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Description

Field of the invention

[0001] This invention relates to optical sensors, more in particular to optical tactile sensors integrated in a flexible
and/or stretchable foil.

Description of the related technology

[0002] Multiple research centers are developing miniaturized sensor elements that can be distributed over an area to
measure physical properties such as pressure, temperature or the proximity of objects. Such miniaturized sensor ele-
ments can be fabricated based on MEMS (microelectromechanical systems) technology. Most MEMS devices are built
on rigid substrates such as silicon wafers or glass wafers. However, it can be advantageous to provide such sensors
on flexible substrates, because this may allow mounting the sensors on non-planar surfaces or even on flexible objects
such as a human body. A possible way for providing sensors on flexible substrates comprises flip-chip mounting of a
rigid substrate comprising sensors onto a flexible carrier and subsequently selectively etching the rigid substrate for
forming distinct rigid islands. A disadvantage of this approach is that it relies on standard IC fabrication technologies,
such that it is difficult to create large area sensors at low cost.
[0003] Elastomer tactile sensitive foils have been developed based on piezo-resistive, piezoelectric and capacitive
force sensing technologies. However, most of these structures suffer from various limitations such as low spatial reso-
lution, small resolution or expensive manufacturing processes.
[0004] To circumvent limitations related to electrical connectivity, replacement of electrical sensors by optical sensors
clearly offers a solution. Optical technologies have the additional advantage that they are insensitive to electromagnetic
interference and that they can be used in harsh environments.
[0005] The most common tactile sensors available today are static and passive. They can be used to provide only a
static perception of an object shape. Less common are dynamic and active sensors. Such sensors can be used in
conjunction with relative motion between a sensor and a contact body to provide a dynamic perception of high frequency
elements such as e.g. a surface texture.
[0006] In US 7,355,720 a dynamic and active optical displacement sensor is described that can e.g. be used as a
vibration sensor or as a pressure sensor. The sensor utilizes optical feedback into a vertical-cavity surface-emitting laser
(VCSEL) from an external optical cavity formed by a moveable membrane and an output mirror of the VCSEL. This
results in the optical cavity of the VCSEL being coupled to the external optical cavity. As a result, any movement of the
membrane in response to sound, vibration, acceleration, pressure, etc. produces a change in the lasing characteristics
of the VCSEL, and in particular a change in the intensity of a beam of lasing light produced by the VCSEL (self-mixing
interference). This change in intensity is sensed by a photodetector. The fabrication process for the sensors described
in US 7,355,720 is relatively complex. The sensors comprise a membrane that is suspended on a rigid substrate. The
VCSEL is mounted on another (rigid) substrate that is to be bonded to the substrate comprising the membrane. A good
alignment between the photodetector and the VCSEL is needed. The need for suspending the membrane requires a
rigid structure (e.g. substrate, spacer) surrounding the sensing element. When forming a sensor array, such rigid structure
may limit the sensor density and thus the spatial resolution that can be realized.
[0007] US patent application 2007/280581 relates to an apparatus for measuring an applied force or pressure. The
apparatus comprises a rigid sensor block separated from the VCSEL. In German patent application DE 100 24 982 A1
an optical measurement system is described wherein a photoelastic material is used in a laser medium and wherein
polarization effects induced by an external pressure are taken into account. US patent application 2006/0181712 A1
relates to a micron-scale displacements measurement device using diffraction and interference for detecting displace-
ment. In "Impact of Micromechanics on the linewidth and chirp performance of MEMS-VCSELS" IEEE journal of selected
topics in quantum electronics, Halbritter et al. described a membrane based system with a tunable VCSEL with a Bragg
membrane mirror.

Summary of certain inventive aspects

[0008] It is an object of the present invention to provide good methods and systems for pressure sensing or tactile
event sensing as well as good methods for manufacturing such sensors. It is an advantage of embodiments according
to the present invention that systems and methods are provided allowing accurate pressure sensing. It is an advantage
of embodiments according to the present invention that systems and methods are provided allowing accurate tactile
sensing at high spatial resolution.
[0009] Certain inventive aspects relate to an optical pressure sensor and an optical tactile sensor based on self-mixing
interference (SMI) in a VCSEL wherein the optical tactile sensor has ) a higher spatial resolution as compared to prior
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art SMI-based sensors.
[0010] One aspect relates to a sensor comprising at least one VCSEL on a substrate, a compressible sensor layer
comprising sensor layer material covering a top surface of the at least one VCSEL and a reflecting element covering a
top surface of the sensor layer. One aspect relates to a sensor comprising at least one VCSEL on a substrate, wherein
a top surface of the VCSEL is covered with a compressible sensor layer, a top surface of the sensor layer being covered
with a reflecting element such as a reflector or a mirror. The at least one VCSEL is embedded in the compressible sensor
layer, or in a solid and/or liquid encapsulation material in direct contact with the compressible sensor layer. The active
detection mechanism is based on SMI measurements wherein displacements of the reflecting element at the top surface
of the ) sensor layer resulting from e.g. an external pressure on that surface are measured, preferably by measuring an
electrical parameter of the VCSEL. These displacements are translated to a pressure via processing means for deriving
a pressure, based on a self-mixing interference effect caused by reflection of radiation of the VCSEL at the reflecting
element and on the mechanical characteristics of the sensor layer material, such as the Young’s modulus, Bulk modulus,
Poisson coefficient and/or density.
[0011] The VCSEL is embedded in the compressible sensor layer or in a solid and/or liquid encapsulation material in
direct contact with the compressible sensor layer.
[0012] In one aspect, a sensor allows realizing sensor arrays with a higher sensor density and thus a higher spatial
resolution as compared to prior art sensors, e.g. SMI based sensors In embodiments of the present invention the sensor
density is determined by the pitch of the VCSELs integrated on a single chip. This VCSEL pitch may be smaller than
250 micrometer, e.g. smaller than 200 micrometer, e.g. smaller than 150 micrometer, e.g. smaller than 125 micrometer.
[0013] It is an advantage of an optical pressure sensor and an optical tactile sensor according to one inventive aspect
that the pressure range and the sensitivity of the sensors can be tuned by a proper selection of the sensor layer material,
e.g. by proper selection of the Young’s modulus, the Bulk Modulus, Poisson coefficient and/or density of the sensor
layer material.
[0014] It is an advantage of an optical pressure sensor and an optical tactile sensor according to one inventive aspect
that it can be formed on a flexible or stretchable substrate. When providing thin VCSELs on a flexible substrate or on a
stretchable substrate and by selecting a flexible or stretchable sensor layer, flexible or stretchable sensors can be
fabricated. This allows using such flexible or stretchable optical tactile sensors as foils over irregular or non-planar
surfaces, for example in distributed sensing applications. It also allows using such sensors on moveable surfaces, e.g.
for gait and posture analysis, prosthetic analysis, breast cancer detection, prevention of bedsores, minimally invasive
surgery, service robots, control of walking robots or intelligent clothing.
[0015] It is an advantage of optical pressure sensors and optical tactile sensors according to one inventive aspect,
that they can be fabricated with a fabrication process that is less complex and cheaper as compared to prior art processes.
[0016] One inventive aspect relates to an optical sensor comprising at least one VCSEL coupled to an external optical
cavity formed by an output mirror of the at least one VCSEL and a movable reflecting element, wherein the external
optical cavity comprises a compressible sensor layer covering the at least one VCSEL. In operation, an optical sensor
according to one inventive aspect measures displacements of the movable reflecting element based on self mixing
interference in the at least one VCSEL. In preferred embodiments, in operation, a fixed voltage higher than the laser
threshold voltage is applied to the VCSEL and the VCSEL current is measured.
[0017] In embodiments of the present invention the movable reflecting element can comprise a reflector, e.g. a metal
reflector, provided at the top surface of the sensor layer. The at least one VCSEL may be provided on a substrate and
encapsulated in an encapsulation layer. The substrate may be a rigid substrate, a flexible substrate or a stretchable
substrate. The thickness of the VCSEL may for example be in the range between 10 micrometer and 100 micrometer,
e.g. in the range between 10 micrometer and 60 micrometer, e.g. in the range between 10 micrometer and 25 micrometer.
An optical sensor according to embodiments of the present invention can be a flexible sensor or a stretchable sensor.
[0018] An optical sensor according to one inventive aspect can comprise a plurality of VCSELs, e.g. a plurality of
VCSELs arranged in an array, thereby forming an optical tactile sensor. The spatial resolution of an optical tactile sensor
according to embodiments of the present invention can be smaller than 250 micrometer, e.g. smaller than 150 micrometer,
e.g. smaller than 125 micrometer.
[0019] In one aspect, an optical sensor can advantageously be used as a pressure sensor or as a tactile sensor. In
embodiments of the present invention the mechanical properties of the sensor layer material such as the Young’s
modulus, the Bulk modulus, the Poisson coefficient and/or the density can be selected for tuning the sensitivity and the
measurement range of the sensor.
[0020] The present invention also relates to a method for manufacturing an optical sensor, the method comprising
providing at least one VCSEL on a substrate, providing a compressible sensor layer comprising sensor layer material
covering the VCSEL on the substrate and providing a reflecting element covering the compressible sensor layer. Providing
a compressible sensor layer covering the VCSEL on the substrate may comprise depositing the compressible sensor
layer on top of the VCSEL or a layer embedding the VCSEL.
[0021] Providing at least one VCSEL on a substrate may comprise providing an encapsulation layer on the substrate,
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creating a cavity in the encapsulation layer suitable for accommodating the VCSEL, embedding the VCSEL and further
encapsulating the VCSEL by providing a further encapsulation layer. Providing at least one VCSEL on a substrate may
comprise providing a plurality of VCSELS. A pitch between the plurality of VCSELS may be smaller than 250mm.
[0022] Particular and preferred aspects of the invention are set out in the accompanying independent and dependent
claims. Features from the dependent claims may be combined with features of the independent claims and with features
of other dependent claims as appropriate and not merely as explicitly set out in the claims.
[0023] Embodiments of the invention will now further be discussed in the detailed description in conjunction with the
drawings. The drawings are only schematic and are non-limiting. In the drawings, the size of some of the elements may
be exaggerated and not drawn on scale for illustrative purposes. Any reference signs in the claims shall not be construed
as limiting the scope. In the different drawings, the same reference signs refer to the same or analogous elements.
[0024] The present invention also relates to a method for sensing pressure, the method comprising driving a VCSEL
for generating a laser beam, guiding the laser beam through a compressible sensor layer, comprising sensor layer
material covering a top surface of the VCSEL, reflecting the laser beam thus redirecting the laser beam to the VCSEL
and deriving a pressure on the compressible sensor layer based on a self-mixing interference effect in the VCSEL.
Deriving a pressure may be based on measurement of an electrical characteristic of the VCSEL responsive to the self-
mixing interference effect..

