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OPTICAL IMAGING APPARATUS, IN PARTICULAR FOR

' COMPUTATIONAL IMAGING, HAVING FURTHER FUNCTIONALITY

Technical Field

The invention relétes to the field of optics, more particularly micro-optics, and in
particular to optical devices or apparatuses useful in imaging, in particular when
computational imaging is acdomplished in a device or apparatus not purely dedicated to
image capturing. It relates to methods and apparatuses according to the opening clauses
of the claims. Such devices and apparatuses may find application, e.g., in handheld

applications such as in mobile communication and/or mobile computing.

Note that imaging and photography and in particular computational imaging and
computational photography is not limited to still photography, i.e. to capturing single

| images in a usually time-wise unrelated fashion, but may also comprise the capturing of

sequences of images, i.e. to filming and videoing.

Definition of Terms

“Active optical component™: A light sensing or a light emitting component. E.g., a
photodiode,uan image sensor, an LED, an OLED, a laser chip. An active optical

component can be present as a bare die or in 4 package, i.e. as a packaged component.
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- “Passive optical component™: An optical component redirecting light by refraction

~and/or diffraction and/or (internal and/or external) reflection such as a lens, a prism, a -

mirror or an optical system, wherein an optical system is a collection of such optical
components pos51b1y also comprising mechanical elements such as aperture stops,

image screens, holders.

“Opto-electronic module™: A component in which at least one active and at least one

passive optical component is comprised. -

“Repiicationf‘.: A technique by means of which a given structure or a negative thereof is

reproduced. E.g., etching, embossing, imprinting, casting, molding.

“Wafer”: A substantially disk- or plate-like shaped item, its extension in one direction
(z-direction or vertical direction) is small with respect to its extension in the other two
directions (x- and y-directions or lateral directions). Usually, on a (non-blank) wafer, a
plurality of like structures or items are arranged or provided therein, typically on a
rectangular grid. A wafer may have openings or holes, and a wafer may even be free of -
material in a predominant portion of its lateral area. A wafer may have any lateral

shape, wherein round shapes and rectangular shapes are very common. Although in

many contexts, a wafer is understood to be prevailingly made of a semiconductor

material, in the present patent application, this is explicitely not a limitation.
Accordingly, a wafer may prevailingly be made of; e.g., a semiconductor material, a
polymer material, a composite material comprising metals and polymers or polymers
and glass materials. In particular, hardenable materials such as thermally or UV-curable

polymers are interesting wafer materials in conjunction with the presented invention.

' “Light” Most generaliy electromagnetlc radiatlon more partlcularly electromagnetic

radiation of the infrared visible or ultraviolet portion of the electromagnetlc spectrum.
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- Background of the Invention

Imaging and photography has been made available to a very wide public by ,pro{/iding

corresponding functionalities in mobile communication devices and handheld

computing devices.

In computational imaging, a final image is obtained by processing sub-images, wherein,
at least ﬁsually, each of the sub-images describes substantially the identical scene,
which, o_f course, also is substantially identical with the scene of the final image. The
sub-images are taken with different opticai prdperties in the optical channels, typically
and as an example, the sub-images are taken at different colors, e.g., one sub-image is

created by capturing red light only, another‘one by capturing blue light only, and

~another one (or two) by capturing green light only. The final image can then be a full

color image, e.g., an RGB image.
From US 2011/025905 A1, examples for computational cameras are known.

In US 2007/211164 Al, examples for computational cameras are disclosed.

Summary of the Invention

One object of the_invéntion is to create an improved optical apparétus,' more particularly |
an optical gppafatus improved in that it not only ﬁrdvides means for use in -

(computational) imaging, but also further means useful for a different purpose. On the
one hand, é corresponding optical apparatus shall be provided which may be anything

from an optibal-modple (more specifically: opto-electronic module) for use in a camera

‘or in an electronic or other device to an electronic or optical or computational device
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_ suchasa smartphone, and on the other hand, a-method of rhanufacturing such a'nA optical

apparatus shall be provided.

Another object of the invention is to provide a particularly small or compact optical

apparatus.

Another object of the invention is to provide a pé.rticularly highly integrated optical
apparatus. '

Aﬁ‘othef object of the invention is to provide an optical apparatus in which the
semiconductor material (typically silicon) is parficularly efficiently made use of. -

Another object of the invention is to provide an optical appairatus having a particulafly

useful combination of functionalities.

- Another object of the invention is to provide an optical apparatus which is mass-

manufacturable.

Another object of the invention is to provide a device having photographic, in particular
computational camera capability and an additional sensor, in particular an additional .

optical sensor, wherein the device is more simplé to manufacture than without the

- invention and/or wherein a housing of the device has less openings or transparent areas

or a smaller opening or transparent area than without the invention.
Further objects emerge from the dcscriptibn and embodiments below.

At least one of these objects is at least partially achieved by apparatuses and methods
according to the patent claims and/or the aspects described below.
Tﬁere are various aspects”to: the invention. Commion to most of them is that the

semiconductor die (semiconductor substrate) in which at least one image sensor is

~ present is particularly efficiently made use of, namely by using space on the

semiconductor die not required for image capturing for a different purpose; more

particularly for an additional sensor. In case two or more image sensors are realized on

 the semiconductor substrate for capturing sub-images in computational imaging, the die
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. is particularly efficiently made use of by using space on the semiconductor die not -

required for capturing sub-images for such a different purpose, more particularly for an .

additional sensor.

In a rather general aspect, the invention concerns the integration of at least one iina'ge
sensor and of an additional sensor (or sensor portion) on a single semiconductor die
(semiconductor substrate), wherein said additional sensor (or sensor portion) is not an
image s_ensor, or at least, detection results obtéined by means of said additional sensor
(of senspr portion) are not interpreted as an image and/or are not used during obtaining
an image based on a detection result of said at least one image sensor. Note that the kind -

of image sensors (one- two- or three- or even more sub-sets of pixels for different

- wavelength ranges or colors) and the xiumber of image sensors is generally not limited.

E.g., there may be one or two or more image sensors for full-color detection, e.g., with

| interdispersed pixels for red, for green and for blue light, e.g., distributed as known

from the well-known Bayer pattern (RGGB); and alternatively to one or more of such

imége sensors for full-color detection or in addition thereto, there may be another one or

~ two or three or more image sensors for monochromatic light detection, wherein the

monochromatic light may correspond to white light detection or to detection of light of
a specific color only which can be, e.g., red only or blﬁe ‘only or green enly.
Accordingly, an image sensor for red light detection, an image sensor for blue light
detection and an image sensor for green light detection may be combined with one (or |
more) 'image sensors for full-color detectid'n like described above. Of course, any imége |
sensor or combination of two or more image sensors such as the before-described ones
or the faﬁher below descnbed ones may be combined, in general with any kindof
additional (non-1mage) sensor (or sensor portion)-and with any number of add1t10na1
(non-image) sensors (or sensor portions). There may be one, two or three or even more
of such additional sensors (or sensor portions) which may be of different kind or
partially or all be of the same kind. Various kinds of possible additional sensors are

mentioned throughout the present patent apphcatlon e.g., proximity sensors (in

particular optical proximity sensors), amblent hght sensors temperature Sensors.
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. In a first sub-aspect of said rather general aspect, the invention concerns a module, more

specifically an opto-electronic module, comprising at least one image sensor plus an
additional sensor which is not an image sensor. All sensors present, or at least the active

optical components thereof, are realized in one and the same semiconductor die.

In a second sub-aspect of said rather general aspect, the invention concerns a device or

optical apparatus comprising a semiconductor substrate (semiconductor die) as

described in that aspect and/or a module as described in said first sub-aspect.

