical channel to modify the optical characteristics for the channel. The \
electrical connections from the auto-focus component 302 to the PCB 34 can include, for
example, an electrically conductive coating 304 along the outer sides of fhe lens barrels
28. The electrically conductive Coating 304 can be formed, for example, as copper traces
along the outer surfaces of the lens batrels 28. The con_ductivé coating 304 can be
coupled directly to the auto-focus component 302' and to wil;ing 73 06, which in turn is .
coupled to a respéctive one of the PCBs“34. Signals from the PCBs 34 thus can be
provided to the auto-focus components 302 to control and adjust their optical

‘characteristics.

12
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[0047] As shown in FIG. 5, a protective hood 47A surrounds the periphery 49 of the
transparent cover 38 and also cén help shield the module from stfay light and can help
conceal the transparent cover 38 from view. The hood 47A can include a top ledge 50
located over the top surface of the transparent cover 38 near its periphery. In addition,
the hood 47A can provide channels 308 for the wiring 306. FIGS. 6A, 6B and 6C
illustrate, respectively, a cross-sectional top view and cross-sectional side views of the
hood 47A.

[0048] As described above, customized spacers that include sensdr—edge features for
contact with the upper surface of the respective image sensors, and that include PCB-
edge features for attachment to the upper surface of the respective PCBs, can facilitate
focal length adjustment (e.g., FFL correction). Customized spacers also can be used to
address other issues that may arise during fabrication of modules tﬁat incorporate an
active optoelectronic corhponent (e.g;, an image sensor). The following paragraphs
describe examples of modules including a customized spacer that can help address such

other problems that sometimes arise during fabrication.

[0049] Tilt, for example, can be introduced as a result of the uneven distribution of A
adhesive used to attach a beam shaping system (e.g., a lens barrel and optical assembly)
to a transparent wafer, or as a result of the uneven distribution of adhesive used to attach
an optical assembly to an image sensor or PCB substrate. The tilt can cause poor image
quality. Further, if the adhesive is not controlled properly, it may migrate to an active
portion of the image sensor, and render the sensor unusable. Custonlized spacers can be
used to help reduce the occurrence of tilt of components in the module, and/or to help

prevent adhesive from migrating to active portions of the image sensor.

[0050] As shown in FIG 7A,.a beam shaping system 425 (e.g., optics assembly 426 and
lens barrel 428) is at one side (i.c., the object-side) of a transparent plate 438, anda
_spacer 402 is at the second side (i.e., the sensor-side) of the transparent plate 438. The
lens_ barrel 428 can be attached to the spacer 402 by adhesive or may be formed as a

. unitary piece with the spacer 402. In some instances, an optical element such as an '

13
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optical filter 440 may be present on the transparent plate 438. As illustrated in FIG. 7A,
the spacer 402 includes a through-hole substantially; aligned with the beam shaping
system and corrésponding to an optical channel. The spacer 402 further includes a first
extension that provides a sensor alignment edge 404, and a second extension that
provides a PCB adhesion edge 406. The sensor alignment edge 404 defines the distance
from the uppér surface of the image sensor 432 to the optical assembly 426 (see FIG.
7B). The PCB adhesion edge 406 provides the bond line (i.e., the location where |
adhesive is placed for attachment to the PCB 434). |

[0051] The sensor alignment edge 404 can be customized (e.g., machined) such that the
focal length and any tilt are corrected. As shown in FIG. 7B, the alignment edge 404 is
placed in direct contact with an inactive portion of the image sensbr 432 (e.g., near the
periphery of the sensor 432). Preferably, no adhesive is used between the alignment edge
404 and the surface of the sensor 432. The PCB adhesion edge 406 also can be
customized (e.g., machined) such that it is allows the alignment edge 404 to make contact
with the upper surface of the image sensor 432, and also allows for adhesive (e.g., at a
thickness of approximately 20 um + 5 to 10 um) to be present between the adhesion edge
406 and the upper surface of the PCB 434 (see FIG. 7B). '

[0052] The customized spacer 402 can provide various advantages in some
implenientations. For example, the adhesive 410 can be kept away more easily from the
image sensor 432. Further, the wires 412 connecting the sensor 432 to the PCB 434 can
be better protécted because they are disposed within a cavity 411 between the ali gnment

» and adhesibn edges 404, 406; Also, better control of the height/tilt can be acfn'eved in
* some cases because the adhesive is on the PCB adhesion edge 406; not the sensor -

alignment edge 404.

[0053] The alignment edge 404 can take any one of various forms. For example, as
shown in FIG. 8A, the sensor alignment edge 404 laterally can surround the entire
periphery of the active_(i.ue., photosensitive) portion 433 of the image sensor 432. In

other implementations, the sensor alignment edge 404 can be implemented as a plurality

14
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of individual pillars (see FIG. 8B). Preferably, there are at least three such pillars to

provide mechanical stability.