Brief description of the drawings

[0025]

Figure 1 schematically shows the structure of an optical sensor according to an embodiment of the present invention.
Figure 2 schematically illustrates the structure of an optical sensor according to an embodiment of the present
invention.
Figure 3a to Figure 3h shows an example of a process that may be used for fabricating the optical sensor shown
in Figure 2.
Figure 4 illustrates the simulation model used for mechanical simulations of a pressure sensor according to one
embodiment.
Figure 5 shows the calculated displacement Δz of the top surface of the sensor layer as a function of the location
along the x-axis for different sensor layer materials with a thickness of 100 micrometer and for a distributed pressure
of 1 bar on the top surface of the sensor layer.
Figure 6 shows the calculated displacement Δz of the top surface of a Sylgard 184 sensor layer as a function of the
location along the x-axis for different thicknesses of the sensor layer and for a distributed pressure of 1 bar on the
top surface of the sensor layer.
Figure 7 shows the average displacement Δz of the top surface of a Sylgard 184 sensor layer in an area above an
embedded VCSEL as a function of the thickness of the sensor layer for a distributed pressure of 1 bar on the top
surface of the sensor layer.
Figure 8 shows the average displacement Δz of the top surface of a 100 micrometer thick Sylgard 184 sensor layer
in an area above an embedded VCSEL as a function of the distributed pressure on the top surface of the sensor layer.
Figure 9 schematically shows a measurement set-up used for characterizing an optical sensor according to an
embodiment of the present invention.
Figure 10 shows the measured current through a VCSEL of a pressure sensor according to one embodiment wherein
a pressure step of 73530 Pa is applied to the top surface of the pressure sensor.
Figure 11 shows a linear displacement as function of time as was applied in an experiment indicating features and
advantages of an optical sensor according to an embodiment of the present invention.
Figure 12 shows a force as function of time corresponding with the displacement induced in an optical sensor as
shown in Figure 11.
Figure 13 shows the electrical response of the VCSEL to the displacement induced in an optical sensor as shown
in Figure 11.