In a first aspect, the invention concerns thé integration of two, possibly of three or even
four, image sensors and of an additional sensor (or sensor portion) on a single
semiconductor die (semiconductor substrate), wherein said additional sensor (or sensor
portion) is not an image sensor, or at lelast, detection results obtained by means of said
additional sensor (or sensor portion) are not interpreted as an image and/or are not used
during reconstruction of a final imége from (sub-) images captured by means of said

image sensors. -

In a second aspect, the invention concerns a module comprising two image sensors (for

capturing sub-images for computational imaging) plus an additional sensor which is not

an image sensor. All these sensors, or at least one or more active optical components of

each of them, are realized in one and the same semiconductor die. In particular, at least
one of the image sensors may comprise, usually on the semiconductor die, a patterned

filter letting light of different color pass to different pixels of fhat image sensor.

In a first sub-aspect of the second aspect, a first one of the at least two image sensors

has a checkerboard pattern, e._g., such that red and blue light portions are let pass

“through to neighboring pixels. In particular, a second one of the image sensors is -

illuminated by green light only. For the latter, a greén filter may be prO\}ided, e.g., on

the semiconductor die or on an optics substrate attached to the semiconductor die.

In a second sub-aspect of the second aspect, a first one and a second one of the at least

" two image sensors has a checkerbbard pattern.. These can in particular be designed in

such a way that red and green light portions are let pass through to neighboring pixels of
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the first image sensor and that blue and gréen tht portions are let pass through to

neighboring pixels of the second image sensor. This way, already with these two image.

- sensors alone, a (full) color image may be obtained in computational imaging, wherein

obtaining this final image is facilitated by the the fact that a mutual (computational)

alignment of the respective sub-images (6f first and second image sensor, respectively)

is facilitated by the presence of green pixels in both sub-images.

Ina third aspect, the invention concerns a module comprising three image Sensors (fdf
cabturing sub-iméges for computational imaging) pius an additional sensor (ora ponidn
thereof)'which is not an image sensor. All these sensors, or at least one or more active
optical components of each of them, are realized in one and the same semiconductor

die.

- In a first sub-aspect of the third aspect, the three image sensors are provided for

capturing sub-images of different color each. E.g., one image sensor detects ’réd light

only, another blue light only, and the third one green light only.

In a second sub-aspect of the third aspect, the first one of the image sensors comprises a
pafternéd filter letting pass light of different color to different pixels of that first image
sensor (similarly to the second aspect above; e.g., red and blue), whereas the other two'
image sensors are provided for capturing sub-images of the same color, e.g., green. This

may facilitate composing the final image from the sub-imagés.

Ina tﬁird sub-aspect of the third aspect,~thé three image sensors are arranged (e.g., wﬁh
their respective centers of gra’vi:ty) on three corners of a rectangle, and the additional
sensor (or portiori thereof) ié located in thaft area (or at least overlaps that area) which
would be taken by a (not preseﬁt) fourth ,iﬁiage‘ sensor (of the same siéé as the others
are) which would be arranged (with its center of gravity) on the fourth corner or said |
rectangle in the same manner as the other image sensors are arranged on the other three

cormers.

In a fourth aspect, the invention concerns a module comprising four image sensors (for

capturing sub-images for computational imaging) plus an additional sensor (or a portion
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components thereof, are realized in one and the same semiconductor die. In particular, -
the four image sensors may all be provided for detectmg light of dlfferent colors; or two
of the image sensors are for detecting light of the same color (e.g., green) ‘whereas the

other two are for detecting different colors, e.g., one for red and one for blue.

in a first sub-aspect of the fourth aspect, the additional sensor is located in the middle
between the four image sensors. More particularly, the fourimage sensors are arrangéd
(e. é., with their respective centers of gravity) on the four corners of a rectangle, and tne i
additional sensor (or portion thereof) covers an area comprising the center of gravity of
that rectangle, wherein it may, more partlcularly, be centered about the center of gravity

of that rectangle

- In a fifth aspect, the invention concerns a module comprising one or more image

sensors (in particular two or more image sensors, for capturing sub-images for
computational imaging) plus two additional sensors which are not image sensors. All
these senisors, or at least one or more the active optical components of each of them, are
realized in one and the same semiconductor die. These two additional sensors canin

particular be two sensors of different type, e.g., one being an ambient light sensor, the

‘other being a proximity sensor.

In a first sub-aspect of the fifth aspect, three image sensors are provided, arranged like

-described in the third sub-aspect of the third aspect (cf. there), and one of tne additional

sensors (or a portion thereof) is arranged also like described there. And the second
additional sensor is located “in the middle”, like described first sub-aspect of the fourth
aspect (cf. there). This can be a particularly space.-saving arrangem'ent of the various -

sensors. -

In a sixth aspect, the invention concerns a module like described in one or more of the

other aspects, wherein the module furthermore comprises at least one optics substrate.

An optlcs substrate usually « compnses one or more passwe optical components but no

active optical component Typlcally, the optrcs substrate comprlses one or more lens
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. elements. In particular, the optics substrate may comprise at least one lens element for

each of the image sensors of the module. The module may furthermore comprise at least

one additional lens element for the additional sensor of the module.

In such a module, several optical channels may be formed, in particular one for each
image sensor (comprising one lens element each) and another one for the or for each
additional sensor. The optics substrate usually is attached (fixedly attached; directly or

indirectly) to the semiconductor substrate bearing the image sensors.

In a first'sub-aspect of the sixth aspect, the optics substrate comprises a spacer substrate
or is attached (directly or indirectly) to the semiconductor substrate via a spacer
substrate. The spacer substrate may be manufactured separately from the optics

substrate or may be integrally formed therewith. Usually, a spacer substrate comprises a

~multitude of through-holes, typically one for each image sensor, and usually also one

for the (or for each) additional sensor. A spacer substrate can make possible to establish
a precisely defined (vertical) distance between adjacent substrates, such as between the
semiconductor substrate and the optics substrate (and, more particularly, the lens
elements comprised therein). Furthermore, a spacer substrate, if made of a non-

transparent material or coated with a non-transparent coating, may allow to avoid or at

least supress detection of stfay light or otherwise undesired light. It may thus contribute

to better defining the above-mentioned optical channels.

In a second sub-aspect of the sixth aspect, two (or rather at least two) optics substrates
are provided. This may allow to provide even more lens elements per image sensor
(and/or for the additional sensor). It may be prov1ded that the second optics substrate is
arranged on that side of the. first optics substrate whlch is opposed to the side on which
the semiconductor substrate is arranged. A spacer substrate like the one described above

may be present between the two optics substrates which may be integrated on one of the

~

~Inaseventh aspect the mventwn concerns a module like described in one or more of

~ the other aspects wherein said additional sensor is photosensmve Le.is de51gned for
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- detecting light. A filter may be provided in order to limit light detectable by said

additional sensor to certain wavelength ranges. E.g., a filter may be provided in order to.
prevent the detection of infrared radiation, or a ﬁiter may be previded in order to limit
light detectable by said additional sensor to infrared light. The latter may be useful in

case said additional sensor is a proximity sensor.(one based on emission and detection

of infrared light); and the former may be useful in case said additional sensor is an

ambient light sensor, in particular if an infrared-light-based sensor (e.g., proxmuty '

sensor) is provided, too, in particular 1f both sensors are integrated in the same module.
Generally, in'case of an ambient light sensor as an additional sensor; light may be
detected independent of the color of the light — wherein exclusion of infrared light may

be advantageeus.

Alternatively, the additional sensor may be a different type of sensor, a not-

photosensitive sensor, €.g., a micromechanical sensor or a capacitive sensor, such as a

temperature sensor based on such principles.

