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Description
Title of Invention: MOVABLE DEVICE, DISTANCE MEA-
SUREMENT DEVICE, IMAGE PROJECTION APPARATUS,

VEHICLE, AND MOUNT
Technical Field

[0001] The present disclosure relates to a movable device, a distance measurement device,
an image projection apparatus, a vehicle, and a mount.
Background Art

[0002] In recent years, with the development of micromachining technology applying semi-
conductor manufacturing technology, development of micro electro mechanical
systems (MEMS) devices manufactured by micromachining silicon or glass is
advancing.

[0003] As a MEMS device, there is known a movable device that includes a drive beam
including an elastic beam and a movable portion including a reflecting surface, which
are combined as a single unit on a wafer, the drive beam also including a thin film of a
piezoelectric material superposed on the elastic beam, and that drives (rotates) the
movable portion using the drive beam.

[0004] Moreover, a movable device that provides scanning with light reflected by a re-
flecting surface by rotating a movable portion is disclosed (for example, see PTL 1).
The movable device includes a support frame that surrounds the movable portion, that

rotatably supports the movable portion, and that is separated.
Citation List
Patent Literature
[0005] [PTL 1] JP-3552601-B
Summary of Invention

Technical Problem

[0006] In the movable device including the support frame surrounding the movable portion,
the movable portion and the support frame are closely arranged. When the rotational
angle of the movable portion increases, part of the light of scanning at the reflecting
surface may be blocked by the support frame and the scanning angle with light may be
limited. Regarding the device described in PTL 1, the support frame is not separated in
a direction intersecting with a rotation axis, and the relationship between the separated
portion and the scanning angle is not disclosed. The device does not address the
problem of the limitation of the scanning angle.

[0007] The present disclosure is made in light of the above-described point and an object of



88632921

the disclosure is to increase the scanning angle with light by a movable device.
Solution to Problem

[6008] A movable device according 1o one aspect of the disclosed technology includes a
movable portion including a reflecting surface; a pair of drive beams configured to
support the movable portion rotatably around a predetermined rotation axis with the
movable portion disposed between the pair of drive beams; and a support portion
configured to support the pair of drive beams. The support portion has a light passing
portion on each of both sides of the movable portion in a direction intersecting with
the rotation axis in a plane along the reflecting surface in a state in which the
movable portion is not rotated, the light passing portion being configured to allow

light reflected by the reflecting surface to pass through the light passing portion.

[0008a] According to one aspect of the present invention, there is provided a movable
device comprising: a movable portion including a reflecting surface; a pair of drive
beams configured to support the movable portion rotatably around a predetermined
rotation axis with the movable portion disposed between the pair of drive beams; and
a support portion configured to support the pair of drive beams, wherein cach of the
movable portion, the pair of drive beams, and the support portion includes one or
more layers, wherein a common layer is provided in the one or more layers of each
of the movable portion, the support portion, and the pair of drive beams, wherein the
support portion has a light passing portion on each of both sides of the movable
portion in a direction intersecting with the rotation axis in a plane along the reflecting
surface in a state in which the movable portion is not rotated, the light passing
portion being configured to allow light reflected by the reflecting surface to pass
through the light passing portion, wherein the light passing portions are disposed
such that a portion of the support portion coupled to a first drive beam of the pair of
drive beams is separated from a portion of the support portion coupled to a second

drive beam of the pair of drive beams via the light passing portions.

Date Recue/Date Received 2022-12-29



88632921

2a

Advantageous Effects of Invention

[0009] With the disclosed technology, the scanning angle with light by the movable device

can be increased.
Brief Description of Drawings

[0010] The accompanying drawings are intended to depict example embodiments of the
present disclosure and should not be interpreted to limit the scope thereof. The
accompanying drawings are not to be considered as drawn to scale unless explicitly
noted. Also, identical or similar reference numerals designate identical or similar
components throughout the several views.

[fig. 11 FIG. 1 is a schematic view of an example of an optical scanning system.
[fig. 2] FIG. 2 is a hardware diagram of the example of the optical scanning system.
[fig. 3] FIG. 3 is a functional block diagram of an example of a control device.

[fig. 4] FIG. 4 is a flowchart of an example of processing relating to the optical
scanning system.

[fig. 5] FIG. 5 is a schematic view of an example of an automobile equipped with a
head-up display device (HUD).

[fig. 6] FIG. 6 is a schematic view of an example of the HUD.

[fig. 7] FIG. 7 is a schematic view of an example of an image forming apparatus
equipped with an optical writing device.

[fig. 8] FIG. 8 is a schematic view of an example of the optical writing device.

[fig. 91 FIG. 9 is a schematic view of another example of an automobile equipped
with a laser imaging detection and ranging (LiDAR) device.

[fig. 10] FIG. 10 is a schematic view of an example of the LiDAR device.

[fig. 11} FIG. 11 is a schematic view of an example of a configuration of a laser
headlamp.

[fig. 12] FIG. 12 is a schematic perspective view of an example of a configuration of

a

Date Recue/Date Received 2022-12-29
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head-mounted display (HMD).

[fig.13]FIG. 13 illustrates an example of part of the configuration of the HMD.
[fig.14]FIG. 14 is a schematic view of an example of a packaged movable device.
[fig.15]FIG. 15 is a plan view of an example of the movable device when viewed in the
+Z direction.

[fig.16A]FIG. 16A is a cross-sectional view of the movable device taken along line L-
L'in FIG. 15.

[fig.16B]FIG. 16B is a cross-sectional view of the movable device taken along line N-
N'in FIG. 15.

[fig.16C]JFIG. 16C is a cross-sectional view of the movable device taken along line M-
M'in FIG. 15.

[fig.17AJFIG. 17A is a schematic view when drive beams of the movable device are
deformed.

[fig.17BJFIG. 17B is a schematic view when the drive beams of the movable device
are deformed.

[tig.17CIFIG. 17C is a schematic view when the drive beams of the movable device
are deformed.

[fig.17D}FIG. 17D is a schematic view when the drive beams of the movable device
are deformed.

[fig.18A]JFIG. 18A illustrates an example of the waveform of a drive voltage A that is
applied to a piezoelectric-drive-circuit group A of the movable device.

[fig.18B]FIG. 18B illustrates an example of the waveform of a drive voltage B that is
applied to a piezoelectric-drive-circuit group B of the movable device.

[fig.18C]JFIG. 18C illustrates superposed waveforms of the waveform of the drive
voltage A in FIG. 18A and the waveform of the drive voltage B in FIG. 18B.
[fig.19A]FIG. 19A is a plan view illustrating a configuration of a movable device
according to a comparative example.

[fig.19B]FIG. 19B is a cross-sectional view taken along line P-P' of FIG. 19A when
the deflection angle of a movable portion of the movable device is small.

[fig. 19C]JFIG. 19C is a cross-sectional view taken along line P-P' of FIG. 19A when
the deflection angle of the movable portion of the movable device is large.
[fig.20]FIG. 20 is a plan view of an example of a configuration of a movable device
according to a first modification of the first embodiment.

[fig.21]FIG. 21 is a plan view of an example of a configuration of a movable device
according to a second modification of the first embodiment.

[fig.22]FIG. 22 illustrates a state in which a movable portion rotates in accordance
with bending deformation of a drive beam.

[fig.23]FIG. 23 is a plan view of an example of a configuration of a movable device
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[0011]

[0012]

[0013]

according to a third modification of the first embodiment.

[fig.24]FIG. 24 is a plan view of an example of a configuration of a movable device
according to a second embodiment.

[fig.25]FIG. 25 is a plan view of an example of a configuration of a movable device
according to a third embodiment.