Detailed description of certain illustrative embodiments

[0026] The present invention will be described with respect to particular embodiments and with reference to certain
drawings but the invention is not limited thereto. The drawings described are only schematic and are non-limiting. In the
drawings, the size of some of the elements may be exaggerated and not drawn on scale for illustrative purposes. The
dimensions and the relative dimensions do not correspond to actual reductions to practice of the invention.
[0027] Furthermore, the terms first, second, third and the like in the description, are used for distinguishing between
similar elements and not necessarily for describing a sequence, either temporally, spatially, in ranking or in any other
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manner. It is to be understood that the terms so used are interchangeable under appropriate circumstances and that
the embodiments of the invention described herein are capable of operation in other sequences than described or
illustrated herein.
[0028] Moreover, the terms top, bottom, over, under and the like in the description are used for descriptive purposes
and not necessarily for describing relative positions. It is to be understood that the terms so used are interchangeable
under appropriate circumstances and that the embodiments of the invention described herein are capable of operation
in other orientations than described or illustrated herein.
[0029] It is to be noticed that the term "comprising" should not be interpreted as being restricted to the means listed
thereafter; it does not exclude other elements or steps. It is thus to be interpreted as specifying the presence of the
stated features, integers, steps or components as referred to, but does not preclude the presence or addition of one or
more other features, integers, steps or components, or groups thereof. Thus, the scope of the expression "a device
comprising means A and B" should not be limited to devices consisting only of components A and B. It means that with
respect to the present description, the only relevant components of the device are A and B.
[0030] Reference throughout this specification to "one embodiment" or "an embodiment" means that a particular
feature, structure or characteristic described in connection with the embodiment is included in at least one embodiment
of the present invention. Thus, appearances of the phrases "in one embodiment" or "in an embodiment" in various places
throughout this specification are not necessarily all referring to the same embodiment, but may. Furthermore, the particular
features, structures or characteristics may be combined in any suitable manner, as would be apparent to one of ordinary
skill in the art from this disclosure, in one or more embodiments.
[0031] Similarly it should be appreciated that in the description of exemplary embodiments of the invention, various
features of the invention are sometimes grouped together in a single embodiment, figure, or description thereof for the
purpose of streamlining the disclosure and aiding in the understanding of one or more of the various inventive aspects.
[0032] Furthermore, while some embodiments described herein include some but not other features included in other
embodiments, combinations of features of different embodiments are meant to be within the scope of the invention, and
form different embodiments, as would be understood by those in the art. For example, any of the embodiments can be
used in any combination.
[0033] In the description provided herein, numerous specific details are set forth. However, it is understood that
embodiments of the invention may be practiced without these specific details. In other instances, well-known methods,
structures and techniques have not been shown in detail in order not to obscure an understanding of this description.
[0034] In the context of the present description the term pressure sensor is used for indicating a sensor comprising a
single sensing element, i.e. a sensor comprising a single VCSEL. The term tactile sensor is used for indicating an array
of pressure sensors. A tactile sensor thus comprises a plurality of sensing elements, each sensing element comprising
a single VCSEL.
[0035] Certain embodiments relate to an optical pressure sensor and an optical tactile sensor based on self-mixing
interference (SMI) in a VCSEL wherein the optical tactile sensor has a higher spatial resolution as compared to prior art
SMI-based sensors. An optical sensor according to one embodiment comprises at least one VCSEL on a substrate,
wherein a top surface of the VCSEL is covered with a compressible sensor layer and wherein a top surface of the sensor
layer is covered with a reflecting element such as a reflector or a mirror. The active detection mechanism is based on
SMI measurements wherein displacements of the reflecting element at the top surface of the sensor layer resulting from
e.g. an external pressure on that surface are measured. These displacements are translated to a pressure, through the
mechanical characteristics of the sensor layer material, such as the Young’s modulus, Bulk modulus, Poisson coefficient
and/or density. The pressure range and the sensitivity of the sensor can be tuned by proper choice of the sensor layer
material.
[0036] In the context of the present description, the top surface of a VCSEL is the surface of the VCSEL at the front
side of the VCSEL, i.e. at the side where light is emitted. The rear side of the VCSEL is the side of the VCSEL opposite
to the front side. In an optical sensor according to one embodiment the at least one VCSEL is oriented with its rear side
towards the substrate. In the context of the present description the top surface of the sensor layer is the surface of the
sensor layer oriented away from the VCSEL.
[0037] A sensor according to one embodiment allows realizing sensor arrays with a higher sensor density and thus a
higher spatial resolution as compared to prior art solutions In embodiments of the present invention the sensor density
is determined by the pitch of the VCSELs integrated on a single chip. This VCSEL pitch may be smaller than 250
micrometer, e.g. smaller than 200 micrometer, e.g. smaller than 150 micrometer, e.g. smaller than 125 micrometer. For
prior art solutions a pitch in the order of 1 mm to 6 mm between sensing elements is reported (US 7,355,720).
[0038] An optical pressure sensor and an optical tactile sensor according to one embodiment can be formed on a
flexible substrate or on a stretchable substrate. When providing thin VCSELs on a flexible or stretchable substrate and
by selecting a flexible or stretchable sensor layer, flexible or stretchable sensors can be fabricated. This allows using
such flexible or stretchable optical tactile sensors as foils over irregular or non-planar surfaces, for example in distributed
sensing applications. It also allows using such sensors on moveable surfaces, e.g. for gait and posture analysis, prosthetic
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analysis, breast cancer detection, prevention of bedsores, minimally invasive surgery, service robots, control of walking
robots or intelligent clothing.
[0039] Optical pressure sensors and optical tactile sensors according to one embodiment can be fabricated with a
fabrication process that is less complex and cheaper as compared to prior art processes.
[0040] The invention will now be described by a detailed description of several embodiments of the invention. It is
clear that other embodiments of the invention can be configured according to the knowledge of persons skilled in the
art without departing from the true spirit or technical teaching of the invention, the invention being not limited thereto.
[0041] In the further description, a sensor and a sensor array are described based on self-mixing interference in a
VCSEL, wherein the sensor is used as a pressure sensor, i.e. wherein movement of a reflecting element at the sensor
surface resulting from an external pressure on that surface is measured, and wherein from this measurement the external
pressure is calculated. However, a sensor and a sensor array according to the one embodiment can also be used for
measuring movement of the reflecting element caused by e.g. sound, vibrations, or accelerations. Thus, a sensor and
a sensor array according to embodiments of the present invention can also be used as e.g. a sound sensor, a vibrations
sensor or an acceleration sensor.
[0042] In the further description an optical pressure sensor is described wherein the VCSEL is embedded in an
encapsulation layer and integrated with a sensor layer. However, other configurations may be used, such as for example
a configuration wherein the sensor layer and the reflector are provided on a first facet at one end of an optical fiber and
wherein the VCSEL is provided on a second facet at an opposite end of the same optical fiber. In such a configuration
the interferometric signal can be detected electrically. In other embodiments the optical pressure sensor (including the
VCSEL) can be provided on a facet at one end of an optical fiber and the optical power of the VCSEL can be detected
at an opposite end of the optical fiber.
[0043] In a first aspect of the present invention, embodiments relate to an optical sensor for sensing pressure. Such
an optical sensor may be for sensing pressure or for sensing tactile events through pressure sensing. The optical sensor
comprises at least one pressure sensor comprising at least one vertical cavity surface emitting laser VCSEL, typically
deposited on a substrate. The sensor furthermore comprises a compressible sensor layer covering a top surface of the
at least one VCSEL and a reflecting element covering a top surface of the sensor layer. Several embodiments are
possible. According to the invention, the VCSEL is embedded in the compressible sensor layer or in a solid and/or liquid
encapsulation material in direct contact with the compressible sensor layer. The latter provides an optical path through
solid and/or liquid material, resulting in an accurate sensor. Features and advantages of systems according to embod-
iments of the present invention are further discussed with reference to different embodiments of the present invention
below.
[0044] Figure 1 schematically shows the structure of an optical pressure sensor according to an embodiment of the
present invention. The optical sensor is formed on a substrate 10, e.g. a rigid substrate or a flexible substrate or a
stretchable substrate. It comprises a VCSEL 11 emitting light 20 of wavelength λ (e.g 850 nm), the VCSEL 11 being
positioned on the substrate 10 and being embedded in a sensor layer 14 comprising a sensor layer material. The sensor
layer 14 is compressible, it is optically transparent (transparency higher than 1%, preferably higher than 10%, more
preferred higher than 50%) at the wavelength of the VCSEL, and preferably flexible and/or stretchable. At a top surface
of the sensor layer 14, a mirror or reflector 15 is provided for reflection of a substantial part of the light 20 emitted by the
VCSEL 11.
[0045] The operation of an optical sensor according to one embodiment is based on the self-mixing interference effect
which is observed when a fraction of light 20 emitted from a laser (e.g. VCSEL 11) is injected back into the laser cavity
by reflection from an external object or target (e.g. reflector 15). Due to the coherence of the emitted light, the reflected
light is superimposed in a deterministic way with the light inside the laser cavity, depending on the phase shift introduced
by the round trip travel to and from the target, which in turn depends on the external cavity length Lext, the external cavity
length Lext being defined as the distance between an output mirror of the VCSEL 11 and the reflector 15 (see Figure 1).
For example, the VCSEL can be driven by providing a fixed voltage over the VCSEL, wherein the fixed voltage is higher
than the laser threshold voltage. Displacement of the external reflector then gives rise to a periodic variation of wavelength,
optical power and electrical current, all with a period λ/2 wherein λ is the wavelength of the VCSEL, typically in the order
of 850 nm. One period of this signal corresponds to a displacement equal to λ/2. This means that the displacement of
an object (e.g. reflector 15) can be calculated by counting the number of peaks between the initial and the final position
of the object. A continuous monitoring of VCSEL wavelength, optical power or electrical current allows determining the
position of the reflector 15. The detection limit and the resolution of the measurements can be substantially increased
by using appropriate signal processing techniques. Different appropriate signal processing techniques are reported in
the literature. For example, in "Fourier transform method for self-mixing interference signal analysis", Optical Laser
Technology, Vol. 33, No. 6, pp. 409-416 (2001), M. Wang reports a signal processing method that allows obtaining a
resolution of λ/50. For a VCSEL with a wavelength of 850 nm this would result in a resolution of 17 nm.
[0046] In embodiments of the present invention, wherein a VCSEL 11 is embedded in or covered with a compressible
sensor layer 14, when an external pressure is applied on the top surface of the sensor layer 14 coated with a mirror or