In a first sub-aspect of the seventh aspect, the additional sensor is an ambient light
sensor. An ambient light sensor can be useful, e.g., for adjusting a brightness of emitted

light, in particular a brightness of a display (a visual display) may be adjusted in

"dependence of a detection result of an ambient light sensor. E.g., when the ambient light

sensor detects a high light intensity, the brightness of the display will be high, whereas
when the ambient light sensor detects a lower light intensity, the brightness of the

display will be decreased.

In a second sub-aspect of the seventh aspect, the additional sensor isa proxrmity SEnsor.
An proximity sensor can be useful, e.g., for switching off a (v1sua1) drsplay when it -
must be assumed, based on a detection result of the proximity sensor, that the dlsplay is

not looked at, e.g., because it must be assumed that a user of a device comprising the

* module holds the device close to his ear, e.g., for phoning. The proximity sensor may

* have a basic design and/or functionality, e.g., like described it WO 2013/010284.

Defaiis are given ir1 thas publication, and therefore, this WO 2013/010284 A is herewith
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. incorporated by reference in the present patent application. In particular, the proximity

sensor may comprise an emission channel and a detection channel which are usually
mutually optxcally isolated, the emission channel for emitting light — in a continuous or,
rather, in a pulsed fashion — generally detectable in the detection channel wherein
typically infrared light is emitted and detected. If an object such a the head of a user is
relatively close to a front side of the module, a sufficiently large amount of light emitted
from the emission channel is _reﬂected back into the module and can be detected in the
detecpioh channel, thus indicating prokifnity. Accordingly, a displey may be switched
off for the time being. With no object close enough to the front side of the module, a too
low amount of light emitted by the emission channel is reflected back into the module,
the low (or vanishing) light intensity detectable in the detection channel then indicating

that no object seems to be close to the front side of the module, and, accordingly, the

display could be switched on again (unless there is another reason not to do so).

The additional sensor (realized in the semiconductor substrate also comprising the
image sensors) can be part of the detection channel, e.g., provided with an infrared filter
(letting only infrared light pass), and a photo diode or laser diode may be provided as a-

light emitter for the emission channel. Since it may be difficult to integrate a light

.emitter in the semiconductor substrate, a photo diode or laser diode may be attached

thereto and/or may be in electrical (more speciﬁcally galvanic) contact with the
semiconductor substrate — e.g., by wire-bonding. The light emitter may also be mounted

on a base substrate on which also the semiconductor substrate is mounted.

In an eighth aspect, the invention concerns a module like described in one or more of
the other aspects, wherem an 1mage processmg unit for obtaining a final image based on
data captured by the image sensor is provided. In partlcular it'can be prov1ded that the

so-obtained final i image is independent of detection results of the additional sensor. The

. image processing unit may be integ_rated, fully or in paft in the semiconductur

substrate, it may be compnsed fully or in part in the module, and/or it may be

.‘ compnsed fully orin part in a device compnsmg the module. In partlcular in the latter

case, the image processing unit may be compnsed ina central processmg unit orina
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- graphics processor of the device. Such a device may be, e.g., a handheld communication

device and/or a handheld computing device and/or a handheld photographic device.

In a sub-aspect of the eighth aspect, at least two image sensors are provided, and the
image processing unit is prov1ded for accomplishing computatlonal imaging, more
partlcularly for obtalnmg the final image based on the (sub-) images captured by the two

or more 1mage S€Nnsors.

In a ninth aspect, the invention concerns a module like described in one or more of the
other éspects,.wherein an evaluation unit for evaluating detection results obtained by
means of the additional sensor (or a corresponding active region of the semiconductor
substrate) is provided. The evaluation unit may, e.g., output sighals or data indicative of

whether or not proximity is detected (cf. proximity sensor, second sub-aspect of the

-seventh aspect above) and/or data indicative of a brightness of ambient light (cf.

ambient light sensor, first sub-aspect of the seventh aspect above) and/or data indicative

of a temperature (in case the additional sensor is a temperature sensor).

In particular, it can be proVided that a final image obtained based on image data
outputted by the one or more irﬂage. sensors is independent of detection results of the
additional sensor and thus of data or signals outputted by the evaluation unit. The
evaluation unit may be integrated, fully or in part, in the semiconductur substrate, it may
be comprised, fully or in part, in the module, and/or it may be comprised, fully or in
part, in a device comprising the module. In 'particuljctr in the latter case, the evaluation

unit may be comprised in a central processing unit of the device. Such a device may be,

_e.g., a handheld commumcatlon dev1ce and/or a handheld computmg dev1ce and/or a

handheld photographlc dev1ce

N

In a tenth aspect, the invention concerns a device or optical apparatus comprising a
semiconductor substrate (semiconductor die) and/or a module as described in one or

more of the above aspects. More specifically the device or optical apparatus may be a

- device or optical apparatus capable of imaging (using the one or more image sensors),

in particular of computational imaging (Lisin_g two or more image sensofé) and having
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another functionality involving said additional sensor. The device or optical apparatus -
may be, e.g., a handheld communication device and/or a handheld computing device

and/or a handheld photographic device. -

In a first sub-aspect of the tenth aspect, the device or optical apparatus comprises a’
housing and an opéning or transparent portion in said hoﬁsing. Inside the housing, the
semiconductor substrate is arranged such that the one or more image sensors of the
semiconductor substrate can detect light impinging on the housmg and passing the
opemng or transparent portion, at least provided the i impinging light comprises light of
suitable wavelengths. Provided the additional sensor is generally capable of detecting
light, the semiconductor substrate is furthermore also arranged such that a
photosensitive portion (or active region) of the additional sensor can detect light

impinging on the housing and passing the opening or transparent portion, at least

- provided the impinging light comprises light of suitable wavelengths.

Such an opening or transparent portion may be continuous for all purposes of the
module. It may be very small, and it may be sufficient to have exactly one such opening

or transparent portion only for all purposes of the module.

In a second sub-aspect of the tenth aspect, the device or optical apparatus comprises a
display unit, and more particularly, wherein the display unit is controlled in dependence
of a detection result of the additional sensor. E.g., the displayA of the display unit is
controlled in dependence of a signal outputted by the additionél sensor, in particular '
wherein the additional sensor is or comprises an ambient light sensor and/or a proximity
sensor (cf. also the first and secdnd sub-aspects of the seventh aspect above). The

display unit may, e.g., comprise a control unit controlling the dlsplay, wherem the
control unit is operationally connected with the additional sensor and, more partlcularly |

with an evaluation unit thereof.

.In an eleventh aspect, the invention concerns a method for manufacturing a module

and/or device or optical apparatus-as described in one of the aspects above. It is in

particular possible to manufacture the semiconductor substrates on_wafer level and,
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- separately therefrom, also the optics substrates on wafer level. A separated

semiconductor substrate and a separated opﬁcs substrate may then be joined, possibly
with a spacer substrate between them. Therein, it may be provided that the joining is

accomplished via a base substrate on which the semiconductor substrate is mounted.

Note that the abové aspects (and sub-aspects) of the invention may, of course be
combined, as far as logically possible. This will also become clear from the text further

below.

Note that whenever it is referred to red, blue and green color in the present patent
application, it is certainly also possible to replace these colors by different (e.g.,

complementing) colors, e.g., by cyan, magenta and yellow (“CMY” instead of “RGB”).

Aspects and embodiments of the invention are also described in the paterit claims. Some

of them are cited in the following.
The optical apparatus comprises
— a semiconductor substrate;

— at least one optics substrate;

‘wherein said semiconductor substrate comprises a first active region establishing a first

image sensor, said semiconductor substrate further comprising an additional active
region, different from said first active region, said additional active region establishing
or being part of an additional sensor which is not an image sensor, and wherein said at

least one opti‘c's substrate comprises for said first image sensor at least one lens element

for imaging light impinging on the optiéal apparafus'ﬁfrom a front side onto the first

N

An image sensor usually is a pixel array, a two-dimensional arrangement of light-

- sensitive elements (pixels). An image sensor may be considered a photo-sensitive

. sensor with spatial resolution.
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(or semiconductor-based) material or a single-piece semiconductor substrate, in which
said first image sensor (and, if present, also further image sensors) and said additional
active region are present, usually created using semiconductor processing steps. And,
the one or more image sensors and said additional active region‘are not sepafate
semiconductor parts which, after dicing (from one and the same or from two or more
different wafers), would have to be arfangéd with respect to each other, but the one or
more image sensors and said additional active region are ihtegrated in the same

semiconductor substrate, manufactured in one and the same substrate.