[fig.26]FIG. 26 is a cross-sectional view taken along line Q-Q' in FIG. 25.
[fig.27]FIG. 27 is a perspective view of an example of a configuration of a movable
device according to a fourth embodiment.

[fig.28]FIG. 28 is a perspective view of an example of a configuration of a mount
portion according to a fourth embodiment.

[fig.29]FIG. 29 illustrates an example of a state in which a movable portion rotates.
[fig.30]FIG. 30 is a flowchart of an example of a manufacturing method of a movable
device according to a fourth embodiment.

[fig.31A]JFIG. 31A is a perspective view of the example of the manufacturing method
of the movable device according to the fourth embodiment, FIG. 31A illustrating an
adhesive application step.

[fig.31B]FIG. 31B is a perspective view of the example of the manufacturing method,
FIG. 31B illustrating a positioning member placement step.

[fig.31CJFIG. 31C is a perspective view of the example of the manufacturing method,
FIG. 31C illustrating a securing step of a support portion to the mount portion.
[fig.31D]FIG. 31D is a perspective view of the example of the manufacturing method,
FIG. 31D illustrating the movable device after the manufacturing step is ended.
[fig.32]FIG. 32 illustrates an example of a movable device according to a modification
of the fourth embodiment.

Description of Embodiments

The terminology used herein is for the purpose of describing particular embodiments
only and is not intended to be limiting of the present disclosure. As used herein, the
singular forms "a", "an" and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise.

In describing embodiments illustrated in the drawings, specific terminology is
employed for the sake of clarity. However, the disclosure of this specification is not
intended to be limited to the specific terminology so selected and it is to be understood
that each specific element includes all technical equivalents that have a similar
function, operate in a similar manner, and achieve a similar result.

Embodiments of the present disclosure are described in detail referring to the
drawings. Like reference signs are applied to identical or corresponding components

throughout the drawings and redundant description thereof may be omitted.
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[0014]

[0015]

[0016]

[0017]

[0018]

[0019]

[0020]

[0021]

[0022]

An optical scanning system to which a movable device of an embodiment is applied
is described in detail referring to FIGs. 1 to 4.

FIG. 1 is a schematic view of an example of an optical scanning system 10. As il-
lustrated in FIG. 1, the optical scanning system 10 deflects light emitted from a light-
source device 12 under the control of a control device 11, by using a reflecting surface
14 included in a movable device 13, so as to optically scan a target surface 15 to be
scanned (hereinafter, referred to as target surface).

The optical scanning system 10 includes the control device 11, the light-source
device 12, and the movable device 13 including the reflecting surface 14.

The control device 11 is, for example, an electronic circuit unit including, for
example, a central processing unit (CPU) and a field-programmable gate array
(FPGA). The movable device 13 is, for example, a micro electro mechanical systems
(MEMS) device that includes a reflecting surface 14 and that can move the reflecting
surface 14. The light-source device 12 is, for example, a laser device that emits a laser
beam. The target surface 15 is, for example, a screen.

The control device 11 generates control instructions of the light-source device 12 and
the movable device 13 based on acquired optical-scanning information, and outputs
drive signals to the light-source device 12 and the movable device 13 based on the
control instructions.

The light-source device 12 emits light based on the received drive signal. The
movable device 13 moves the reflecting surface 14 in at least one of a uniaxial
direction and a biaxial direction, based on the received drive signal.

With this configuration, for example, the reflecting surface 14 of the movable device
13 is biaxially moved in a reciprocating manner within a predetermined range, and the
light emitted from the light-source device 12 to be incident on the reflecting surface 14
is uniaxially deflected to perform optical scanning, under the control of the control
device 11, which is based on image data that is an example of the optical-scanning in-
formation. Accordingly, an image can be projected onto the target surface 15 as
desired. The details of the movable device and the details of the control of the control
device according to the embodiment are described later.

Next, the hardware configuration of an example of the optical scanning system 10 is
described referring to FIG. 2. FIG. 2 is a hardware diagram of the example of the
optical scanning system 10. As illustrated in FIG. 2, the optical scanning system 10
includes the control device 11, the light-source device 12, and the movable device 13,
which are electrically connected to one another. The control device 11 includes a CPU
20, a random access memory (RAM) 21, a read only memory (ROM) 22, a FPGA 23,
an external interface (I/F) 24, a light-source driver 25, and a movable-device driver 26.

The CPU 20 is an arithmetic device that loads into the RAM 21 a program or data
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[0023]
[0024]

[0025]

[0026]

[0027]

[0028]

[0029]

[0030]

from a storage device such as the ROM 22 and executes processing to provide the
controls or functions of the entirety of the control device 11.

The RAM 21 is a volatile storage device that temporarily holds a program and data.

The ROM 22 is a non-volatile storage device that can hold a program and data even
after the power is turned off, and stores a program and data for processing that is
executed by the CPU 20 to control each function of the optical scanning system 10.

The FPGA 23 is a circuit that outputs proper control signals to the light-source driver
25 and the movable-device driver 26 in accordance with the processing performed by
the CPU 20.

For example, the external I/F 24 is an interface with respect to an external device or a
network. The external device may be, for example, a host device such as a personal
computer (PC); or a storage device, such as a universal serial bus (USB) memory, a
secure digital (SD) card, a compact disk (CD), a digital versatile disk (DVD), a hard
disk drive (HDD), or a solid state drive (SSD). For example, the network may be a
controller area network (CAN) of an automobile, a local area network (LAN), or the
Internet. The external I/F 24 can have any configuration that can achieve connection to
an external device or communication with an external device. The external I/F 24 may
be provided for each external device.

The light-source driver 25 is an electric circuit that outputs a drive signal such as a
drive voltage to the light-source device 12 in accordance with the received control
signal.

The movable-device driver 26 is an electric circuit that outputs a drive signal such as
a drive voltage to the movable device 13 in accordance with the received control
signal.

In the control device 11, the CPU 20 acquires optical-scanning information from an
external device or a network through the external I/F 24. As far as the CPU 20 can
acquire the optical-scanning information, the optical-scanning information may be
stored in the ROM 22 or the FPGA 23 in the control device 11. Alternatively, a storage
device such as a SSD may be additionally provided in the control device 11 and the
optical-scanning information may be stored in the storage device.

In this case, the optical-scanning information is information indicating the way of
optical scanning to be performed on the target surface 15. For example, the optical-
scanning information is image data when an image is displayed by optical scanning.
For another example, the optical-scanning information is writing data indicating the
order and portion of writing when optical writing is performed by optical scanning. For
further example, the optical-scanning information is irradiation data indicating the
timing and range of irradiation with light for distance measurement when distance

measurement is performed by optical scanning.
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[0032]

[0033]

[0034]

[0035]

[0036]

[0037]

[0038]

[0039]

[0040]

[0041]

The control device 11 can provide the functional configuration described below by
using instructions from the CPU 20 and the hardware configuration illustrated in FIG.
2.

Next, the functional configuration of the control device 11 of the optical scanning
system 10 is described below referring to FIG. 3. FIG. 3 is a functional block diagram
of an example of the control device 11 of the optical scanning system 10.

As illustrated in FIG. 3, the control device 11 includes a controller 30 and a drive-
signal output unit 31 as functions.

The controller 30 is implemented by, for example, the CPU 20, the FPGA 23, and the
like. The controller 30 acquires optical-scanning information from an external device,
converts the optical-scanning information into a control signal, and outputs the control
signal to the drive-signal output unit 31. For example, the controller 30 acquires image
data serving as the optical-scanning information from an external device or the like,
generates a control signal from the image data through predetermined processing, and
outputs the control signal to the drive-signal output unit 31.