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reflector 15, the sensor layer thickness and thus the external cavity length Lext changes, resulting in a periodic variation
of the VCSEL wavelength, optical power and electrical current. By selecting a sensor layer 14 comprising an appropriate
sensor layer material, i.e. a sensor layer material that is compressible and that has appropriate mechanical properties
(such as the Young’s modulus, Bulk modulus, Poisson coefficient and/or density), and having an appropriate thickness,
the change in external cavity length (and thus the displacement of the top surface of the sensor layer 14) can be related
to the external pressure applied to that top surface.
[0047] In preferred embodiments of the present invention, monitoring of an electrical parameter of the VCSEL is used
for reading the interferometric signal. For example, the electrical current through the VCSEL can be monitored for a
fixed voltage across the VCSEL, wherein the fixed voltage is higher than the laser threshold voltage. An advantage of
electrical read-out as compared to optical read-out is that for example the need for a photodetector (e.g. for monitoring
the optical power of the VCSEL) can be avoided, at the same time avoiding the need for good alignment between a
photodetector and the VCSEL. Avoiding the use of a photodetector simplifies the construction of the optical sensor and
the fabrication process and reduces the cost.
[0048] Figure 2 schematically illustrates the structure of an optical sensor according to an embodiment of the present
invention. Figure 3a to Figure 3h shows an example of a process that may be used for fabricating the optical sensor
shown in Figure 2.
[0049] In the structure shown in Figure 2, a patterned metal layer 16 is provided on the substrate 10 and the VCSEL
is provided on top of this metal layer, and attached for example by means of a glue 12. The patterned metal layer 16
acts as a heat sink for the VCSEL 11 and functions as an etch stop layer in a fabrication process (as further described
in relation with Figure 3a to Figure 3h). The VSCEL 11 is embedded in an embedding layer or encapsulation layer 13,
and metal contacts 17 to the VCSEL are provided. The sensor furthermore comprises a sensor layer 14, the thickness
of which determines the length Lext of the external optical cavity. In embodiments of the present invention the embedding
layer or encapsulation layer 13 and the sensor layer 14 can be made of a same material or they can comprise a different
material. A mirror or external reflector 15 is provided on the top surface of the sensor layer 14.
[0050] An exemplary method for fabricating the sensor of Figure 2 is shown in Figure 3. In a first step, illustrated in
Figure 3a, a patterned metal layer 16 is provided on a substrate 10. The substrate 10 can for example be a rigid substrate
such as a FR-4 substrate or a glass substrate or it can be a flexible substrate such as a polyimide or PEN (PolyEthylene
Naphtalate) or PET (PolyEthylene Terephtalate) substrate or a stretchable substrate such as a silicone or a PU (Poly-
Urethane) substrate. The patterned metal layer or metal island 16 can for example be formed by sputtering and photo-
lithographic patterning of a metal layer such as a Cu layer. The metal island 16 functions as a heat sink for the VCSEL
11 when the sensor is in operation and it is also used as an etch stop layer during the further fabrication process. The
size of the metal island 16 in a plane parallel to the substrate is at least equal to the size of the VCSEL chip to be
embedded in a later stage of the fabrication process.
[0051] When using a flexible or a stretchable substrate, the substrate may be attached to a rigid carrier or temporary
rigid substrate during processing. For example, a flexible substrate may be attached to a rigid carrier by providing an
adhesion promoter only at the edges of the rigid carrier. Sensors may be fabricated in an area inside (surrounded by)
the edges where an adhesion promoter is present. After processing the devices may be cut out, thereby releasing them
from the rigid carrier. For example, a flexible or stretchable substrate may be attached to a rigid carrier with an appropriate
adhesion promoter, such that after processing of the sensors, the flexible and/or stretchable substrate can be peeled off.
[0052] In a next step, shown in Figure 3b, an encapsulation layer 13, e.g. an SU-8 encapsulation layer, is provided
on the substrate comprising the metal island 16. The thickness of the encapsulation layer is preferably substantially the
same as the thickness of the VCSEL chip to be embedded. The thickness of the encapsulation layer 13 can for example
be in the range between 10 micrometer and 200 micrometer, e.g. in the range between 10 micrometer and 100 micrometer.
[0053] Next (Figure 3c), an opening or cavity is made through the encapsulation layer 13, for example by laser ablation
with an excimer laser. The cavity is formed in an area on top of the metal island 16. The size of this cavity in a plane
parallel to the substrate is typically a few tens of micrometer larger than the size of the VCSEL chip to be embedded in
a next step of the fabrication process. In the laser ablation step for forming the cavity, the copper island 16 can advan-
tageously be used as an etch stop layer.
[0054] As illustrated in Figure 3d, a VCSEL 11 is then provided inside the cavity. In the embodiment described here,
it is assumed that both electrical contacts of the VCSEL 11 are present at the top surface of the VCSEL. The VCSEL
can be thinned from the rear side before positioning it into the cavity, for example to a thickness in the range between
10 micrometer and 100 micrometer, e.g. in the range between 10 micrometer and 60 micrometer, e.g in the range
between 10 micrometer and 25 micrometer. The VCSEL 11 is attached to the metal layer 16 and to the encapsulation
layer 13 (with its rear side oriented towards the substrate 10), for example by means of a glue layer 12 (such as e.g. a
flip chip underfill material) that is thermally conductive and that can be hardened at low temperatures (e.g. at temperatures
in the range between 15ºC and 150ºC). The thickness of the glue layer 12 can for example be in the range between 1
micrometer and 20 micrometer, e.g. in the order of 10 micrometer.
[0055] Next (Figure 3e) a thin layer of preferably the same encapsulation material (e.g.Su-8) is provided e.g. by spin
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coating. The thickness of this thin layer can for example be in the range between 1 micrometer and 50 micrometer, e.g.
in the range between 1 micrometer and 20 micrometer, e.g. in the range between 5 micrometer and 15 micrometer.
Providing this thin layer increases the thickness of the encapsulation layer or embedding layer 13 and leads to full
embedding of the VCSEL 11. Providing this thin layer is preferred because it allows forming good metal patterns on top
of it in a later stage of the fabrication process.
[0056] In the next step (Figure 3f) micro-vias are formed in the encapsulation layer 13 towards the electrical contact
pads (not shown) of the VCSEL 11, for example by means of laser ablation or by means of photolithography. A metal
pattern 17, for example a Cu pattern with a thickness preferably below 1 micrometer, e.g. with a thickness in the range
between 10 nanometer and 1 micrometer, is then provided for forming an electrical contact with the bond pads of the
VCSEL. This metal pattern 17 can for example be formed by sputtering and lithographic patterning.
[0057] After that, a sensor layer 14 is formed, e.g. by spinning a compressible material, such as e.g. Sylgard 184, PU,
PI, SU-8, PMMA, with an appropriate thickness, e.g. with a thickness in the range between 1 micrometer and 1 mm,
e.g. in the range between 10 micrometer and 500 micrometer, e.g. in the range between 50 micrometer and 200 mi-
crometer. This is illustrated in Figure 3g. Sylgard 184 (Dow Corning) is a two-component silicone elastomer. It can be
provided on the substrate by spin coating and it can be thermally hardened in a furnace (e.g. 1 hour at 200ºC in
atmospheric conditions).
[0058] Next, as illustrated in Figure 3h, an external reflector 15 is provided on the top surface of the sensor layer 14,
e.g. by vapor deposition of a metal such as e.g. Au, Al, Cu or Cr with a thickness in the range between 10 nm and 20
micrometer, e.g. in the range between 10 nm and 10 micrometer, e.g. in the range between 10 nm and 1 micrometer,
e.g. in the range between 10 nm and 100 nm. In alternative embodiments a reflector 15 can be provided by bonding a
flex sheet coated with a metal layer, e.g. Cu layer, to the top surface of the sensor layer, with the side of the flex sheet
comprising the metal layer facing the sensor layer.
[0059] Finally (not illustrated), e.g. for testing purposes, vias can be formed through the sensor layer 14 towards the
VCSEL metal contacts 17, for example by means of laser ablation. For example, a combination of CO2 laser ablation
(for forming the vias) and Excimer laser ablation (for removing a final thin layer that is left on the metal 17 after CO2
laser ablation) can be used. However, in practical devices this process step may not be needed and instead all electronics
may be integrated with the substrate 10.
[0060] In one aspect, the present invention also relates to a method for manufacturing an optical sensor, e.g. an optical
sensor as described in the first aspect. The method comprises providing at least one VCSEL on a substrate, providing
a compressible sensor layer covering the VCSEL on the substrate and providing a reflecting element covering the
compressible sensor layer. Different features and advantages of embodiments according to the present invention may
be in part or completely as set out in Figure 3a to Figure 3h, Figure 3a to Figure 3h providing a more detailed description
of different steps that may be part of the method according to the present aspect.
[0061] In still another aspect, the present invention relates to a method for sensing pressure. The method comprises
driving a VCSEL for generating a laser beam, guiding the laser beam through a compressible sensor layer, reflecting
the laser beam thus redirecting the laser beam to the VCSEL and deriving a pressure on the compressible sensor layer
based on a self-mixing interference effect in the VCSEL. The method may be advantageously performed using a sensor
as described in the first aspect. Further features and advantages may correspond with the operational features discussed
for the sensor as described in the first aspect. The present invention also relates to the use of a sensor as described in
the first aspect for measuring a pressure and/or for detecting a tactile event.
[0062] Mechanical simulations were performed for an optical pressure sensor according to embodiments of the present
invention. The simulation model used is schematically illustrated in Figure 4. A volume of 500 micrometer x 500 micrometer
with different thicknesses was simulated, the volume comprising an integrated GaAs VCSEL 11 with a size of 250
micrometer x 250 micrometer x 30 micrometer. It is assumed that the VCSEL 11 is surrounded by encapsulation material
13 of the same thickness as the VCSEL (i.e. 30 micrometer), the encapsulation material 13 extending at all lateral sides
of the VCSEL over a distance of 125 micrometer. It is assumed that on top of this a layer of sensor material 14 with
thickness D is present. In the simulations it was assumed that the encapsulation material 13 and the sensor material 14
are the same material.
[0063] Simulations were performed with Comsol and Comsol Script. Calculations were performed to determine the
displacement Δz of the upper surface of the layer of sensor material in a direction orthogonal to that surface, resulting
from an applied distributed pressure Pz on that surface. The displacement Δz was calculated for different materials of
the sensor layer, for different sensor layer thicknesses (corresponding to different values of Lext) and for different pressures
Pz.
[0064] In a first set of simulations, different materials for the sensor layer were used: PMMA (Poly Methyl Metacrilate)
502, polyimide 504, Su-8 epoxy photoresist (Micro Chem) 506, Sylgard 184 silicone eslatomer (Dow Corning) 508 and
SE 1740 silicone rubber (Dow Corning) 510. Two different models were used for modeling the material properties of the
different sensor layer materials. The first model is the Neo-Hookean model for isotropic materials. The characterizing
parameters used in this model are the Young’s modulus E [Pa] (a measure of the stiffness of an isotropic elastic material),
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the Poisson’s ratio v and the material density ρ [kg/m3]. The second model is the Mooney-Rivlin model for hyperelastic
materials (such as rubbers and silicones). This model uses two model parameters C01 [Pa] and C10 [Pa], the Bulk
modulus K [Pa] (a measure for a material’s resistance to uniform compression, defined as the pressure increase needed
to cause a given relative decrease in volume) and the material density ρ [kg/m3]. The model parameters C01 and C10
are related to the shear modulus G by the following expression: G = 2(C01 + C10). The material parameters used for
modeling are shown in Table 1 (Neo-Hookean model) and Table 2 (Mooney-Rivlin model).