In particular in case no more than a one image sensor, namely said first image sensor, is
comprised in the semiconductor substrate, that first image sensor may have different

subsets of pixels, dedicated to the detection of light of different colors. The pixels of

those subsets may in particular be interdispersed, e.g., forming the well-known Bayer

pattern (RGGB). In case of two or more image sensors, other configurations may be
contemplated, in particular such that a final color image is computed from images of
different image sensors dedicated to the detection of light of different colors by

computational imaging. Cf. elsewhere in the present patent application for further

details concerning such computational imaging.

Said lens elements may be refractive and/or diffractive ones. They may in particular be
manufactured using replication, in particular using embossing. They may ﬁlrthennore
be made of a curable epoxy material. Note that the term “lens element” may, in an |
extended understanding of the invention, be replaced by the term “passive optical

component”, which comprises lens elements but also further elements.

Said semiconductor substrate may comprise a pixel array comprising said first image

sensor and said additional active region. Alternatively, said first active region is

,' separated from additional active region by at least one intermediate region of said

- semiconductor substrate which is not specifically structured for detectin_g light and/or

which is not used for detecting light.
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" . In the first case, a first set pixels of the pixel array may be read out in order to obtain an

image taken by means of said first image sensor, and another set of one or more pixels -
of the pixel array may be read out in order to detect light impinging on said additional

active region.

In the second case.,lthe intermediate region may be basically unstructured, at least in’
part, or may be, at least in part, structured and configured for another purpose, e.g., for

image processing and/or evaluating.

In many-embodiments, the additional active region allows to detect light. This may be

the case, e.g., if the additional sensor is at least one of
—_ an‘arr_lbient light sensor;

— a proximity sensor;

—  apyroelectric femparature sensor.

But also other types of sensors may be provided, e.g., capacitive / micro-mechanical

temperature sensors. .

The optical apparatus may also be referred to as a device. It may in particular be at least

“oneof

— an opto-electronic module;

—  amodule for a device with photogréphic capability, in particular with
computational camera capability;

— 2 dévicc with'a display, in .particulér' with a viéugl display;

—  adevice with a housing, in particular with a housing having an dpeni'ng or

transparent portion;

— a handheld computing device;

~ — " ahandheld photographic deviég;
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L — a handheld communication device;

— a smartphone;
—  atablet computer.

In one embodiment which may be combined with one or more of the above-mentioned
émbodimenfs, the optical apparatus comprises an image processing unit operationally
connected the first image sensor (and, if present, also to further image sensors), for
recéivihg image data from the first image sensor (and, if present, also from the further

image sensors), and for obtaining a final image the received said image data.

Typically, it is prdvided that said final image is independent of detection results

obtained by means of said additional active region. And typically, the processing in the -

-image processing unit is carried out indépendent of what is detected in said additional

active region.

In one embodiment which may be combined with one or more of the above-mentioned

embodiments, said at least one optics substrate comprises at least one additional Jens

‘element for imaging light impingiﬁg on the optical apparatus from a front side onto said

additional active region. This méy allow to gather more light onto said additional active
region thus possibly contributing to an improved sensitivity of said additional sensor.
Note that here, the term sensitivity may refer, e.g., to enhanced low-light sensitivity
and/or to an increased angular range of light directable onto said additional active

region.

In one embodiment which may be combined with one or more of the above-mentioned
embodiments, said semicondu_étor substrate comprises, in addition; a séé_on_d active
region different from said first active region and from said additional active region, said
second active region establishing a second image sensor, and wherein said at least one

optics substrate comprises for each of said image sensors at least one lens element for

- imaging light impinging on the opticail apparatus from a front side onto the respective

image sensor.
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. Itis usually provided that said first image sensor is not identical with said second image

sensor.

In onie embodiment referring to the last-mentioned embodiment, the opticél apparatus is
structured for detecting light of substahtially different color ranges in said first and said
second image sensors. For ’exa.tﬁple,‘ the first image sensor detects green light only,
Whe;eas the second image sensor detects, in a portion of its pixels, red light only, and in
another portion of its pixels, blue light only, e.g., the second image sensor being
prdvidec_i with a patterned filter such as one for establishjng a éhec;kérboard-pattern-like

distribution of red-detecting and blue-detecting pixels.

Alternatively (or even additionally), the optical apparatus could be structured for

detecting light in said first and said second image sensors at different optical parametérs

- such as different focal lengths.

'In one embodiment referring to one or both of the before-mentioned embodiments, a

first optical axis defined by the first image sensor and a second optical axis defined by
the second image sensor are aligned in parallel. Said first optical axis can as well be
defined by the respective at least one lens element associated with the first image

ser_isor. And said second optical axis can as well be defined by the respective at least one

lens element associated with the second image sensor.

Typically, the parallel alignmenf is realized at least within 5°. It is usually provided that
the at least two image sensors all capture light substantially from the same scene — at
least if the scene is not too close to the optical apparatus, such as within a centimeter or

within 10 centimeters.

In one embodiment referring to one or more of the three lasi-nientioned,e'rnbodimen‘ts,

@) said semiconductor substrate comprises a pixel array comprising said first and
second image sensors and op'tionally also said additional active region;

~
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. (i) . ‘said first and second active regions are separated from each other by at least one

intermediate region of said semiconductor substrate which is not specifically

structured for detecting light and/or which is not used for detecting light.

In the first case (i), a first set pixels of the pixel array is read out in order to obtain an
image (or rather sub—image) taken by means of said first image sensor, and a second set
of pixels of the pixel array (different from the first set) is read out in order to obtain an
image (ér rather sub;image) taken By means of said second image sensor. It is
furihermore vpossible to provide that yet another set of one or more pixels of the pixel

array may be read out in order to detect light impinging on said additional active region.

In the second case (ii), the intermediate region may be basically unstructured, at least in
part, or may be, at least in part, structured and configured for another purpose, e.g., for

image processing and/or evaluating.

In one embodiment referring to one or more of the four last-mentioned embodiments,
said semiconductor substrate comprises a third active region different from said first
and second active regions, said third active region establishing a third image sensor, and
wherein said at least one optics substrate comprises for said third image sensor at least
one lens element for imaging light impinging on the optical apparatus from said front

side onto the third image sensor.

For examplé, one image sensor is provided for detecing green_light, another image |
sensor for detecting red light, and a third one for detecting blue light. Or, in another
example, two image sensors are provided for detecing green light, whereas a third one
has pixels for detecting red ligﬁt and other pixels‘ er detecting blue light, these pixels
usually being interdispérsed, e.g., like in a‘v'Chécke‘rbdard pattern. With two image

Sensors deteéting light of the same color, a registration of the images captured by the

“different image sensors can be facilitated, thus facilitating obtaining a final image from

the sub-images.

~ Inone embodiment referring to the last-mentioned embodiment, said semiconductor

substrate comprises a fourth active region different from said first, second and third
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" active regions, said fourth active region establishing a fourth image sensor, and said at

least one optics substrate comprises for said fourth image sensor at least one lens
element for imaging light impinging on the optical apparatus from said front side onto

the fourth image sensor. ‘

For example, two image sensors may be rirovided for detecing green light, another

image sensor for detecting red light, and a fourth one for detecting blue light.