The drive-signal output unit 31 is implemented by, for example, the light-source
driver 25 and the movable-device driver 26. The drive-signal output unit 31 outputs a
drive signal to the light-source device 12 or the movable device 13 based on the
received control signal.

The drive signal is a signal for controlling the driving of the light-source device 12 or
the movable device 13. For example, the drive signal of the light-source device 12 is a
drive voltage used to control the irradiation timing and irradiation intensity of the light
source. Moreover, for example, the drive signal of the movable device 13 is a drive
voltage used to control the timing at which the reflecting surface 14 included in the
movable device 13 is moved and the movable range of the reflecting surface 14.

Next, the process of optically scanning the target surface 15 performed by the optical
scanning system 10 is described referring to FIG. 4. FIG. 4 is a flowchart of an
example of processing performed by the optical scanning system 10.

In step S11, the controller 30 acquires optical-scanning information from, for
example, an external device.

In step S12, the controller 30 generates control signals from the acquired optical-
scanning information, and outputs the control signals to the drive-signal output unit 31.
In step S13, the drive-signal output unit 31 outputs drive signals to the light-source

device 12 and the movable device 13 based on the received control signals.

In step S14, the light-source device 12 emits light based on the received drive signal.
In addition, the movable device 13 moves the reflecting surface 14 based on the
received drive signal. The driving of the light-source device 12 and the movable device

13 causes light to be deflected in any desired direction, and optical scanning is
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[0042]

[0043]

[0044]

[0045]

[0046]

[0047]

[0048]

performed.

In the above-described optical scanning system 10, a single control device 11 has a
device and a function for controlling the light-source device 12 and the movable device
13. However, a control device for the light-source device 12 and a control device for
the movable device 13 may be separate elements.

In the above-described optical scanning system 10, a single control device 11 has the
functions of the controller 30 and the functions of the drive-signal output unit 31 for
the light-source device 12 and the movable device 13. These functions may be im-
plemented by separate elements. For example, a drive-signal output device including a
drive-signal output unit 31 may be provided in addition to the control device 11
including the controller 30. An optical deflection system that performs optical de-
flection may include the movable device 13 including the reflecting surface 14 and the
control device 11 of the above-described optical scanning system 10.

An image projection apparatus, to which the movable device according to the em-
bodiment is applied, is described next in detail referring to FIGs. 5 and 6.

FIG. 5 is a schematic view of an automobile 400 equipped with a head-up display
(HUD) 500 as an example of an image projection apparatus according to the em-
bodiment. FIG. 6 is a schematic view of an example of the HUD 500.

The image projection apparatus is an apparatus that projects an image by optical
scanning, and is, for example, a HUD.

As illustrated in FIG. 5, for example, the HUD 500 is disposed near a windshield 401
of the automobile 400 that is an example of "a vehicle". Projection light L that is
emitted from the HUD 500 is reflected by the windshield 401 and directed to an
observer (a driver 402) as a user. Accordingly, the driver 402 can visually recognize an
image or the like projected by the HUD 500, as a virtual image. Alternatively, a
combiner may be disposed on the inner wall surface of the windshield 401 so that the
user can visually recognize a virtual image formed by the projection light that is
reflected by the combiner.

As illustrated in FIG. 6, the HUD 500 emits laser beams from red, green, and blue
laser-beam sources 501R, 501G, and 501B. The emitted laser beams pass through an
optical system for receiving light, and then are deflected by the movable device 13
including the reflecting surface 14. The optical system includes collimator lens 502,
503, and 504 provided for the laser-beam sources S01R, 501G, and 501B, respectively,
two dichroic mirrors 505 and 506, and a light-intensity adjustor 507. The deflected
laser beams pass through a projection optical system, and are projected onto a screen.
The projection optical system includes a free-form surface mirror 509, an intermediate
screen 510, and a projection mirror 511. In the HUD 500, the laser-beam sources
501R, 501G, and 501B, the collimator lenses 502, 503, and 504, and the dichroic
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[0050]

[0051]

[0052]

[0053]

[0054]

[0055]

mirrors 505 and 506 are combined as a single unit, i.e., a light-source unit 530 in an
optical housing.

The HUD 500 projects an intermediate image displayed on the intermediate screen
510 onto the windshield 401 of the automobile 400 to allow the driver 402 to visually
recognize the intermediate image as a virtual image.

The laser beams of RGB colors emitted from the laser-beam sources S01R, 501G,
and 501B are approximately collimated by the collimator lens 502, 503, and 504, and
are combined by the two dichroic mirrors 505 and 506. The light intensity of the
combined laser beams is adjusted by the light-intensity adjuster 507, and then two-
dimensional scanning is performed by the movable device 13 including the reflecting
surface 14. The projection light L used for two-dimensional scanning by the movable
device 13 is reflected by the free-form surface mirror 509 so as to correct the
distortion, and then is focused onto the intermediate screen 510. Accordingly, an in-
termediate image is displayed. The intermediate screen 510 includes a microlens array
in which a plurality of microlenses are two-dimensionally arranged, and enlarges the
projection light L. incident on the intermediate screen 510 in units of microlens.

The movable device 13 moves the reflecting surface 14 biaxially in a reciprocating
manner to perform two-dimensional scanning with the projection light L incident on
the reflecting surface 14. The driving of the movable device 13 is controlled in syn-
chronization with the light-emitting timings of the laser-beam sources 501R, 501G,
and 501B.

The HUD 500 is described above as an example of the image projection apparatus.
However, no limitation is indicated thereby, and the image projection apparatus may
be any apparatus that performs optical scanning, using the movable device 13
including the reflecting surface 14, to project an image. For example, the present
disclosure is also applicable to a projector that is placed on a desk or the like and
projects an image on a display screen, a head-mounted display device that is in-
corporated in a wearable member on the head of the observer, for example, and that
projects an image on a reflective-and-transmissive screen of the wearable member or
on an eyeball as a screen, and the like.

The image projection apparatus may be incorporated in, not only the vehicle or the
wearable member, but also, for example, a mobile body such as an aircraft, a ship, or a
mobile robot; or an immobile body such as an operation robot that operates a driving
target such as a manipulator without moving from the installed location.

Next, an optical writing device to which the movable device 13 according to the em-
bodiment is applied is described in detail referring to FIGs. 7 and 8.

FIG. 7 illustrates an example of an image forming apparatus equipped with an optical

writing device 600. FIG. 8 is a schematic view of an example of the optical writing
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image forming apparatus typified by a laser printer 650, for example, having a printer
function using laser beams. In the image forming apparatus, the optical writing device
600 performs optical scanning on a photoconductor drum, which is the target surface
15, by using one or more laser beams, thereby performing optical writing on the photo-
conductor drum.

As illustrated in FIG. 8, in the optical writing device 600, the laser beam from the
light-source device 12 such as a laser element passes through an image forming optical
system 601 such as a collimator lens and is then deflected uniaxially or biaxially by the
movable device 13 including the reflecting surface 14. The laser beam deflected by the
movable device 13 then passes through a scanning optical system 602 including a first
lens 602a, a second lens 602b, and a reflecting mirror 602c, and is emitted onto the
target surface 15 (for example, a photoconductor drum or photosensitive paper), and
thereby optical writing is performed. The scanning optical system 602 forms an image
of a laser beam in the form of a spot on the target surface 15. The light-source device
12 and the movable device 13 including the reflecting surface 14 are driven based on
the control of the control device 11.

As described above, the optical writing device 600 can be used as a component of the
image forming apparatus having a printer function using laser beams. Moreover, by
employing another scanning optical system to perform scanning in a biaxial manner in
addition to the uniaxial manner, the optical writing device 600 can be also used as a
component of an image forming apparatus such as a laser label apparatus that deflects
laser beams to perform optical scanning on thermal media and print letters by heating.