[0065] Sylgard 184 and SE 1740 are liquid materials. Layers of these materials can be formed by mixing two components
and thermal hardening. All materials are sufficiently transparent at the VCSEL wavelength (e.g. 850 nm). Other materials
that may be used for the sensor layer are for example optical materials such as Ormocore-Ormoclad and Epocore-
Epoclad (Micro Resist Technology) and Truemode (Exxelis) or polyurethane, polycarbonate, PEN or PET. For this first
set of simulations a thickness of 100 micrometer was assumed for the sensor layer. The distributed pressure Pz was
assumed to be 1 bar (105 Pa). The displacement Δz of the top surface of the structure (i.e. the upper surface of the
sensor layer) was calculated.
[0066] For the case wherein the sensor layer is a 100 micrometer thick Sylgard 184 layer, a maximum displacement
Δz of 9.65 micrometer was calculated. This maximum displacement is reached at the edges of the simulated structure
and not in the center. This is related to the presence of the rigid VCSEL (encapsulated in the sensor layer) in the center
part of the simulated structure. Therefore the displacement Δz in the region where the VCSEL is present is smaller than
in the surrounding regions. Figure 5 shows the calculated displacement Δz of the top surface of the sensor layer as a
function of the location along the x-as direction (being a direction parallel to the surface of the substrate and parallel to
an edge of the VCSEL). These results illustrate the difference in displacement Δz between the edges of the simulated
structure and the center of the simulated structure. Figure 5 also clearly shows a difference in displacement Δz for the
different sensor layer materials. These differences are related to the difference in mechanical parameters (as shown in
Table 1 and Table 2). The average displacement of the external surface above the VCSEL amounts to 7.98 micrometer
for Sylgard 184, 11.9 nm for SE 1740, 2,34 nm for SU-8, 2.26 nm for polyimide and 1.69 nm for PMMA. The largest
displacement is clearly obtained with the Sylgard 184 material. It is the only material from the group of materials that
was simulated that reaches the detection limit λ/2 (425 nm) for a pressure of 1 bar.
[0067] A second set of simulations was performed wherein it was assumed that the sensor layer comprises the Sylgard
184 material. Calculations were performed for different thicknesses of the sensor layer, ranging from 10 micrometer to
100 micrometer - the thicknesses being increasing from 10 micrometer to 100 micrometer in steps of 10 micrometer in
the direction of the arrow, for a distributed pressure Pz of 1 bar on the top surface. The results are shown in Figure 6
indicating the displacement as function of the location along the x-axis. As can be expected, the vertical displacement
Δz of the top surface increases with increasing thickness of the sensor layer. Figure 7 shows the average displacement
above the VCSEL as a function of the sensor layer thickness. A linear relationship can be observed. For a sensor layer
thickness of 10 micrometer the displacement Δz of its top surface amounts to about 800 nm; for a sensor layer thickness
of 100 micrometer the displacement amounts to about 8 micrometer. From these simulations it can be concluded that,
for the configuration modeled here, with a Sylgard 184 sensor layer the compression of the sensor layer equals about
8% of the layer thickness for a distributed pressure Pz of 1 bar.
[0068] A third set of simulations was performed for different values of the distributed pressure Pz for a structure with

Table 1

Parameter PMMA Polyimide SU-8

Young’s modulus E [Pa] 3.00x109 3.10x109 4.02x109

Poisson’s ratio v [-] 0.40 0.34 0.22

Density ρ [kg/m3] 1190 1300 1190

Table 2

Parameter Sylgard 184 (cast) SE 1740

Model parameter C01 [Pa] 0 0

Model parameter C10 [Pa] 2.21x105 6.03x103

Bulk modulus K[Pa] 8.00x105 1.00x109

Density ρ [kg/m3] 1050 1006
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a 100 micrometer thick Sylgard 184 sensor layer. The pressure Pz was varied in the range between 1 Pa and 5x105 Pa.
Figure 8 shows the simulated average displacement of the top surface of the sensor layer above the VCSEL, as a
function of the distributed pressure Pz. The displacement increases from about 80 pm at a pressure of 1 Pa to more
than 45 micrometer at a pressure of 5 bar (5x105 Pa). The relationship is substantially linear. At pressures below 104