- In one embodiment which may be combined with one or more of the six last-mentioned
~ embodiments, the optical apparatus comprises an image processing unit operationally

. connected to each of the (at least two) image sensors, for receiving sub-image data from

each of the image sensors, and for obtaining a final image from said sub-image data.
The final image usﬁally is a color image, be it an RGB or CMY or CMYK or others.

Typically, it is provided that said final image is independent of detection results
obtained by means of said additional active region. And also typically, the processing in
the image processing unit is carried out independent of what is detected in said-

additional active region.

In one embodiment which may be combined with one or more of the before-mentioned

~ embodiments, the optical apparatus comprises an evaluation unit operationally

connected to said additional active region, for evaluating detection results obtained by -

‘means of said additional active region.

In one embodiment referring to the last-mentioned embodiment, the optical apparatus
comprises a display unit comprising a display and a control umt for controlling said
display, wherem said control unit is operatlonally connected to said evaluauon unit, for
controlhng said display unit in dependence of said detection results, more partlcularly in |
dependence of an evaluation of said detection results camed out by said evaluation unit.

In particular, a brightness of the display (the term brightness here also including a -

switching off) may be controlled in dependence of said detection results or of said

evaluation.



10

15

20

25

WO 2014/129968 PCT/SG2014/000051

-21 -

. It can in particular be provided that said display faces into the same direction as said

front side of the optical apparatus does. This can be particularly useful in case a

proximity sensor and/or an ambient light sensor is provided (as additional sensor).

In one embodiment which may be combined with one or more of the before-mentioned
embodiments, said.additional ‘sénsor comprises an ambient light sensor, in particular
.said additional active region being provided for detecting an amount of visible light
impinging on the optical apparatus from said front side. More particularly, the ambierit
1igﬁt sensor can be provided for adjusting a bﬁghtnéss ofa display ofa dispiay unit (cf.

-~

also the embodiment above) in dependence of said detected amount.

In one embodiment which may be combined with one or more of the before-mentioned

embodiments, said additional sensor comprises a proximity sensor comprising a light

emitter, in particular an infrared light emitter. More particularly, said additional active

region is provided for detecting an amount of light (in particular infrared light)
impinging on the optical apparatus from said front side. The proximity sensor can in
particular be provided for adjusting a brightness ofa display of a display unit (cf. also
the embodiment above) , more particularly for switching 6ff and on said display in

dependence of said detected amount.

Said light emitter may be attached to said semiconductor substrate, or is (if

corresponding semiconductor manufacturing technologies are available) integrated in

“said semiconductor substrate, but it is also possible to provide that said light emitter is

mounted on a base substrate on which also the semiconductor substrate is mounted.

In one embodiment which may be combined w1th one or more of the before-mentioned

embodiments, said additional sensor comprises a pyroelectric temperature sensor. In

this case, said additional active region may be provided for detecting a spectral

distribution of light impinging on the optical apparatus from said front side.

Another alternative for the additional sensor is a capacitive and/or micro-machined

and/or micro-mechanical temperature sensor. In this case, said additional active region

may be‘provided for creating micromechanical and/ or capacitive changes in
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. dependence of temperature changes which are detectable by the sensor. It may be

- provided that these changes are evaluated by an evaluatron unit (hke the evaluation unit

mentioned above), e.g., for derlvmg an amblent temperature

In case of temperature sensors, a temperature derived by means of this (additional) -

serisor may be displayed by a display of a display unit such as by using a display unit as

described above.

In one embodiment which may be combined with one or more of the before-mentioned
embodiments, the optical apparatus comprises a housing comprising a continuous
opening or transparent portion, wherein said opening or transparent portion, said

semiconductor substrate and said at least one optics substrate are arranged such that

— a first portion of light impinging on said opening or transparent portion may pass

through said at least one optics substrate and impinge on said first image sensor;

and, in particular, such that

— a further portion of light impinging on said opening or transparent portion may _

pass through said at least one optics substrate and impinge on said additional

active region.

Typically, said opening or transparent portion is surrounded by a non-transparent

portion of the housing.

When writing that light passes through said at least one optics substrate, it may more

precisely be meant that light passes through a respective at least one lens element.

- In case of at least two 1mage sensors (cf. embodrments wuh a first and a second i image

sensor above), said opening or transparent portion, said semrconductor substrate and

said at least one optlcs substrate are arranged such that furthermore

— a second portion of light i impinging on said opemng or transparent portion may

pass through said at least one optics substrate and i 1mp1nge on sa1d second 1mage

sensor.
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. From the above, it is furthermore apparent, how this embodiment can be extended for

the case that more than two image sensors and/or two or more additional sénsors are

. provided.

The method for manufacturing an optical apparatus comprises the steps of

a) '- providing a semiconductor substrate corﬁpdsing a first active region, said first
active region establishing a first image sensor, said semiconductor substrate
further comprising an additional active region different from said first active '

~ region, said additional active region establishing or being part of an additional

sensor which is not an image sensor;

b) providing at least one optics substrate comprising for said first image sensor at
least one lens element for imaging light impinging on the optical apparatus from

a front side onto the respective image sensor;

) obtaining said optical apparatus or a portion thereof by attaching said optics

substrate to said semiconductor substrate;

wherein said optical apparatus or said portion thereof obtained in step ¢) is not subjected

to any dicing steps.

Note that the step of attaching (cf. step c)) does not necessarily mean a direct attaching,
but it 1s also possible, e.g., to use another substrate (base substrate) on which the
semiconductor substrate is mounted and to (directly) attach the optics substrate or a .

spacer substrate to that (base) substrate.

-Note that it is usually provided that after step c),l the item obtained in step c) remains

undivided. o o .
In one embodiment of the method, step a) comprises the steps of

al)  manufacturing a semiconduetor wafer comprising a plurality of said

semiconductor substrates; .
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. a2)  separating said semiconductor wafer into said plurality of semiconductor

substrates.
Note that usually, steps al), a2) are carried out before step c).

In another embodiment of the method which may be combined with the before-

mentioned one, step b) comprises the steps of

bl)  manufacturing an optics wafer or optics wafer stack comprising a plurality of -

. said optics substrates;

b2)  separating said optics wafer or optics wafer stack into said plurality of optics

substrates.

Note that usually, steps bl), b2) are carried out before step c).

It is possible to provide that step bl) comprises manufacturing lens elements using

replication, in particular embossing. E.g., on a precursor substrate of the optics substrate
(usually having at least one generally flat side) , one or more lens elements are
produced, e.g., by embossing on wafer level. E.g., a curable epoxy material may be used

for manufacturing the lens elements.

1In case a first and a second image sensor (and corresponding first and second active

regions) are present, the method for manufacturing an optical apparatus comprises the

steps of

a) providing a semiconductor substrate comprising a first active region and a
second active regioh different from said first active f_egion, said first active
region establishing a first image sensor, usajd second active region establishinga -
second image sensor, said semiconductor substrate further comprisling an
additional active region, different from said first and second active regions, said
additional active region establishing or being part of an additional sensor which

1S not an image sensor;



10

15

20

25

WO 2014/129968 PCT/SG2014/000051

=25

. b) providing at least one optics substrate comprising for eaéh of said image sensors

at least one lens element for imaging light impinging on the optlcal apparatus

from a front side onto the respective image sensor;

c) obtaining said optical apparatus or a portion thereof by attaching said optics

substrate to said semiconductor substrate;
wherein said optical apparatus or said portion thereof obtained in step c) is not subjected
to any dicing steps. ' ’

The invention comprises methods with features of corresponding optical apparatuses
according to the invention, and, vice versa, also optical apparatuses with features of

corresponding methods according to the invention.