The movable device 13 including the reflecting surface 14 to be applied to the optical
writing device is advantageous in saving power of the optical writing device because
power consumption for driving the movable device 13 is less than that for driving a ro-
tational polygon mirror or the like. The movable device 13 makes a smaller wind noise
when the mirror substrate oscillates compared with a rotational polygon mirror, and
thus is advantageous in achieving low noise of the optical writing device. The optical
writing device requires much smaller installation space than the installation space of a
rotational polygon mirror, and the amount of heat generated by the movable device 13
is small. Accordingly, downsizing is easily achieved, and thus the optical writing
device is advantageous in downsizing the image forming apparatus.

Next, a distance measurement device to which the movable device according to the
embodiment is applied is described in detail referring to FIGs. 9 and 10.

FIG. 9 is a schematic view of an automobile equipped with a laser imaging detection

and ranging (LiDAR) device as an example of a distance measurement device. FIG. 10
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is a schematic view of an example of the LiDAR device.

The distance measurement device is a device that measures a distance in a target
direction, and is, for example, a LiDAR device.

As illustrated in FIG. 9, for example, a LIDAR device 700 is mounted on an au-
tomobile 701 that is an example of "a vehicle". The LiDAR device 700 performs
optical scanning in a target direction and receives the light reflected from an object 702
that exists in the target direction, to measure the distance from the object 702.

As illustrated in FIG. 10, the laser beams emitted from the light-source device 12
pass through an incidence optical system, and then are caused to perform scanning
uniaxially or biaxially using the movable device 13 including the reflecting surface 14.
The incidence optical system includes a collimator lens 703 that serves as an optical
system that collimates divergent beams into approximately parallel beams, and a planar
mirror 704. The parallel beams are emitted to the object 702 ahead of the device, as
passing through, for example, a projection lens 705 that serves as a projection optical
system. The driving of the light-source device 12 and the movable device 13 is
controlled by the control device 11. The light reflected by the object 702 is detected by
a photodetector 709. More specifically, the reflected light passes through, for example,
a condenser lens 706 that serves as an incident-light receiving and detecting optical
system, and is received by an image sensor 707. Then, the image sensor 707 outputs a
detected signal to a signal processing circuit 708. The signal processing circuit 708
performs predetermined processing on the received detected signal, such as bina-
rization or noise processing, and outputs the result to a distance measuring circuit 710.

The distance measuring circuit 710 determines whether the object 702 is present
based on the time difference between the timing at which the light-source device 12
emits laser beams and the timing at which the photodetector 709 receives the laser
beams or the phase difference per pixel of the image sensor 707 that have received the
laser beams. Moreover, the distance measuring circuit 710 calculates distance in-
formation indicating the distance from the object 702.

The movable device 13 including the reflecting surface 14 is less likely broken and is
compact compared with a polygon mirror, and thus, a highly durable and compact
LiDAR device can be provided. Such a LiDAR device is attached to, for example, a
vehicle, an aircraft, a ship, a robot, or the like, and can perform optical scanning within
a predetermined range to determine whether an obstacle is present or to measure the
distance from the obstacle. The installation position of the LiDAR device 700 is not
limited to an upper and front portion of the automobile 701, and the LiDAR device 700
may be mounted at a side surface or a rear portion of the automobile 701.

The LiDAR device 700 is described as an example of the distance measurement

device. However, no limitation is intended thereby. The distance measurement device
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may be any device that performs optical scanning by controlling the movable device
13 including the reflecting surface 14, using the control device 11, and that receives the
reflected light using a photodetector to measure the distance from the object 702.

For example, the present disclosure is also applicable to a biometric authentication
apparatus, a security sensor, or a component of a three-dimensional scanner, for
example. The biometric authentication apparatus performs optical scanning on a hand
or face to obtain distance information, calculates object information such as the shape
of the object based on the distance information, and refers to records to recognize the
object. The security sensor performs optical scanning in a target range to recognize an
incoming object. The three-dimensional scanner performs optical scanning to obtain
distance information, calculates object information such as the shape of the object
based on the distance information to recognize the object, and outputs the object in-
formation in the form of three-dimensional data.

Next, a laser headlamp 50 in which the movable device of the embodiment is applied
to a headlight of an automobile is described referring to FIG. 11. FIG. 11 isa
schematic view of an example of a configuration of the laser headlamp 50.

The laser headlamp 50 includes a control device 11, a light-source device 12b, a
movable device 13 including a reflecting surface 14, a mirror 51, and a transparent
plate 52.

The light-source device 12b is a light source that emits blue laser beams. The laser
beams emitted from the light-source device 12b are incident on the movable device 13
and are reflected by the reflecting surface 14. The movable device 13 moves the re-
flecting surface 14 in the XY-direction based on the signal from the control device 11,
and performs two-dimensional scanning using blue laser beams emitted from the light-
source device 12b in the XY-direction.

The scanning light of the movable device 13 is reflected by the mirror 51, and is
incident on the transparent plate 52. The transparent plate 52 is coated with a yellow
phosphor on the front surface or the back surface. The blue laser beams that are
reflected by the mirror 51 are converted into white light whose color is within the
range of the statutory color for a headlight as passing through the yellow phosphor
(fluorescent material) of the transparent plate 52. Thereby, the front of the automobile
is illuminated with white light from the transparent plate 52.

The scanning light of the movable device 13 scatters in a predetermined manner as
passing through the fluorescent material of the transparent plate 52. Accordingly, glare
is attenuated at an illuminated target in the area ahead of the automobile.

When the movable device 13 is applied to a headlight of an automobile, the color of
light beams from the light-source device 12b and the color of the phosphor are not

limited to blue and yellow, respectively. For example, the light-source device 12b may
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emit near-ultraviolet light, and the transparent plate 52 may be coated with ho-
mogenized mixture of a plurality of kinds of fluorescent materials of red-green-blue
(RGB) trichromatic colors. In this case as well, the light passing through the
transparent plate 52 can be converted into white light, and the front of the automobile
can be illuminated with white light.

Next, a head-mounted display (HMD) 60 to which the movable device 13 according
to the embodiment is applied is described referring to FIGs. 12 and 13. Note that the
HMD 60 is a head-mounted display that can be mounted on a human head, and can be
shaped like, for example, glasses.

FIG. 12 is a perspective view of the appearance of the HMD 60. In FIG. 12, the
HMD 60 includes a pair of a front 60a and a temple 60b provided substantially sym-
metrically on each of the left and right. The front 60a can include, for example, a light
guide plate 61. An optical system, a control device, and the like, can be incorporated in
the temple 60b.

FIG. 13 illustrates a partial configuration of the HMD 60. Although the configuration
for the left eye is illustrated in FIG. 13, the HMD 60 has a configuration similar to that
for the right eye.

The HMD 60 includes a control device 11, a light source unit 530, a light-intensity
adjuster 507, a movable device 13 including a reflecting surface 14, a light guide plate
61, and a half mirror 62.

The light source unit 530 according to the present embodiment includes the laser-
beam sources 501R, 501G, and 501B, the collimator lens 502, 503, and 504, and the
dichroic mirrors 505 and 506, and these elements are combined as a single unit in an
optical housing. In the light source unit 530, the laser beams of the RGB colors that are
emitted from the laser-beam sources SO01R, 501G, and 501B are combined by the two
dichroic mirrors 505 and 506. The light source unit 530 emits combined parallel light.