Pa the compression coefficient of the 100 micrometer thick Sylgard 184 sensor layer is about 80 pm/Pa. For pressures
above 104 Pa this coefficient increases, to about 100 pm/Pa at a pressure of 5x105 Pa. These values are obtained based
on the material parameters shown in Table 1 and Table 2.
[0069] The functional pressure range for such a pressure sensor with a 100 micrometer thick Sylgard 184 sensor layer
can be estimated, based on the requirement of having at least one interferometric period in the VCSEL signal, occurring
at a displacement of 425 nm. Based on this, the lower detection limit for the structure corresponding to the simulations
of Figure 8 is about 6x103 Pa (indicated with solid lines in Figure 8). In a more preferred situation, the lower detection
limit may be associated with two interferometric periods. For the simulations shown in Figure 8 this would correspond
to a pressure of about 1.2x104 Pa. An upper detection limit for this sensor may be 105 Pa, because for higher pressures
the compression coefficient is strongly increasing, which may give rise to inelastic behavior of the sensor layer. At this
upper limit the displacement of the upper surface of the sensor layer is about 8 micrometer, corresponding to about 20
interferometric periods and thus the resolution is 5x103 Pa.
[0070] Measurements were performed for an optical pressure sensor according to an embodiment of the present
invention wherein the sensor was made on a rigid FR4 substrate 10 with a Cu island 16. As an active component a
multimode VCSEL chip of ULM Photonics with a wavelength λ of 850 nm and with both contacts at the top surface was
used. The VCSEL was thinned down to 60 micrometer before embedding it in the SU-8 encapsulation material. The
thickness of the glue layer 12 was 10 micrometer and the thickness of the Cu metallization 17 was 1 micrometer. For
the experiments the reflector 15 was not formed directly on the top surface of the sensor layer 14. Instead, a separate
glass substrate with an Au layer was provided at the top surface of the sensor layer, with the Au mirror layer oriented
towards the sensor layer.
[0071] Figure 9 shows the measurement set-up that was used. The pressure sensor is provided on a rigid carrier 902.
The VCSEL 11 is supported on a substrate 10 made of FR-4. The VCSEL 11 is embedded in encapsulation material
13 of type SU-8 and covered with a sensing layer 14 made of Sylgard 184. At the top a reflective element, in the present
example being a mirror 15 is present. The VCSEL 11 is driven and read out by a source measure unit 904 SMU connected
to a computer 906 by means of a GPIB interface. A sampling period of 85 ms was used, corresponding to a sampling
frequency of 11.772 Hz. A pressure was applied on the top surface of the sensor layer by providing a weight on the top
surface. Different distributed pressures were obtained by using different weights: 30.5 g, 90.1 g, 110.5 g and 161.9 g.
[0072] Measurements were performed with a VCSEL driving voltage of 1.8 V. The maximum pressure reached is
73530 Pa. The measurement result, i.e. the measured current through the VCSEL as a function of time is shown in
Figure 10. Figure 10(a) shows the evolution of the current through the VCSEL over the full period of the experiment. At
0s there is no weight on the sensor. At about 10s the weight is manually positioned on the sensor and after 2 minutes
it is removed again. In the first phase, when putting the weight on the sensor, the signal shows a noisy behaviour and
no interferometric signal can be detected. This can be related to the relatively low sampling frequency used in the
experiments. In the second phase, after removing the weight, an interferometric signal is clearly detected (see also
Figure 10(b)). A double periodicity is seen, which is related to the multimode character of the VCSEL. About 30 double
periods are present in the signal, corresponding to a displacement of the sensor top surface of about 12.75 micrometer.
The non-constant frequency of the signal is related to the capacitive effect or memory effect of the Sylgard 184 sensor
layer.
[0073] Both single mode and multimode VCSEL devices can be used in pressure sensors and tactile sensors according
to one embodiment. The use of a multimode VCSEL instead of a monomode VSCEL can have the advantage of double
resolution. In view of an easy fabrication process, it is preferred that both contacts of the VCSEL are located at one side,
preferably the top side of the VCSEL. In case a first contact is present at the bottom side of the VCSEL and a second
contact is present at the top side of the VCSEL, fabrication of an optical sensor becomes more complex. In such a case
an electrically conductive glue can be used for realizing a bottom contact. It may be difficult to thin such a component.
In case no thinning of the VCSEL is done, a thicker encapsulation layer is needed, leading to a reduced flexibility of the
sensor.
[0074] In embodiments of the present invention the encapsulation layer 13 and the sensor layer 14 can be made of
a same material. Alternatively, they can be made of a different material. Using two different materials, e.g. a relatively
hard encapsulation layer material and a more compressible sensor layer material may lead to a reduction in variations
in the displacement Δz of the top surface of the sensor layer as a function of the location along the x-axis (as e.g. shown
in the simulations of Figure 6).
[0075] An optical sensor according to embodiments of the present invention can be a flexible sensor. In this case for
example a glass substrate can be used as a rigid carrier during fabrication, the glass substrate being treated at the
edges with an adhesion promoter such that the device is well attached to the temporary glass substrate during the
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production process (at the edges, not in the center). After fabrication, the sensor can be cut, for example by means of
laser ablation, from the substrate. Afterwards a polyimide layer can be provided for improving the flexibility and reliability
of the sensor. A sensor according to embodiments of the present invention can be a stretchable sensor. Such a stretchable
sensor can be realized by providing the VCSEL on a stretchable substrate, by patterning the metal (e.g. Cu) layers with
meandering tracks, and by using a stretchable sensor layer.
[0076] A two-dimensional array of individual pressure sensors according to one embodiment can be used for tactile
sensing. The fabrication of such a tactile sensor can be substantially the same as the process shown in Figure 3, wherein
either chips with multiple VCSELs or multiple separate VCSEL chips can be used. The extension to a two-dimensional
array (optical tactile sensor) does not incorporate any loss in sensitivity of the individual sensor elements. Such optical
tactile sensors may for example be used to allow interaction of robots with humans or allow operation of robots in non-
structured environments. For example, in robotic surgery an optical tactile sensor according to one embodiment may
be attached to the robot’s fingers and may provide valuable tactile information to the operator.
[0077] By way of illustration, embodiments of the present invention not being limited thereby, experimental results are
discussed, illustrating features and advantages of embodiments of the present invention. In the experimental results
shown, a nano-indenter is used for characterizing the VCSEL-based sensor. The schematic setup is similar as the one
shown in FIG. 9. The nano-indenter setup enabled the application of small displacements (down to a few nm) or forces,
the applied displacements or forces being simultaneously readout with the resulting forces or displacements respectively.
A data acquisition channel was used for sampling the electrical voltage of the VCSEL sensor at 64 Hz. The different
data were linked to the same time reference. The nanoindenter was able to perform quasi-dynamic measurements on
the sensor and the accurate definition of force and displacement allowed a low-noise reconstruction of the electrical
interference VCSEL signal. The results of the measurements are shown in figures 11, 12 and 13, indicating respectively
the displacement as function of time, the applied force as function of time and the corresponding voltage signal of the
VCSEL as function of time. A displacement was linearly applied up to 10 mm. The resulting force was measured by the
nano indenter and increased up to 100mN. The non-linearity in the force could be linked to the mechanical response of
the sensor layer material. The VCSEL was driven at 2 mA and the resulting voltage was 1.613 V. Periodic variations in
the mV range were observed, without any further signal conditioning.
[0078] The period of the interferometric signal is equal to half the VCSEL wavelength (425 nm in the experiment). In
Figure 13, 22 periods could be counted, corresponding to a measured displacement of 9.35 mm, which is in relative
good agreement with the applied displacement of 10 mm.
[0079] The foregoing description details certain embodiments of the invention. It will be appreciated, however, that no
matter how detailed the foregoing appears in text, the invention may be practiced in many ways. It should be noted that
the use of particular terminology when describing certain features or aspects of the invention should not be taken to
imply that the terminology is being re-defined herein to be restricted to including any specific characteristics of the
features or aspects of the invention with which that terminology is associated.
[0080] While the above detailed description has shown, described, and pointed out novel features of the invention as
applied to various embodiments, it will be understood that various omissions, substitutions, and changes in the form
and details of the device or process illustrated may be made by those skilled in the technology without departing from
the spirit of the invention.