- The advantages of the optical apparatuses basically correspond to the advantages of

corresponding methods, and, vice versa, the advantages of the methods basically

correspond to the advantages of corresponding optical apparatuses. ~

Further embodiments énd advantages emerge from the dependent claims and the

figures.

Brief Description of the Drawings

Below, the invention is descnbed in more detall by means of examples and the 1nc1uded

N

drawmgs The ﬁgures show schematlcally

Fig. 1 - avertical cross-section through a detail of a device or optical apparatus

comprising a module;

B Fig. 2 " atop view onto an optics sub_strafe of Fig. 1;

Fig. 3 ‘atop view onto a spacei' substrate of Fig. 1;
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. Fig. 4 a top view onto a semiconductor substrate of Fig, 1;
Fig.5 a vertical cross-section thro'ugh another module; .
Fig. 6 a vertlcal Cross- sectlon through a device or opncal apparatus comprlsmg
| a module '
Fig. 7 a top view onto another semiconductor substrate;
Fig.8 .~ . atop view onto another semicohductor_ substrate;
Fig. 9 - atop view onto another semiconductof substraté;
Fig. 10 a top view onto another semicohductor substrate.

The described embodiments are meant as examples and shall not limit the invention.

Detailed Description of the Invention

‘Fig. 1 schematically shows a vertical cross-section through a detail of device or optical

apparatus D comprising a module M, more specifically an opto-electronic module M.
The device D comprising a housing H on the inside of which module M is arranged.

Housing H comprises a transparent portion T enclosed by a non-transparent portion N.

~ Module M is arranged riear or at transparent’ portion T such that light can enter module

M through transparent portion ' T Altematxvely, an opemng in housmg H could be

provided allowing hght to enter module M. In this case, a front side of module M, e.g.,

formed by an optics substrate 02, could form a portion of housmg H.

" Device or optlcal apparatus D may be, e.g., a smart phone and/or a mobnle computing

dev1ce and/or a photo camera.

PCT/S8G2014/000051
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. Module M comprises several substrates s, S1, O1, S2,-02 stacked 'u'pon each other, e.g.,

glued to one another (pair-wise).

Fig. 2 schematically shows a top view onto optics substrate-Ol of Fig. 1. :

F1g 3 schematiéally shéws atop view onto a spacer substrate S1 of Fig. 1.

Fig. 4 schematically shows a top view onto a semiconductor substrate s of Fig. 1.

Module M is described referring to Figs. 1 to 4. In Figs. 2, 3 and 4, the dashed line

indicates approximately where the cross-section of Fig. 1 is taken.

Semiconductor substrate s is a single-piece semiconductor substrate, typically
substantially made of silicon. It comprises five active regions al, a2, a3, ax1, ax2.

Active regions al, a2, a3 each form an image sensor i1, i2 and i3, respectively, each of

- which usually comprises more than 100 x 100 pixels, usually at least 1000 x 1000

pixels. Typically, each of the three image sensors is provided fro detecting light of a

different color.

Active region ax1 belongs to a proximity sensor and is usually provided for detecting .
infrared light. A light emitter E such as an infrared light emitting diode is provided on
semiconductor substrate s for emitting the infrared radiation to be detected using active

region ax1 after the radiation has left module M and device D and after it has been

“reflected (or scattered) outside device D and then entered mod_ule M again. Typically,

light emitter E is'operated in a pulsed fashion in order to improve the performance of -
the proximity sensor. Active regibn ax1 may function like a photo diode integrated in
semiconductor substrate s, wherein a filter F2 may be provided on optics substrate O1
(6r elsewhere in the detection channel of the proximity sensor)\‘ in order tQ'avo'id' S

detection of non-infrared light in active region ax1.

Light emitter E is positioned on semiconductor substrate s, €.g., glued or soldered
thereto (for providing mechanical stability and/or an electrical connection), and it may

also have a wirebond connection to semiconductor substrate s, as indicated in Fig. 4.
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.- If suitable technologieé, are available for integrating light emitter E in semiconductor

substrate s, light emitter E may alternatively be integrated in semiconductor substrate s.-|

Active region ax2 may also be a light-sensitive, light-detecting semicondubtor area, like
ax1, however, it may be an ambient light sensor or a portion thereof. In this case, it may
be provided for defecting visiblé light. A filter (not illustrated) could be provided in the
1ight path between the front side of module M and active region ax2, for impeding the
detection of infrared light such as of light emitted by light emitter E.

It is p'oss'ible to provide, at at least a portion of the interface between semiconductor
substrate s and spacer substrate S1, a cover glass-(not illustrated), the main purpose of

which usually is to protect the semiconductor structures of semiconductor substrate s.

Spacer substrate S1 is provided for ensuring a well-defined distance between

~ semiconductor substrate s and optics substrate O1 and, more particularly, between the

active areas on semiconductor substrate s and the lens elements L on optics

substrate.'Ol.

But furthermore, spacer substrate S1 may contribute to the housing of module M and to

avoding stray light detection in module M and to defining optical paths within

-module M. Spacer substrate S1 may be made of a non-transparent material such as a

non-transparent epoxy resin (cured), héving through-holes, usually one per optical'

channel. Spacer substrate S1 may be made using replication, e.g., embossing.

Spacer substrate S1 may also be made of an at least partially transparent material, in

which case, however, non-transparent coatings may be provided for avoiding stray light

detection in module M and better defining optical paths Within'modulc M.

LN

Optics substrate O1 comprises transbarent portions t (typiéally one per optical channel)

* surrounded by one or more non-transparent portions n (in Fig. 2, one is illustrated).
Optics substrate O1 comprises at the transparent portions t (not necessarily at each one

* of them) one or more lens elements L which may be present at that side of optics -
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. substrate O1 which faces semiconductor substrate s and/or on the opposite side, in Fig.

1, lens elements L are illustrated on both sides.

The non-transparent portions n may be rion-transparent portions because of being made

of a non-transparent material and/or because of an applied non-transparent coating. -

Instead of providing transparent portions t and one or more non-transparent portions n
in optics substrate O1, optics substrate O1 could also be fully transparent. In that case,
however, optics substrate O1 ‘will not contribute (or contribute less) to avoding stray

light detection in module M and to defining optical paths within module M.

The lens elements L may be refractive ones and/or diffractive ones. And they may be
convex and/or concave, in particular plano-convex and/or plano-concave. In particular,

nomihally substantially identical lens elements L may be providéd for each of the light

" channels associated with a respective image sensor il, 12, i3. The lens elements can

redirect and focus or defocus light in a way needed for the functioning of module M.

E.g., lens elements in the detection channel of the proximity sensor may be provided for

.collecting as much light as possiblg, and lens elements in the emission channel of the

proximity sensor may be provided for guiding as much light as possible from light

- emitter E to the outside of module M, and lens elements in the light channel of the

ambient light sensor may be used for achieving an increased sensivity of active region

ax2 for light impinging on.the front side of module M at higher angles of incidence
(e.g., above 40°) and a decreased sensivity of active region ax2 for light impinging on
the front side of module M at lower angles of incidence (e.g., below 40°). And for the

image sensors, the respective lens elements L may be provided for achievinga

particularly sharp and di_stottio‘ﬁ-free image of a scene in front of the front side on the

A

respective image sensor.

By each of the image sensors and usually also by the associated lens elements, an '

optical axis is defined, like the one referenced A indicated for image sensor il in Fig. 1

" by adashedline.



10

15

20

25

WO 2014/129968 PCT/SG2014/000051

-30 -

- In order to produce a color image from sub-images captured using the different image

- sensors i1, 12, 13, different color filters may be providéd in the respective light channels

such as filter F1 for image sensor il embodied on optics substrate O2 as a coating. E.g.,
a green filter, a red filter and a blue filter may be provided for the image sensors i1, i2
and 13, respectively. From the three monochrome sub-images, a (final) color image can

be computed.