[0054] In some implementations, the inactive area of the image sensor 432 may be
sufficiently large as to be capable of accommodating both an adhesion cdge 406A as well
as an alignment edge 404 (see FIG. 9). In that case, the adhesion edge 406A can be

_ attached (e.g., by adhesive) to the inactive area of the sensor 432; likewise, the alignment
edge 404 can be placed in direct contact with the inactive area of the sensor 432 (i.e.,
without adhesive). Prior to attaching the spacer 402A to the image sensor 432, one or
both of the alignment and adhesion edges 404, 406A can be machined to the desired
dimensions. As shown in the magnified, cut-away view of FIG. 9A, the cavity 411
between the edges 404, 406A can be designed so that capillary forces Wick.away the
adhesive (e.g., epoxy) such that it does not reach the sensor alignment edge 404 and the
active area of the image sensor 432. In some cases,. the conductive wires 412 cohnecting
the sensor 432 to the PCB 434 can be encapsulated (e.g., with back-fill epoxy) to enhance
their mechanical stability. The presence of the adhesive 410 reduces the risk that the

encapsulant covering the wires 412 will contaminate the image sensor 432.

[0055] In some implementations, the adhesive 410 may be present along substantially

- the entire contact surface of the adhesive edgé 406A. In other cases, the adhesive may be
present only on parts of the edge 406, 406A. For example, individual beads of adhesive 7
410 may be provided on portions of the edge’s contact surface (see FIG. 10A). To reduce
the overall footprint of the spacer 402, 402A, the sensor alignment edge 404 and the
sensor adhesive edge 406A can share a side 444 in common (see FIG. 10B). In that case,

. adhesive 410 can be placed along the other sidés of the sensor adhesive edge 406, 406A,
but would not be placed along the sidé 444 shared in common with the sensor alignment
edge.

[0056] In the foregoing implementations, the optics assembly 426 can include, for .

example, a stack of lenses that provides a single optical channel, or a stack of lens arrays

that provides two or'more optical channels. In the case of lens arrays, so_fne of the arrays
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may be implemented as laterally contiguous monolithic arrays that span across multiple

channels.

[0057] FIGS. 11A — 11N illustrate an example of a wafer-level process for fabricating
assemblies that include customized spacers having an adhesion edge and an alignment
edge. As shown in FIG 11A, a transparent wafer 1102 (e.g., composed of glass or
plastic) is attached to UV dicing tape 1104. In some éases, the wafer 1102 may be pre-
‘coated with an optical filter or other layer. The transparent wafer 1102 is separated, for
example by dicing, into individual transparent covers 1106, as shown in FIG. 11B. Next,
as illustrated by FIG 11C, vacuum injection tools 1108, 1110 are provided such that the
lower tool 1110 is flush with the bottom of the transparent covers 1106, and the upper
tool 1108 has cavities 1112 that define the spacer regions. Then; as shown in FIG. ‘11D, a
non-transparent material, such as a polymer material (e.g., epoxy, acrylate, polyurethane,
or éilicone) containing a no_n-traﬁsparent filler (e.g., carbon black, pigment, or dye), is
injected under vacuum into the regions between the tools 1108, 1110. Subsequently, the
non-transparent material 1114 that fills the caviﬁes 1112 is cured, for example, using UV
radiation (FIG. 11E). The tools 1108, 1110 then are removed from the resulting structure
1115 (see FIG. 11F). ‘

[0058] Next, as shown in FIG. 11G, a respective beam shaping system 1116 is attached,
for example by adhesive, to each'transparent cover 1106 or to the upper surface of the
non-transparent material 1114. Each beam shaping system 1116-can include, for _
example, a lens stack and lens barrel. Alternatively, a beam shaping éysfem for the
optical channels may be provided in the form of a lens wafer (e.g., a non-transparent
subétrate with an array of through holes filled with transp_arént material forming optical
elements), or by lens elements individually placed or replicated directly onto a cover
glass. Various measurements can be made for each optical channel, including the
channel’s modulation transfer function (MTF), the channels’ focal length and/or the
amount of tilt with respect to a reference plane. As illustrated by FIG. 11H, the _
measurements may involve generating one or more optical signals 1117 that pass through