The light intensity of the combined laser beams from the light source unit 530 is
adjusted by the light-intensity adjuster 507, and then the light is incident on the
movable device 13. The movable device 13 moves the reflecting surface 14 in the XY-
direction based on the signal from the control device 11, and performs two-di-
mensional scanning with the light emitted from the light source unit 530. The driving
of the movable device 13 is controlled in synchronization with the light emission
timings of the laser-beam sources SO1R, 501G, and 501B, and a color image is formed
with the scanning light.

The scanning light of the movable device 13 is incident on the light guide plate 61.
The light guide plate 61 guides the scanning light to the half mirror 62 while reflecting
the scanning light on the inner wall surface. The light guide plate 61 is formed of a

material such as a resin having transmissivity for the wavelength of the scanning light.
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The half mirror 62 reflects the light from the light guide plate 61 to the back side of
the HMD 60, and emits the light in the direction of the eyes of a wearer 63 of the HMD
60. The half mirror 62 has, for example, a free-form surface shape. The image of the
scanning light is reflected by the half mirror 62, and then is formed on the retina of the
wearer 63. The image of the scanning light is formed on the retina of the wearer 63 due
to the reflection at the half mirror 62 and the effect of the crystalline lenses of eyeballs.
Moreover, due to the reflection at the half mirror 62, the spatial distortion of the image
is corrected. The wearer 63 can observe an image formed by the light of scanning in
the XY direction.

The wearer 63 observes an image of external light superposed on the image of the
scanning light because of the half mirror 62. Alternatively, a mirror may be provided
instead of the half mirror 62 so that external light is blocked out and the wearer 63
observes only the image of the scanning light.

Next, packaging of the movable device 13 according to the embodiment is described
referring to FIG. 14.

FIG. 14 is a schematic view of an example a packaged movable device 13.

As illustrated in FIG. 14, the movable device 13 is mounted on a mounting member
802 inside a package member 801. The package member 801 is partly covered with
and sealed by a transmissive member 803 so that the movable device 13 is packaged.
The package contains inert gas such as nitrogen and is sealed. This configuration can
prevent the deterioration of the movable device 13 due to oxidation, and increase the
durability against changes in environment such as temperature.

A movable device according to a first embodiment that is used for the above-
described optical deflection system, optical scanning system, image projection
apparatus, optical writing device, and distance measurement device is described.

The configuration of the movable device according to the first embodiment is
described referring to FIGs. 15 and 16.

FIG. 15 is a plan view of a movable device that is doubly supported and can
uniaxially deflect light. FIGs. 16A to 16C are each a cross-sectional view of the
movable device, FIG. 16A being a cross-sectional view taken along line L-L' in FIG.
15, FIG. 16B being a cross-sectional view taken along line N-N' in FIG. 15, FIG. 16C
being a cross-sectional view taken along line M-M' in FIG. 15.

As illustrated in FIG. 15, the movable device 13 includes a rectangular reflecting
surface 14 that reflects incident light, a movable portion 120 including the reflecting
surface 14, drive beams 130a and 130b that are coupled to the movable portion 120
and that drive the reflecting surface 14 and the movable portion 120 around an E-axis
parallel to the X-axis, a support portion 140 that supports the drive beams 130a and

130b, and an electrode connection portion 150 that is electrically connected to the
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drive beams 130a and 130b and a control device.

Moreover, the wiring portion 123 that transmits a current or voltage signal applied
via the electrode connection portion 150 is provided in a region on the movable portion
120 other than the reflecting surface 14 and on the drive beams 130a and 130b.

In this case, the E-axis is an example of "a rotation axis", and the drive beams 130a
and 130b are an example of "a pair of drive beams". FIG. 15 illustrates the reflecting
surface 14 as an example of a rectangular reflecting surface; however, it is not limited
thereto, and the shape of a reflecting surface may be another shape, such as a circle or
an ellipsoid.

The movable device 13 includes, for example, one silicon on insulator (SOI)
substrate that is formed by any appropriate treatment method, such as etching. On the
formed SOI substrate, the reflecting surface 14, piezoelectric drive circuits 131a to
131d, and 132a to 132d, and the electrode connection portion 150 are formed, which
constitutes an integral structure of the above-described components. The above-
described multiple components may be formed after the SOI substrate is formed, or
may be formed while the SOI substrate is being formed. The piezoelectric drive
circuits 131a to 131d, and 132a to 132d are each an example of "a beam".

The SOI substrate is a substrate in which, on a first silicon layer formed of single
crystal silicon (Si), a silicon oxide layer is formed, and on the silicon oxide layer, a
second silicon layer formed of single crystal silicon is further formed. Hereinafter, the
first silicon layer is referred to as silicon support layer, and the second silicon layer is
referred to as silicon active layer.

The silicon active layer has a smaller thickness in the Z-axis direction than the
thickness in the X-axis direction or the Y-axis direction. With such a configuration,
any member made of the silicon active layer serves as an elastic member having
elasticity.

The SOI substrate does not have to be planar, and may have, for example, a
curvature. As long as the substrate can be integrally processed by etching or the like
and can be partly elastic, the member used for forming the movable device 13 is not
limited to the SOI substrate.

As illustrated in FIG. 16A, the movable portion 120 includes a silicon active layer
121, an interlayer insulating film 122 on the +Z surface of the silicon active layer 121,
a wiring portion 123 and a protection film 124 on the +Z surface of the interlayer in-
sulating film 122, and a reflecting surface 14 on the +Z surface of the protection film
124. The movable portion 120 also includes a buried oxide (BOX) layer 125 on the -Z
surface of the silicon active layer 121, and a silicon support layer 126 on the -Z surface
of the BOX layer 125.

The interlayer insulating film 122 is made of silicon oxide or the like. The wiring
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portion 123 is made of aluminum (Al). The protection film 124 is made of silicon
oxide or photosensitive polyimide. The reflecting surface 14 is made of a metal thin
film containing aluminum, gold, silver, or the like. The protection film 124 is
transparent.

The BOX layer 125 is made of, for example, silicon oxide. The BOX layer 125 and
the silicon support layer 126 can act as a reinforcing rib to prevent the distortion of the
reflecting surface 14 due to the motion.

Referring to FIG. 16B, the support portion 140 is a frame-shaped support body
including a silicon support layer 161, a silicon oxide layer 162, and a silicon active
layer 163, and surrounding the movable portion 120 and the drive beams 130a and
130b.

As illustrated in FIG. 15, the support portion 140 has light passing portions 16 and 17
on both sides of the movable portion 120 in the Y direction in FIG. 15 (a direction in-
tersecting with the E-axis in a plane along the reflecting surface 14 in a state in which
the movable portion 120 is not rotated) by opening (removing) part of the support
portion 140. The light passing portions 16 and 17 allow the light reflected by the re-
flecting surface 14 to pass therethrough when the movable portion 120 is rotated.

Since the light passing portions 16 and 17 are provided, a portion of the support
portion 140 coupled to the drive beam 130a is separated from a portion of the support
portion 140 coupled to the drive beam 130b via the light passing portions 16 and 17.

Moreover, the light passing portions 16 and 17 have shapes in which the widths of
the light passing portions 16 and 17 in a direction along the E-axis are widened in a
tapered manner as the widths are farther from the E-axis.

While the support portion 140 is an example of a frame-shaped support body
including the light passing portions 16 and 17, it is not limited thereto. As far as the
light passing portions 16 and 17 are provided, the support portion 140 may be a beam-
shaped support body in which two beams sandwich the movable portion 120 and the
drive beams 130a and 130b.