The (color) filters may also be l_ocated in a different place and be realized in a differerit '

- way. E.g., filters may also be present on semiconductor substrate s, in particular in case

of patterned filters letting pass light of different color to different pixels of the same

image sensor, see examples below.

Spacer substrate S2 may have functionalities and be designed and manufactured in full

- analogy to spacer substrate S1.

Optics substrate O2 may have functionalities and be designed and manufactured in full
analogy to opticé substrate O1, wherein it may be advantageous to have the front face of
module 1 free from lens elements, in particular for achieving a simplified positioning of

module M in device D.

One or both of spacer substrates S1 and S2 may be integrated in‘oﬁe or more of the
adjacent optics substrates O1, O2. In other words, one or both of the optics substrates

may incorporate the design and functionality of at least one of the spacer substrates. -

Of course, optics substrate O2 is generally optional, and if optics substrate O2 is not

present, also spacer substrate S2 is optional.

‘Typically, and as illustrated inF igs. 1-4, the substratéS of a module M (i_n_ the example

of Fig. 1: subtrates s, S1, O1, S2, O2) contribute to an usually even form (in full) the
housing of the module M. And they are usually generally plate-shaped and have a
réctangular outline (in the stacking Adirection; cf. Figs. 2-4), usually describing the same

rectangular.
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- Fig. 5 schematically shows a vertical cross-section through another module M. In this

case, only one spacer substrate and only one optics substrate is présent. Comparedtoa -
case like illustrated in Fig. 1, this decreases the pos_sibilities of guiding the light in
module M and rr_iay thus provide a lower optical quality, however, such a module can be

smaller and may be easier and cheaper to manufacture.

Another remarkable difference between the module of F1g 1 and the one of Fig. 5 is

that in Fig. 5, the semiconductor substrate s is attached to a base substrate B. Base

suBstrate; B may be, e.g., a printed circuit board or interposer. It provides electrical
connections of module M to the outside by contact pads or, as indicated invFig. 5, by
solder balls b. And electrical connections present between semiconductor substrate s

and base substrate B are also provided, e.g., by wire bonds, as schematically indicated

in Fig. 5.

Note that in case a base substrate B is provided, semiconductor substrate s uSually does

not contribute to the housing of the module M, but the base substrate B does.

And another variant is illustrated by Fig. 5, namely to place an active optical component

such as light emitter E on the base substrate B instead of on semiconductor substrate s.

This saves space on semiconductor substrate s. Note that space on a semiconductor

substrate is scarce and expensive. It is, however, not necessary but an option, to place,
besides semiconductor substrate s, another active optical componert of module M on

base substrate B.

Otherwise, and generally in the present patent application, like reference symbols

indicate like or corresponding items. =

It is furthermore noted that a spacer substrate (such as S1 in Fig. 5) may comprise

material portions extending (vertically) by less than the distance between the

- neighboring substrates (O1 and s in Fig. 5), as illustrated in Fig. 5.

" Two, three or four, possibly even more image sensors may be realized in semiconductor

substrate s, and possibly additional active regions may be realized in semiconductor
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substrate s, too. E. g., two image sensors for detecting green light, one for detecting red
light and a fourth one for detecting blue light may be realized in Semicoﬁductor
substrate s besides an active region for detecting infrared light originally emitted by
light emitter E, such that a computational camera and a proximity sensor are, at least in

part, realized in module M.

Fig. 6 schematically shows a vertical cross-section through another device or optical
apparatus D-comprising a module M. Device D comprises a display d, e.g., an LCD or
OLED display, which is controlled by a control unit c. Furthermore, an evaluation unit e
is provided for evaluating detection results of the addiﬁonal (non-image) sensor present
in module M, and an image processing unit p is provided for obtaining a (final) image
from data from the one or more image sensors present in module M, in particular for
computing a final (color) image from image data sets of sub-images obtained by N > 2
image sensors realized in semiéonductor substrate s. Note that it is usﬁally intended to
design module M in such a way that each image sensor present therein will image
substantially the Same scene (at least for scenes more than 1 cm or rather more than

30 cm distant from the module’s front side).

It is possible to realize the control unit ¢, the evaluation unit e and the image processing

‘unit p in a processing unit CPU of the device D, e.g., in a central processor and/or in a

graphics processor of the device D. However, it can be useful (in terms of making good
use of semiconductor substrate s and/orv in terms of fast processing and/or compactness)
to arrange in full or in part one or both of the evaluation unit e and the image processing
unit p in module M and, more spéciﬁcally in semiconductor substrate s. Examples will

be shown belbw. |

As indicated by the arrows in Fig. 6, data are transmitted from module M to image '
processing unit p. Those data are usually those originating from the one or more image

sensors of semiconductor substrate s. And further data are transmitted from module M

- to e\?aluation unit €, namely usually those data originating from one or more additional

~ active regions of semiconductor substrate s (which do not embody image sensors).
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. Control unit ¢ may carry out its control function in dependence of the evaluation carried

out in evaluation unit e. E.g., in dependence of data obtained from one or more
additional (non-image).sensors of semiconductor sﬁbstrate s, display d may be
controlled, e.g., its brightness may be adjusted in dependence of a detecﬁon result of an
ambient light sensor and/or its background light or the whole display d may‘ be switched
on and off ’in dependence of a detection result of a proximity sensor. The arrow from
evaluation unit e to control unit c (which, more generally, may have different or
additioh control functions in device D than merely controlling diéplay d) indicates this

functional connection.

Furthermore, it will be provided in many applications that neither the image processing
in image processing unit p is carried out in dependence of an evaluation result of the

evaluation unit e nor that the evaluating in evaluation unit e is carried out in dependence

- of a processing result of image processing unit p. Note that, accordingly, no arrow is

interconnecting units p and e in Fig. 6.

Note that a small single opening or transparent portion T in the device housing H may

be suffient — thanks to the provision of a module M as described in.the present patent

application — for providing light input to module M and, where necessary, light output

from module M, for the several sensors of moduleM having different functionalities.

This can strongly contribute to compactness of device D and to an improved

manufacturability.

Figs. 7 to 10 schematically illustrate various possibilities for providing and arranging
active reglons (image sensors and additional sensors or parts thereof) on a
semiconductor substrate s. F rom the description of Flgs 1to 4 and 5, it will be clear
how possible optlcs substrates and spacer substrates may be de31gned in order to

manufacture a module M.

Fig. 7 schematlcally shows a top view onto a semlconductor substrate s with
(optionally) mtegrated evaluation unit e and i image processmg unit p. lee in F1g 1

three image sensors. i1, 12, 13 are provided Wthh however are differently arranged. Like
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. in'Fig. 1, two additional sensors such as an ambient light sensor and a proximity sensor -

are provided on semiconductor substrate s. Instead of having one image sensor for green
light, one for red light and one for blue light, it is illustrated in Fig. 7 that it is
alternatively also possible to have to image sensors (12, 13) for green light, whereas the
third image sensor i1 has a patterned filter (on semiconductor substrate s), namely such
that red and blue pixels are distributed in a checkerboard pattern. The provision of two |
image sensors for the same color can facﬂltate the computation of the final (color)

1mage from the sub-images of the (three) i 1mage Sensors.

Fig. 8 schematicallybshows a top view onto another semiconductor substrate s. Also
here, image processing unit p and evaluation unit e are (optionally) integrated in
substrate s. Instead of using three image sensors and a patterned filter, a facilitated

computation of a final image from sub-images is accomplished by providing four image

‘ sensors, two of them in the same color, e.g., il and i3 for green and i2 for red and i4 for

blue. The space in the middle between the four image sensors can be used for detecting

light, e.g., for realizing an ambient light sensor (based on active region ax1).