Claims

1. A sensor for sensing pressure, the sensor comprising at least one VCSEL (11) on a substrate (10), a compressible
sensor layer (14) and a reflecting element (15) covering a top surface of the sensor layer,
characterized in that
the compressible sensor layer (14) comprising sensor layer material is covering a top surface of the at least one
VCSEL (11), wherein the at least one VCSEL (11) is embedded in the compressible sensor layer (14) or in a solid
and/or liquid encapsulation material (13) in direct contact with the compressible sensor layer (14), the sensor further
comprising a processing means for deriving a pressure based on a self-mixing interference effect caused by reflection
of radiation of the VCSEL (11) at the reflecting element (15) and on the mechanical characteristics of the compressible
sensor layer (14).

2. A sensor according to the previous claim, wherein the processing means is adapted for deriving an electrical pa-
rameter of the at least one VCSEL (11) responsive to the self-mixing interference.

3. A sensor according to any of the previous claims, the sensor comprising a plurality of VCSELS.

4. A sensor according to claim 3, wherein the processing means is adapted for deriving data of a tactile event based
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on multiple pressure sensing in the plurality of VCSELS.

5. A sensor according to any of claims 3 to 4, wherein the plurality of VCSELS (11) are integrated on a single chip
substrate (10).

6. A sensor according to claim 5, wherein a pitch for the plurality of VCSELS (11) is smaller than 250mm.

7. A sensor according to any of the previous claims, wherein the sensor comprises a flexible substrate (10) for supporting
the at least one VCSEL (11).

8. A sensor according to any of the previous claims, wherein the sensor is adapted for driving the at least one VCSEL
(11) at a fixed voltage higher than the laser threshold voltage and wherein the processing means is adapted for
measuring the current of the at least one VCSEL (11).

9. A method for manufacturing a sensor, the method comprising

- providing at least one VCSEL (11) on a substrate (10),
- providing a compressible sensor layer (14),
- providing a reflecting element (15) covering the compressible sensor layer (14), characterized in that

said providing a compressible sensor layer (14), comprises providing a compressible sensor layer (14) comprising
sensor layer material covering the top surface of the at least one VCSEL (11) wherein the at least one VCSEL (11)
is embedded in the compressible sensor layer (14) or in a solid and/or liquid encapsulation material (13) in direct
contact with the compressible sensor layer (14), the method further comprising deriving a pressure based on a self-
mixing interference effect caused by reflection of radiation of the VCSEL (11) at the reflecting element (15) and on
the mechanical characteristics of the compressible sensor layer (14).

10. A method according to claim 9 , wherein providing a compressible sensor layer (14) covering the VCSEL (11) on
the substrate (10) comprises depositing the compressible sensor layer (14) on top of the VCSEL (11) or a layer (13)
embedding the VCSEL (11).

11. A method according to any of claims 9 to 10, wherein providing at least one VCSEL (11) on a substrate (10) comprises

- providing an encapsulation layer (13) on the substrate (10)
- creating a cavity in the encapsulation layer (13) suitable for accommodating the VCSEL (11),
- embedding the VCSEL (11) and further encapsulating the VCSEL (11) by providing a further encapsulation
layer (13)

12. A method for sensing pressure, the method comprising

- driving a VCSEL for generating a laser beam,
- guiding the laser beam through a compressible sensor layer,
- reflecting the laser beam thus redirecting the laser beam to the VCSEL, and
- deriving a pressure on the compressible sensor layer based on a self-mixing interference effect in the VCSEL
and on the mechanical characteristics of the compressible sensor layer, characterized in that
- said guiding the laser beam comprises guiding the laser beam through a compressible sensor layer comprising
sensor layer material that is covering the top surface of the VCSEL, wherein the VCSEL is embedded in the
compressible sensor layer or in a solid and/or liquid encapsulation material in direct contact with the compressible
sensor layer.

13. A method according to claim 12 wherein deriving a pressure is based on determination of an electrical characteristic
of the VCSEL responsive to the self- mixing interference effect.

Patentansprüche

1. Sensor zur Druckerfassung, wobei der Sensor mindestens einen VCSEL (11) auf einem Substrat (10), eine kom-
primierbare Sensorschicht (14) und ein Reflektorelement (15) umfasst, das eine Oberseite der Sensorschicht ab-
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deckt,
dadurch gekennzeichnet, dass
die komprimierbare Sensorschicht (14), die ein Sensorschichtmaterial umfasst, eine Oberseite des mindestens
einen VCSEL (11) abdeckt, wobei der mindestens eine VCSEL (11) in der komprimierbaren Sensorschicht (14)
oder in einem festen und/oder flüssigen Verkapselungsmaterial (13) in direktem Kontakt mit der komprimierbaren
Sensorschicht (14) eingebettet ist, wobei der Sensor ferner ein Verarbeitungsmittel zum Ableiten eines Drucks
basierend auf einer selbstmischenden Störwirkung, verursacht durch Strahlungsreflexion des VCSEL (11) am Re-
flektorelement (15), und auf den mechanischen Eigenschaften der komprimierbaren Sensorschicht (14) umfasst.

2. Sensor nach dem vorhergehenden Anspruch, wobei das Verarbeitungsmittel angepasst ist, um einen elektrischen
Parameter des mindestens einen VCSEL (11) abzuleiten, der auf die selbstmischende Störung anspricht.

3. Sensor nach einem der vorhergehenden Ansprüche, wobei der Sensor eine Vielzahl von VCSELs umfasst.

4. Sensor nach Anspruch 3, wobei das Verarbeitungsmittel angepasst ist, um Daten eines taktilen Ereignisses basie-
rend auf mehrfacher Druckerfassung in der Vielzahl von VCSELs abzuleiten.

5. Sensor nach einem der Ansprüche 3 bis 4, wobei die Vielzahl von VCSELs (11) auf einem einzelnen Chipsubstrat
(10) integriert ist.

6. Sensor nach Anspruch 5, wobei ein Abstand für die Vielzahl von VCSELs (11) kleiner ist als 250 mm.

7. Sensor nach einem der vorhergehenden Ansprüche, wobei der Sensor ein flexibles Substrat (10) zum Tragen des
mindestens einen VCSEL (11) umfasst.

8. Sensor nach einem der vorhergehenden Ansprüche, wobei der Sensor angepasst ist, um den mindestens einen
VCSEL (11) bei einer festgelegten Spannung zu betreiben, die höher ist als die Lasergrenzspannung, und wobei
das Verarbeitungsmittel angepasst ist, um die Stromstärke des mindestens einen VCSEL (11) zu messen.

9. Verfahren zum Herstellen eines Sensors, wobei das Verfahren Folgendes umfasst:

- Bereitstellen von mindestens einem VCSEL (11) auf einem Substrat (10),
- Bereitstellen einer komprimierbaren Sensorschicht (14),
- Bereitstellen eines Reflektorelements (15), das die komprimierbare Sensorschicht (14) abdeckt,

dadurch gekennzeichnet, dass
das Bereitstellen einer komprimierbaren Sensorschicht (14) das Bereitstellen einer komprimierbaren Sensorschicht
(14) umfasst, die ein Sensorschichtmaterial umfasst, das die Oberseite des mindestens einen VCSEL (11) abdeckt,
wobei der mindestens eine VCSEL (11) in der komprimierbaren Sensorschicht (14) oder in einem festen und/oder
flüssigen Verkapselungsmaterial (13) in direktem Kontakt mit der komprimierbaren Sensorschicht (14) eingebettet
ist, wobei das Verfahren ferner das Ableiten eines Drucks basierend auf einer selbstmischenden Störwirkung,
verursacht durch Strahlungsreflexion des VCSEL (11) am Reflektorelement (15), und auf den mechanischen Ei-
genschaften der komprimierbaren Sensorschicht (14) umfasst.