Moreover, in the above-described example, the light passing portions 16 and 17 have
the shapes in which the widths of the light passing portions 16 and 17 in the direction
along the E-axis are widened in a tapered manner as the widths are farther from the E-
axis; however, it is not limited thereto. As far as the light passing portions 16 and 17
allow the light reflected by the reflecting surface 14 to pass therethrough when the
movable portion 120 is rotated, the shapes of the light passing portions 16 and 17 may
be any shapes.

Furthermore, in the above-described example, the light passing portions 16 and 17
are formed by opening (removing) part of the support portion 140; however, it is not

limited thereto. For example, a member (a transparent member) having transmissivity
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for the light reflected by the reflecting surface 14 may form the support portion 140 on
both sides of the movable portion 120, and the light reflected by the reflecting surface
14 may be transmitted through the transparent member. In other words, the light
passing portions 16 and 17 may include a light transmissive portion that allows the
light reflected by the reflecting surface 14 to pass therethrough via the transparent
member, without being limited to the configuration that allows light to simply pass
therethrough.

Next, the drive beams 130a and 130b include, for example, a plurality of piezo-
electric drive circuits 131a to 131d, and 132a to 132d that are joined so as to turn. One
end of each of the drive beams 130a and 130b is coupled to an outer peripheral portion
of the movable portion 120, and the other end of each of the drive beams 130a and
130b is coupled to an inner peripheral portion of the support portion 140. In this case, a
position to couple the drive beam 130a with the movable portion 120 and a position to
couple the drive beam 130b with the movable portion 120 are point-symmetric with
respect to the center point of the reflecting surface 14. In addition, a position to couple
the drive beam 130a with the support portion 140a and a position to couple the drive
beam 130b with the support portion 140b are point-symmetric with respect to the
center point of the reflecting surface 14.

As illustrated in FIG. 16C, the drive beams 130a and 130b each include an interlayer
insulating film 122, a lower electrode 201, a piezoelectric portion 202, an upper
electrode 203, an interlayer insulating film 204, a wiring portion 123, and a protection
film 124 that are formed in that order on the +Z surface of the silicon active layer 121
that serves as an elastic member.

Each of the upper electrode 203 and the lower electrode 201 is made of, for example,
gold (Au) or platinum (Pt). For example, the piezoelectric portion 202 is made of lead
zirconate titanate (PZT), which is a piezoelectric material.

The electrode connection portion 150 includes a positive electrode connection
portion 150a to which a positive voltage is applied, a ground (GND) connection
portion 150b coupled to the GND, and a negative electrode connection portion 150c to
which a negative voltage is applied, the respective portions being formed on the +Z
surface of the support portion 140.

The electrode connection portion 150 is electrically connected to the upper electrode
203 and the lower electrode 201 of each of the piezoelectric drive circuits 131a and
131d, and 132a to 132d via the wiring portion 123, and is electrically connected to the
control device 11 via electrode wiring of aluminum (Al) or the like. The upper
electrode or the lower electrode may be directly coupled to the electrode connection
portion. Alternatively, the upper electrode and the lower electrode may be coupled to

each other, to be indirectly coupled to the electrode connection portion.
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The wiring portion 123 includes a positive voltage wiring portion 123a to which a
positive voltage signal is transmitted, a GND wiring portion 123b coupled to the GND,
and a negative voltage wiring portion 123c¢ to which a negative voltage signal is
transmitted. The positive voltage wiring portion 123a is coupled to the positive
electrode connection portion 150a. The GND wiring portion 123b is coupled to the
GND connection portion 150b. The negative voltage wiring portion 123c is coupled to
the negative electrode connection portion 150c.

More specifically, the GND wiring portion 123b is coupled to the upper electrode
203 of each of the piezoelectric drive circuits 131a to 131d, and 132a to 132d.
Moreover, the positive voltage wiring portion 123a is coupled to the lower electrode
201 of each of the piezoelectric drive circuits 132d, 132b, 131a, and 131c, transmits a
positive voltage signal thereto, and applies a positive drive voltage thereto. In this case,
the positive voltage wiring portion 123a is not coupled to the lower electrode 201 of
each of the piezoelectric drive circuits 132c, 132a, 131b, and 131d, and passes through
the piezoelectric drive circuits 132¢, 132a, 131b, and 131d.

The negative voltage wiring portion 123c¢ is coupled to the lower electrode 201 of
each of the piezoelectric drive circuits 132¢, 132a, 131b, and 131d, transmits a
negative voltage signal thereto, and applies a negative drive voltage thereto. In this
case, the negative voltage wiring portion 123c is not coupled to the lower electrode
201 of each of the piezoelectric drive circuits 132d, 132b, 131a, and 131c, and passes
through the piezoelectric drive circuits 132d, 132b, 131a, and 131c.

In this way, the wiring portion 123 can transmit a voltage signal applied through the
electrode connection portion 150 to the piezoelectric drive circuits 131a to 131d, and
132a to 132d, and can apply a drive voltage. Alternatively, the wiring portion 123 may
transmit a current signal instead of the voltage signal.

The motion of the piezoelectric drive circuit by application of a drive voltage will be
described later with reference to FIGs. 17A to 17D.

In this case, in the interlayer insulating film 204 provided with the wiring portion
123, the insulating layer may be partly removed or may not be partly provided as an
opening at a coupling spot where the upper electrode 203 or the lower electrode 201
and the electrode wiring are coupled. Thus, the drive beams 130a and 130b, and the
electrode wiring can be designed with a higher degree of freedom, and furthermore, a
short circuit due to contact between electrodes can be suppressed. The silicon oxide
film constituting the interlayer insulating film 204 and the like also serves as an anti-
reflection member.

Although this embodiment has illustrated an example in which the piezoelectric
portion 202 is formed on only one surface (+Z surface) of the silicon active layer 121

serving as the elastic member, the piezoelectric portion 202 may be formed on another
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surface (for example, -Z surface) of the elastic member, or on both the one surface and
the other surface of the elastic member.

The shapes of the components are not limited to the shapes in the embodiment as
long as the movable portion 120 can be driven around the E-axis.

Control Method of Movable Device According to First Embodiment

Next, the control by the control device that drives the drive beams of the movable
device is described in detail.

The piezoelectric portions 202 of the drive beams 130a and 130b, when a positive or
negative voltage in the polarization direction is applied thereto, are deformed (for
example, expanded or contracted) in proportion to the potential of the applied voltage,
and exhibit inverse piezoelectric effect. The drive beams 130a and 130b move the
movable portion 120 by using the inverse piezoelectric effect.

In this case, the angle defined by the reflecting surface 14 of the movable portion 120
with respect to the XY plane when the reflecting surface 14 is inclined to the +Z
direction or -Z direction with respect to the XY plane is referred to as deflection angle.
In particular, the +Z direction represents a positive deflection angle and the -Z
direction represents a negative deflection angle.

The control by the control device that drives the drive beams is described referring to
FIGs. 17A to 17D.

FIGs. 17A to 17D are schematic views schematically illustrating driving of the drive
beam 130b of the movable device 13. Parts indicated by dotted lines are the movable
portion 120 and other parts. The right side in a view facing the drawing is the +X
direction, the upper side in a view facing the drawing is the +Y direction, and the near
side in a view facing the drawing is the +Z direction.

As illustrated in FIG. 17A, the deflection angle by the drive beam 130b is zero when
the drive voltage is not applied to the drive beam 130b.