the optical channel, and measuring one or more parameters of the signal(s). In some
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implementations, the optical measurements are performed at a later stagé in the process
(e.g., just prior to the machining depicfed in FIG. 11M). The measurements can be used
in subsequent processing steps to machine the spacer. Regardless of whether the optical
measurements are performed immediately following the step of FIG 11G or at a later
stage, another vacuum injection tool 1118 is provided (see FIG. 111), and non-transp'a.rént
material 1120 is injected under vacuum for the alignment and adhesion edges of each
channel (see FIG 11J). Here too, the non-transparent material can be a polymer matéfial
(e.g., epoxy, acrylate, polyurethane, or silicone) containing a non-transparent filler (e.g.,
carbon black, pigment, or dye). The non-transparent material is cured, for example, UV
radiation (FIG IIK), and the resulting structure 1121 is removed from the tool 1118 (FIG.
11L). Asindicated by FIG. 11M, the alignment and adhesion edges then can be micro-
'machined, as needed, based on the distance from a reference plaile 1122 and the
previously-made optical measurements. As shown in FIG. 11N, the resulting structure
then can be separated (e.g., by dicing) along vertical lines 1124 into individual modules
or arrays of modules, each of which includes a customized spacer having alignment and
adhesion edges as described above. Each diced module then can be placed, for example,

on an individual image sensor substrate structure.

[0059] In some cases, prior to dicing, the module wafer resulting from the completion of
the steps depicted in FIG. 11M may be attached (e.g., by adhesive) to a substrate wafer
(e.g., a PCB wafer) on which are mounted an array of sensors. The resulting structure

then can be diced into individual modules or arrays of modules.

[0060] In the foregoing examples, the adhesive (e.g., 410) for attaching the optical
assembly to the PCB (e.g., 434) is disposed primarily .Betvsiéen édhesion edges (¢.g., 406)
on a sensor-side of the spacer (e.g., 402) and an upper surface of the PCB 434. In séme
iInplementationS, however, the adhesion edgés can be provided at side surfaces laterally
encircling the side edges of the transparent plate/cover 438. Examples are illustrated in
FIGS. 12A and 12B. -
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[006 17] As shown, for example, in FIG. 12A, a multi-channel module includes a
transparent cover 438 laterally surrounded by material 446 that is substantially opaque for
the wavelengfh(s) of lighf detectable by the active region 433 of the image sensor 432.
The material 446 éan be composed, for example, of a vacuum injection molded epoxy
and can ];elp prevent stray light from impingir»lg,on the active regions of the sensor 432.
In some cases, the material 446 laterally surrounding the cover 438 is the same as‘the
material forming the spacer 402 (including the alignment edges 404) and/or the léns
barrels 428. As further illustrated in the example of FIG. 12A, the transparent cover 438
may be embedded within the surrounding material 446. As described in connection with
the example of FIG. 7B, the sensor alignment edges 404 can be in direct contact with the
non-active regions of the sensor 432 and establish a predetermined fixed distance
between the sensor 432 and the tranéparent cover 438. -Adhesion edges 406B can be
provided at the outer side surfaces 406B of the vacuum in; ec;tion molded epoxy material
446 encircling the transparent cover 438. The outer side surface defining the adhesion
edge(s) 406B caﬂ be substantially perpendicular to the surface of the substrate 434. As
shown in FIG. 12A, adhesive 410 holds the optics assembly in place over the sensor 432.
In this case, the adhesive, which can be a high viscosity material, is in contact with the

| adhesion edges 406B as well as the sensor-side surface of the PCB 434. The example of
FIG. 12A also includes FFL correction layers 448, which can be used during fabrication
of the modulés to adjust the focal lengths of the channels.

[0062] FIG. 12B illustrates an example of a single channel module, which also has

adhesion edges 406B similar to those described in connection with FIG. 12A.

f0063] In many casés,l for the impleinentations of FIGS. 12A and 12B, it is not necessary
to machine the PCB adhesion edges 406B. Thus, in some cases, the process for

fabricating modules using the arrangement of FIGS. 12A, 12B can be simplified.
[0064] Techniques for assembling the modules depicted in FIGS. 12A and 12B are

described next. For example, with respect to the multi—channel module of FIG. 12A, an

assémbly 450 is provided and includes the lens stacks 426, lens barrels 428, transparent
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cover 438, spacer 442 and the material 446 encircling the cover 438. The focal lengths of
the respective channels of the assembly are measured (1302 in FIG. 13), ﬁnd based on the
measurements, the thickness of one or both FFL correction layers 448 may be adjusted
such that the focal lengths of the channels are substantially the same (1304). In some
cases, the alignment edges 404 may be machined such that the focal lengths of the
respective channels are focused on the active region 433 of the sensor 432 (1306). High-
viscosity adhesive 410 then is injected onto the peripﬂery of the PCB 434 so as to
encircle the sensor 432 (1308). Next, the assembly 450 is brought into contact with the
sensor 432 (via the ahgnment edges 404) (1310). Durmg this latter process, some
adhesive 410 is forced under the adhesion edges 406B, with the result that the adhes1ve |
410 may partially encase the electrical connections 436. The adhesive then is cured, for
example, using heat, UV or both (1312). In some cases, the cured adhesive 410 is non-

transparent to wavelengths of light detectable by the sensor 432.