10. Verfahren nach Anspruch 9, wobei das Bereitstellen einer komprimierbaren Sensorschicht (14), die den VCSEL
(11) auf dem Substrat (10) abdeckt, das Aufbringen der komprimierbaren Sensorschicht (14) auf dem VCSEL (11)
oder einer Schicht (13), in der der VCSEL (11) eingebettet ist, umfasst.

11. Verfahren nach einem der Ansprüche 9 bis 10, wobei das Bereitstellen von mindestens einem VCSEL (11) auf
einem Substrat (10) Folgendes umfasst:

- Bereitstellen einer Verkapselungsschicht (13) auf dem Substrat (10),
- Erzeugen einer Vertiefung in der Verkapselungsschicht (13), die für die Unterbringung des VCSEL (11) geeignet
ist,
- Einbetten des VCSEL (11) und ferner das Verkapseln des VCSEL (11) durch Bereitstellen einer weiteren
Verkapselungsschicht (13).

12. Verfahren zur Druckerfassung, wobei das Verfahren Folgendes umfasst:



EP 2 446 238 B1

14

5

10

15

20

25

30

35

40

45

50

55

- Betreiben eines VCSEL zum Erzeugen eines Laserstrahls,
- Führen des Laserstrahls durch eine komprimierbare Sensorschicht,
- Reflektieren des Laserstrahls und folglich Umlenken des Laserstrahls zum VCSEL, und
- Ableiten eines Drucks auf die komprimierbare Sensorschicht basierend auf einer selbstmischenden Störwir-
kung im VCSEL und auf den mechanischen Eigenschaften der komprimierbaren Sensorschicht,

dadurch gekennzeichnet, dass

- das Führen des Laserstrahls das Führen des Laserstrahls durch eine komprimierbare Sensorschicht umfasst,
die ein Sensorschichtmaterial umfasst, das die Oberseite des VCSEL abdeckt, wobei der VCSEL in der kom-
primierbaren Sensorschicht oder in einem festen und/oder flüssigen Verkapselungsmaterial in direktem Kontakt
mit der komprimierbaren Sensorschicht eingebettet ist.

13. Verfahren nach Anspruch 12, wobei das Ableiten eines Drucks auf der Bestimmung einer elektrischen Eigenschaft
des VCSEL basiert, die auf die selbstmischende Störwirkung anspricht.

Revendications

1. Un capteur de détection de pression, le capteur comprenant au moins un VCSEL (11) sur un substrat (10), une
couche de capteur compressible (14) et un élément réfléchissant (15) recouvrant une surface supérieure de la
couche de capteur,
caractérisé en ce que
la couche de capteur compressible (14) contenant un matériau de couche de capteur recouvre une surface supérieure
du au moins un VCSEL (11), où le au moins un VCSEL (11) est intégré dans la couche de capteur compressible
(14) ou dans un matériau d’encapsulation liquide et/ou solide (13) en contact direct avec la couche de capteur
compressible (14), le capteur comprenant en outre un moyen de traitement destiné à la dérivation d’une pression
en fonction d’un effet de brouillage à mélange automatique provoqué par une réflexion d’un rayonnement du VCSEL
(11) au niveau de l’élément réfléchissant (15) et sur les caractéristiques mécaniques de la couche de capteur
compressible (14).

2. Un capteur selon la Revendication précédente, où le moyen de traitement est adapté de façon à dériver un paramètre
électrique du au moins un VCSEL (11) en réponse au brouillage à mélange automatique.

3. Un capteur selon l’une quelconque des Revendications précédentes, le capteur comprenant une pluralité de VCSEL.

4. Un capteur selon la Revendication 3, où le moyen de traitement est adapté de façon à dériver des données d’un
événement tactile en fonction d’une pluralité de détections de pression dans la pluralité de VCSEL.

5. Un capteur selon l’une quelconque des Revendications 3 à 4, où la pluralité de VCSEL (11) sont intégrés sur un
substrat à puce unique (10).

6. Un capteur selon la Revendication 5, où un pas pour la pluralité de VCSEL (11) est inférieur à 250 mm.

7. Un capteur selon l’une quelconque des Revendications précédentes, où le capteur comprend un substrat souple
(10) destiné à soutenir le au moins un VCSEL (11).

8. Un capteur selon l’une quelconque des Revendications précédentes, où le capteur est adapté de façon à exciter
au moins un VCSEL (11) à une tension fixe supérieure à la tension seuil de laser et où le moyen de traitement est
adapté de façon à mesurer le courant du au moins un VCSEL (11).

9. Un procédé de fabrication d’un capteur, le procédé comprenant

- la fourniture d’au moins un VCSEL (11) sur un substrat (10),
- la fourniture d’une couche de capteur compressible (14),
- la fourniture d’un élément réfléchissant (15) recouvrant la couche de capteur compressible (14),

caractérisé en ce que
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ladite fourniture d’une couche de capteur compressible (14) comprend la fourniture d’une couche de capteur com-
pressible (14) contenant un matériau de couche de capteur couvrant la surface supérieure du au moins un VCSEL
(11), où le au moins un VCSEL (11) est intégré dans la couche de capteur compressible (14) ou dans un matériau
d’encapsulation liquide et/ou solide (13) en contact direct avec la couche de capteur compressible (14), le procédé
comprenant en outre la dérivation d’une pression en fonction d’un effet de brouillage à mélange automatique pro-
voqué par une réflexion d’un rayonnement du VCSEL (11) au niveau de l’élément réfléchissant (15) et sur les
caractéristiques mécaniques de la couche de capteur compressible (14).

10. Un procédé selon la Revendication 9, où la fourniture d’une couche de capteur compressible (14) recouvrant le
VCSEL (11) sur le substrat (10) comprend le dépôt de la couche de capteur compressible (14) sur le VCSEL (11)
ou d’une couche (13) incorporant le VCSEL (11).

11. Un procédé selon l’une quelconque des Revendications 9 à 10, où la fourniture d’au moins un VCSEL (11) sur un
substrat (10) comprend

- la fourniture d’une couche d’encapsulation (13) sur le substrat (10),
- la création d’une cavité dans la couche d’encapsulation (13) adaptée de façon à loger le VCSEL (11),
- l’incorporation du VCSEL (11) et l’encapsulation complémentaire du VCSEL (11) par la fourniture d’une couche
d’encapsulation complémentaire (13)

12. Un procédé de détection de pression, le procédé comprenant

- l’excitation d’un VCSEL de façon à générer un faisceau laser,
- le guidage du faisceau laser au travers d’une couche de capteur compressible,
- la réflexion du faisceau laser, redirigeant ainsi le faisceau laser vers le VCSEL, et
- la dérivation d’une pression sur la couche de capteur compressible en fonction d’un effet de brouillage à
mélange automatique dans le VCSEL et sur les caractéristiques mécaniques de la couche de capteur com-
pressible,

caractérisé en ce que

- ledit guidage du faisceau laser comprend le guidage du faisceau laser au travers d’une couche de capteur
compressible contenant un matériau de couche de capteur qui recouvre la surface supérieure du VCSEL, où
le VCSEL est intégré dans la couche de capteur compressible ou dans un matériau d’encapsulation liquide
et/ou solide en contact direct avec la couche de capteur compressible.

13. Un procédé selon la Revendication 12 où la dérivation d’une pression est basée sur la détermination d’une carac-
téristique électrique du VCSEL en réponse à l’effet de brouillage à mélange automatique.
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