Among the plurality of piezoelectric drive circuits 131a to 131d of the drive beam
130a, the piezoelectric drive circuits 131b and 131d are categorized as a piezoelectric-
drive-circuit group A, each of which is an even-numbered piezoelectric drive circuit
counted from the piezoelectric drive circuit (131a) that is closest to the movable
portion 120. Among the plurality of piezoelectric drive circuits 132a to 132d of the
drive beam 130b, the piezoelectric drive circuits 132a and 132c¢ are categorized as a
piezoelectric-drive-circuit group A, each of which is an odd-numbered piezoelectric
drive circuit counted from the piezoelectric drive circuit (132a) that is closest to the
movable portion 120. As illustrated in FIG. 17B, the piezoelectric drive circuits of the
piezoelectric-drive-circuit group A having received the drive voltage applied in parallel
(concurrently) deform in a bending manner in the identical direction, so that the

movable portion 120 rotates in the -Z direction around the E-axis.
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Among the plurality of piezoelectric drive circuits 131a to 131d of the drive beam
130a, the piezoelectric drive circuits 131a and 131c are categorized as a piezoelectric-
drive-circuit group B, each of which is an odd-numbered piezoelectric drive circuit
counted from the piezoelectric drive circuit (131a) that is closest to the movable
portion 120. Among the plurality of piezoelectric drive circuits 132a to 132d of the
drive beam 130b, the piezoelectric drive circuits 132b and 132d are categorized as a
piezoelectric-drive-circuit group B, each of which is an even-numbered piezoelectric
drive circuit counted from the piezoelectric drive circuit (132a) that is closest to the
movable portion 120. As illustrated in FIG. 17D, the piezoelectric drive circuits of the
piezoelectric-drive-circuit group B having received the drive voltage applied in parallel
deform in a bending manner in the identical direction, so that the movable portion 120
rotates in the +Z direction around the E-axis.

As illustrated in FIGs. 17B and 17D, in the drive beam 130a or 130b, the plurality of
piezoelectric portions 202 of the piezoelectric-drive-circuit group A or the plurality of
piezoelectric portions 202 of the piezoelectric-drive-circuit group B concurrently
deform in a bending manner. Thus, the movable amount due to bending deformation is
accumulated, thereby increasing the deflection angle of the movable portion 120
around the E-axis.

For example, as illustrated in FIG. 15, the drive beams 130a and 130b are coupled to
the movable portion 120 point-symmetrically with respect to the center point of the
movable portion 120. Thus, when the drive voltage is applied to the piezoelectric-
drive-circuit group A, a drive force of driving in the +Z direction is generated in the
drive beam 130a at the coupling portion of the movable portion 120 and the drive
beam 130a; and a drive force of driving in the -Z direction is generated in the drive
beam 130b at the coupling portion of the movable portion 120 and the drive beam
130b. Thus, the movable amount is accumulated and hence the deflection angle of the
movable portion 120 around the E-axis can be increased.

As illustrated in FIG. 17C, the deflection angle is zero when the movable amount of
the movable portion 120 by the piezoelectric-drive-circuit group A due to voltage ap-
plication is in balance with the movable amount of the movable portion 120 by the
piezoelectric-drive-circuit group B due to voltage application.

The drive voltage is applied to the piezoelectric drive circuits to continuously repeat
the situations in FIGs. 17B to 17D. Thus, the movable portion 120 can be driven
around the E-axis.

The drive voltages that are applied to the drive beams are controlled by the control
device.

The drive voltage that is applied to the piezoelectric-drive-circuit group A

(hereinafter, drive voltage A) and the drive voltage that is applied to the piezoelectric-
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drive-circuit group B (hereinafter, drive voltage B) are described referring to FIGs.
18A to 18C.

FIG. 18A is an example of the waveform of the drive voltage A that is applied to the
piezoelectric-drive-circuit group A of the movable device 13. FIG. 18B is an example
of the waveform of the drive voltage B that is applied to the piezoelectric-drive-circuit
group B of the movable device. FIG. 18C is a view in which the waveform of the drive
voltage A and the waveform of the drive voltage B are superposed on each other.

As illustrated in FIG. 18A, the drive voltage A that is applied to the piezoelectric-
drive-circuit group A is in a sawtooth-waveform drive voltage and has a frequency of,
for example, 60 Hz. The waveform of the drive voltage A has a preset ratio of
TrA:TfA = 9:1 where TrA is a time width of a rising duration in which the voltage
value increases from a minimum value to a maximum value and TfA is a time width of
a falling duration in which the voltage value decreases from the maximum value to a
next minimum value. In this case, the ratio of TrA to one cycle is referred to as a
symmetry of the drive voltage A.

As illustrated in FIG. 18B, the drive voltage B that is applied to the piezoelectric-
drive-circuit group B is in a sawtooth-waveform drive voltage and has a frequency of,
for example, 60 Hz. The waveform of the drive voltage B has a preset ratio of TfB:TrB
= 9:1 where TrB is a time width of a rising duration in which the voltage value
increases from a minimum value to a maximum value and TfB is a time width of a
falling duration in which the voltage value decreases from the maximum value to a
next minimum value. In this configuration, the ratio of TfB to one cycle is referred to
as a symmetry of the drive voltage B. As illustrated in FIG. 18C, for example, a cycle
TA of the waveform of the drive voltage A and a cycle TB of the waveform of the
drive voltage B are set to be equal to each other.

The sawtooth waveforms of the drive voltage A and the drive voltage B are
generated by the superposition of sine waves. In the embodiment, the drive voltages in
the sawtooth waveforms are used for the drive voltages A and B; however, no
limitation is intended thereby. The waveforms can be changed in accordance with the
device characteristics of the movable device. The device characteristics include, for
example, a drive voltage with a waveform in which a vertex of a sawtooth waveform is
rounded, and a drive voltage with a waveform in which a straight line region of a
sawtooth waveform is curved.

Before advantageous effects of the movable device according to the embodiment are
described, a movable device according to a comparative example is described first.

FIGs. 19A to 19C each illustrate a configuration of a movable device according to a
comparative example, FIG. 19A being a plan view, FIG. 19B being a cross-sectional

view taken along line P-P' of FIG. 19A when the deflection angle of the movable
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portion is small, FIG. 19C being a cross-sectional view taken along line P-P' of FIG.
19A when the deflection angle of the movable portion is large.

As illustrated in FIG. 19A, a movable device 300 according to a comparative
example includes a movable portion 320 including a reflecting surface 314, a support
portion 340 that supports the movable portion 320 rotatably around the E-axis, and an
electrode connection portion 350.

FIG. 19B illustrates a state in which incident light 301 is incident on the reflecting
surface 314 of the movable portion 320 in the -Z direction and is reflected by the re-
flecting surface 314 of the rotated movable portion 320. In this case, the deflection
angle (rotational angle) of the movable portion 320 is small, and hence the support
portion 340 located on the +Y side of the movable portion 320 does not block the light
reflected by the reflecting surface 314.

FIG. 19C similarly illustrates a state in which incident light 301 is incident on the re-
flecting surface 314 of the movable portion 320 in the -Z direction and is reflected by
the reflecting surface 314 of the rotated movable portion 320. In this case, the de-
flection angle of the movable portion 320 is large, and hence the support portion 340
located on the +Y side of the movable portion 320 blocks the light reflected by the re-
flecting surface 314.

In this way, with the movable device 300 according to the comparative example,
when the deflection angle of the movable portion 320 is large, the support portion 340
located on either of the +Y sides of the movable portion 320 blocks the light reflected
by the reflecting surface 314. The scanning angle with light by the movable portion
320 is limited, and a large scanning angle is not provided.

In contrast, according to this embodiment, the support portion 140 has the light
passing portions 16 and 17 on both sides of the movable portion 120 in the direction
intersecting with the E-axis (Y directions in FIG. 19A) in a plane along the reflecting
surface 14 in a state in which the movable portion 120 is not rotated as described
above. A member is not present on the +Y sides of the movable portion 120. Even
when the deflection angle of the movable portion 120 increases, the light reflected by
the reflecting surface 14 is not blocked. Thus, the scanning angle with light of the
movable portion 120 is not limited, and a large scanning angle can be obtained.