[0065] To assemble the single-channel module of FIG. 12B, an assembly 452 is provided
and includes the lens stacks 426, lens barrels 428, transparent cover 438, spacer 442 and
the material 446 encircling the cover 438. The focal length of the channel is measured
(1402 in FIG. 14).. In some cases, the alignment edges 404 may be machined such that
the focal length of the channel is focused on the active region 433 of the sensor 432
(1404). Next, high-viscosity adhesive 410 is injected onto the periphery of the PCB 434
so as to encircle the sensor 432 (1406). The assembly 452 then is brought into contact
with the sensor 432 (via the alignment edges 404) (1408). During this latter process, -
some adhesive 410 is forced under the adhesion edges 406B with fhe resﬁlt that the
adhesive 410 may pértially encase the electrical connections 436. The adﬁesive 410 then
is cured, for example, using heat, UV or bofh (1410). In some cases, the cured adhesive

410 is noh—transparent to _wavelengthé of light detectable by the sensor 432.

[0066] In some cases, tilt correction can be addressed in other ways either in addition to,
or as an alternative to, the techniques discussed above. For example, in some instances,
an optics assembly (e.g., a lens stack) is placed within é‘ lens barrel that is attached, by

adhesive, to a transparent plate over the photosensitive part of the image sensor.
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Unevenness in the adhesive can result in misalignment of the lens barrel such that the
lenses are tilted relative to the plane of the image sensor. The tilt, in turn, may result in
poor image quality. To help eliminate or reduce the impact of the uneven adhesive, one

~ ormore (e.g., thfee) projections 502 can be provided on the sensor-side of a lens array
504 (see FIG. 15). The projections 502 can be formed, for example, during the same
injection molding process used to form the lens array 504. When the lens array 504 is
placed into the lens barrel 506, the projection(s) 502 extend beyond the bottom of the lens |
barrel 506. The projection(s) 502 rest directly on the transparent cover 508 so as to
define a fixed distance between the image sensor 510 and the lens array 504, Whereas the
lens barrel 506 is attached to the transparent cover 508 by adhesive 512. In some cases,
instead of multiple projections 502, a single projection in the form of a continuous edge
extends from the sensor-side of the lens array and is attached to the &ansparent cover
508. Any unevenness in the adhesive 512 between the lens barrel 506 and the transparent
cover 508 will not result in tilt of the lens array 504. As in the other implementations
described above, the traﬁsparent cover 508 can be surrounded laterally by a non-
transparent spacer 514 that provides a fixed distance between the image sensor 510 and
the transparent cover 508. The image sensor 510 can be mountéd on a PCB or other
substrate 516.

[0067] The modules described here can be used, for example, as compact digital cameras
that can be integrated into various types of consumer electronics and other devices such

as mobile phones, smart phones, personal digital assistants (PDAs) and laptops:

[0068] Although the illustrated examples are described in the context of imaging devices -
that include iinage sensors, other implementations may include different types of active
optoelectronic components, including light emitters (e.g., light emitting diodes (LEDs),
infra-red (IR) LEDs, organic LEDs (OLEDs), infra-red (IR) lasers or vertical cavity
surface emitting lasers (VCSELSs)). In this case, the transparent covers should be
substantially transparent to the wavelength(s) of light emitted by the active optoelectronic

components.

20



WO 2015/126328 PCT/SG2015/000050

[0069] Some or all of the foregoing features may not be present in some
implementations. Further, various features described in connection with different ones of
the ‘foregoing examples can be combined in a single implementation. Also, various
modifications within the spirit of the invention will be readily apparent to.one of ordinary

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

1. An optical module comprising:

a substrate;

an image sensor on the substrate;

a transparent plate disposed over the image sensor;

a beam shaping system disposed over the transparent plate;

a spacer disposed between a surface of the image sensor and the transparent
plate, wherein the spacer includes an alignment edge in direct contact with the
surface of the image sensor; and

material laterally encircling the transparent plate and including an adhesion

edge attached to a surface of the substrate by adhesive.

2. The module of claim 1 wherein the adhesion edge is at an outer side

surface of the material laterally encircling the transparent plate.

3. The module of claim 2 wherein the outer side surface is substantially

perpendicular to the surface of the substrate.

4. The module of claim 1 wherein the alignment edge rests on an inactive

surface of the image sensor.

5. The module of claim 1 wherein the adhesive, the alignment edge and the
adhesion edge define a cavity, the module further including one or more wires
connecting the image sensor to the substrate, wherein the one or more wires are

disposed within the cavity.
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