Fig. 9 schematically shows a top view onto yet another semiconductor substrate. In this

case, a very large pixel array is realized in semiconductor substrate s, and different

‘portions thereof are read out for different purposes. Active regions al, a2, a3 are read

out and interpreted as sub-images, realizing three image sensors i1, i2, 3. And another
portion, namely those pixels in additional active region ax1, are read out for realizihg_
(or contributing to) another (additional) sensor such as an ambient light sensor. Even

though active region ax1 basically could provide spatial resolution (due to the presence

- of pixels), this will — in typical applications — not be made use of, because only the sum i

of the detected light intensity over all pixels in active region ax] is relevant. In an
evaluation unit e, data from active region ax1 will thus not be interpreted as image data
or as an image Thus, active region ax1 does not embody (or contribute to) an image

sensor. In particular, there w111 typically be at most than 100 .x 100 pixels or even at

“ most 50 x 50 plxels in active region axl.
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Of course, various ways of distributing image sensors-and additional (non-image)

sensors over a semiconductor substrate are possible, not only in case of a (large) pixel -

_array as illustrated in Fig. 9, but also in the other described cases.

Finally, Fig. 10 schematically shows a top view onto another semiconduétor substrate s,
in which case there is only one image sensor realized in semiconductor substrate s, such
that no computational imaging is realized. Rather, a standard Bayer filter pattern
(“RGGB”) may be provided on semiconductor substrate s. However, at least one
addition_al active area — as illustrated in Fig. 10, two additional active areas axl, ax2 -
are realized. One méy be or contribute to, e. g., an ambient light sensor, the other to a

micromeéchanical and/or capacitive temperature sensor.

As will have become clear from the above, there are many possibilities of combining at
least one image sensor and at least one additional active area on a semiconductor

substrate s and/or in a module M. In particulaf, they may be all full-color image sensors,

e.g., each with a Bayer pattern (RGGB), e.g., three or four or even more full-color

image sensors on one semiconductor substrate 2. Or one or two full-color image
sensors, e.g., each with a Bayer pattern (RGGB), may be combined, on one

semiconductor substrate s, with one monochrome image sensor (e.g., for white light

“detection) or with two monochrome image sensors or rather with three (one for red, one

of blue, one for green light detection). Or monochrome or full-color image sensors may
be combined with one or more two-color sensors such as sensors with a checkerboard
pattémed filter for two different colors. The one or more additional active areas may
generally embody or be comprised in a sensor of any kind, wherein at least one of the

additional active areas may in particular be light-sensitive. Generally any combination

of additional sensors is possible. And generally, aﬁy one additional sensor or any

combination of two or more additional sensors may be combined, with any image

sensor or combination of image sensors (cf. above).
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. Aspects of the embodiments have been described in terms of functional units. As-is
readily understood, these functional units may be realized in Virtually any number of

hardware and/or software components adapted to performing the specified functions.
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An optical apparatus comprising
a semiconductor substrate;
at least one optics substrate;
wherein said semiconductor substrate comprises:

a first active region establishing a first image sensor,

a second active region different from said first active region, said second active
region establishing a second image sensor,

a third active region different from said first and second active regions, said
third active region establishing a third image sensor, and

an additional active region, different from said first, second and third active
regions, said additional active region establishing or being part of an additional sensor
which is not an image sensor,

wherein each of the first, second and third active regions is positioned within a
different one of four quarters of a rectangle, said quarters being obtainable by twice
dividing said rectangle by the two median lines of the rectangle, and wherein the
additional active region is positioned within the one of said four quarters in which none
of said first, second and third active regions is positioned, and
wherein said at least one optics substrate comprises:

for said first image sensor, at least one lens element for imaging light impinging
on the optical apparatus from a front side onto the first image sensor,

for said second image sensor, at least one lens element for imaging light
impinging on the optical apparatus from a front side onto the second image sensor, and

for said third image sensor at least one lens element for imaging light

impinging on the optical apparatus from said front side onto the third image sensor.
The optical apparatus according to claim 1, wherein said additional sensor is at least
an ambient light sensor;

a proximity sensor;
a temperature sensor, in particular a pyroelectric temperature sensor or a capacitive

temperature sensor or a micro-mechanical temperature sensor.

3.

The optical apparatus according to claim 1, wherein said at least one optics substrate

comprises at least one additional lens element for imaging light impinging on the optical

apparatus from a front side onto said additional active region.
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4, The optical apparatus according to claim 1, wherein the optical apparatus is structured

for detecting light of substantially different color ranges in said first and said second image

sSensors.

5. The optical apparatus according to claim 1, wherein a first optical axis defined by the
first image sensor and by the respective at least one lens element and a second optical axis
defined by the second image sensor and by the respective at least one lens element are

aligned in parallel.

6. The optical apparatus according to claim 1, wherein

(i) said semiconductor substrate comprises a pixel array comprising said first and
second image sensors and optionally also said additional active region; or

(i) said first and second active regions are separated from each other by at least one
intermediate region of said semiconductor substrate which is not specifically structured for

detecting light and/or which is not used for detecting light.

7. The optical apparatus according to claim 1, wherein the optical apparatus constitutes at
least a portion of a computational camera, wherein sub-images from which a final image is
composed in said computational camera comprise a first sub-image obtainable by means of
said first image sensor and a second sub-image obtainable by means of said second image

sensor.

8. The optical apparatus according to claim 1, wherein said semiconductor substrate
comprises a fourth active region different from said first, second and third active regions, said
fourth active region establishing a fourth image sensor, and wherein said at least one optics
substrate comprises for said fourth image sensor at least one lens element for imaging light

impinging on the optical apparatus from said front side onto the fourth image sensor.

9. The optical apparatus according to claim 1, wherein said additional active region
encompasses a point for which the sum of the distances from this point to the center of gravity
of each of said image sensors is minimal, in particular wherein this point is the center of gravity

of said additional active region.

10. The optical apparatus according to claim 1, comprising an image processing unit
operationally connected to each of the image sensors, for receiving sub-image data from each

of the image sensors, and for obtaining a final image from said sub-image data.

11. The optical apparatus according to claim 1, comprising an evaluation unit operationally
connected to said additional active region, for evaluating detection results obtained by means

of said additional active region.
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12. The optical apparatus according to claim 11, comprising a display unit comprising a
display and a control unit for controlling said display, wherein said control unit is operationally
connected to said evaluation unit, for controlling said display unit in dependence of said
detection results, more particularly in dependence of an evaluation of said detection results

carried out by said evaluation unit.

13. The optical apparatus according to claim 12, wherein said additional sensor is

an ambient light sensor, said additional active region being provided for detecting an
amount of visible light impinging on the optical apparatus from said front side, and for adjusting
a brightness of a display of said display unit in dependence of said detected amount; or

a proximity sensor comprising a light emitter, in particular an infrared light emitter, said
additional active region being provided for detecting an amount of light, in particular infrared
light impinging on the optical apparatus from said front side, and for adjusting a brightness of a
display of said display unit, more particularly for switching off and on said display in

dependence of said detected amount.

14. The optical apparatus according to cltaim 1, wherein the optical apparatus is at least
one of

an opto-electronic module;

a module for a device with computational camera capability;

a device with a display, in particular with a visual display;

a device with a housing, in particular with a housing having an opening or transparent
portion;

a handheld computing device;

a handheld photographic device;

a handheld communication device;

a smartphone;

a tablet computer.

15. The optical apparatus according to claim 1, wherein the optical apparatus comprises a
housing comprising a continuous opening or transparent portion, wherein said opening or
transparent portion, said semiconductor substrate and said at least one optics substrate are
arranged such that

a first portion of light impinging on said opening or transparent portion may pass
through said at least one optics substrate and impinge on said first image sensor;

a further portion of light impinging on said opening or transparent portion may pass

through said at least one optics substrate and impinge on said additional active region.