Moreover, when the movable device 13 is used in a distance measurement device
such as the LiDAR device described above with reference to FIGs. 9 and 10, scanning
with laser beams may be provided by the movable device 13 in the horizontal
direction, and the laser beams may be spread (diverged) in the vertical direction to
detect an object ahead of a vehicle in a two-dimensional plane intersecting with the
travel direction of the vehicle. In this case, as the deflection angle of the movable

portion 120 increases, the laser beams spread in the X direction parallel to the E-axis
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may be blocked by the support portion 140 and the divergent angle may be limited.

In contrast, according to this embodiment, as described above with reference to FIG.
15, the light passing portions 16 and 17 have shapes in which the widths of the light
passing portions 16 and 17 in a direction along the E-axis are widened in a tapered
manner as the widths are farther from the E-axis. Since the light passing portions 16
and 17 have the shapes in which the widths are widened in a tapered manner along the
light divergent in the +X directions, the limitation of the divergent angle of the light in
the £X directions can be relaxed.

Like the movable device 300 illustrated in FIG. 19A, the electrode connection
portion 350 may be provided at one edge portion having a long side in a direction
along the E-axis of the support portion 340, to apply a drive voltage to the drive beams
provided at positions in the X directions with the movable portion 320 interposed
therebetween. In this case, the edge portion of the support portion 340 provided with
the electrode connection portion 350 may block the light reflected by the reflecting
surface 314, and the scanning angle with light by the movable portion 320 may be
limited.

In contrast, according to this embodiment, the wiring portion 123 that transmits the
current or voltage signal applied via the electrode connection portion 150 is provided
in a region on the movable portion 120 other than the reflecting surface 14 and on the
drive beams 130a and 130b. Thus, even when the electrode connection portion 150 is
provided at one edge portion having the long side in a direction intersecting with the E-
axis of the support portion 140 (see FIG. 15), a drive voltage can be applied to both the
drive beams 130a and 130b provided at positions in the £X directions with the
movable portion 120 interposed therebetween. Since a member such as the support
portion is not required to be disposed on the Y sides of the movable portion 120, the
scanning angle with light of the movable portion 120 is not limited by such a member
and a large scanning angle can be obtained.

Providing the wiring portion 123 may cause protrusions and depressions to be
formed on the surface of the movable portion 120. When the wiring portion 123 is
formed in the region provided with the reflecting surface 14, the light incident on the
reflecting surface 14 may be diffused by the protrusions and depressions of the wiring
portion 123 and reflection of light by the reflecting surface 14 may be interrupted.
According to this embodiment, as illustrated in FIG. 16A, the wiring portion 123 is
formed in a region (a region other than the reflecting surface) on the surface of the
movable portion 120 near the outer periphery not provided with the reflecting surface
14. Accordingly, interruption of reflection of light at the reflecting surface 14 is
avoided. Moreover, according to this embodiment, since the wiring portion 123 is

covered with the protection film 124, a short due to adhesion of dust or moisture to a
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conductor and disconnection due to contact with a member can be prevented from
occurring.

Next, modifications of the first embodiment are described. The description on
components identical with those in the above-described embodiment may be omitted.

A movable device according to any one of modifications and embodiments which
will be described later includes a wiring portion 123 on a movable portion 120, and on
drive beams 130a and 130b like the movable device 13 according to the first em-
bodiment; however, these components are not illustrated for the convenience of under-
standing the illustration.

According to a first modification, an example is described in which light passing
portions have shapes in which the widths of the light passing portions in a direction
along the E-axis are non-linearly widened as the widths are farther from the E-axis.

FIG. 20 is a plan view of an example of a configuration of a movable device 13a
according to a first modification. As illustrated in FIG. 20, the movable device 13a
includes a support portion 140a having light passing portions 16a and 17a on both
sides of the movable portion 120 in the Y direction in FIG. 20 (a direction intersecting
with the E-axis in a plane along the reflecting surface 14 in a state in which the
movable portion 120 is not rotated).

The light passing portions 16a and 17a have shapes in which the widths of the light
passing portions 16a and 17a in a direction along the E-axis are non-linearly widened
as the widths are farther from the E-axis. In other words, as illustrated as a curved-
surface portion 141 in FIG. 20, the light passing portions 16a and 17a have shapes in
which the widths of the light passing portions 16a and 17a in the direction along the E-
axis are widened in a curved tapered manner as the widths are farther from the E-axis.

When a movable device is arranged in a device such as a LiDAR device, the movable
device is secured to a base of the LIDAR device using an adhesive or the like while a
surface of the support portion serves as a portion to be secured. Thus, as the area of the
support portion decreases, the contact area between the portion to be secured and the
base decreases. The bonding intensity decreases, thereby degrading stability of
securing.

When the support portion 140 includes the light passing portions 16 and 17 like the
movable device 13 according to the first embodiment, the bonding area of the support
portion 140 decreases by the area of the light passing portions 16 and 17.

According to this modification, since the light passing portions 16a and 17a have the
shapes in which the widths of the light passing portions 16a and 17a in the direction
along the E-axis are non-linearly widened as the widths are farther from the E-axis, the
bonding area of the support portion 140 increases by the amount obtained by the non-

linear form (curved surface).
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Accordingly, when the deflection angle of the movable portion 120 increases, block
of reflected light by the support portion 140a can be avoided by the light passing
portions 16a and 17a, the bonding area of the support portion 140a to the base can be
ensured, and the stability of securing of the movable device 13a can be increased.

Moreover, since the light passing portions 16a and 17a have the shapes that are non-
linearly widened as being farther from the E-axis, even when the beam spot shape of
laser beams at the reflecting surface 14 has a curved surface or an ellipsoidal shape,
block of reflected light by the support portion 140a can be avoided by the light passing
portions 16a and 17a, the bonding area of the support portion 140a to the base can be
ensured, and the stability of the movable device 13a can be increased.

FIG. 21 is a plan view of an example of a configuration of a movable device 13b
according to a second modification. As illustrated in FIG. 21, the movable device 13b
includes a drive beam 133a and a drive beam 133b.

The drive beams 133a and 133b each include a meandering beam (a meandering
structure) in which a plurality of piezoelectric drive circuits having long sides in a
direction intersecting with the E-axis are coupled at folded portions. Piezoelectric drive
circuits 134a and 134b adjacent to the movable portion 120 are coupled to the movable
portion 120 at one end sides thereof in the direction intersecting with the E-axis and
have cut shapes 20a and 20b that include straight portions on the other end sides
thereof in the direction intersecting with the E-axis.

As described above with reference to FIGs. 17A to 17D, FIG. 22 illustrates a state in
which the movable portion 120 of the movable device 13 rotates in accordance with
bending deformation of the drive beam 130b. When the movable portion 120 is
rotated, a portion of the piezoelectric drive circuit 132a that is adjacent to the movable
portion 120 and that is coupled to the movable portion 120 moves together with the
movable portion 120, whereas a portion that is not coupled to the movable portion 120
may move away from the movable portion 120. In this case, the other end portion 21A
located on the side opposite to the one end side of the piezoelectric drive circuit 132a
coupled to the movable portion 120 moves away from the movable portion 120 by a
largest distance. Since the other end portion 21 moves away from the movable portion
120, part of the other end portion 21 may enter the optical path of the light reflected by
the reflecting surface 14 of the movable portion 120 and block the reflected light.

According to this modification, such other end portions 21 partly have the cut shapes
20a and 20b, and hence the other end portions 21 do not block the light reflected by the
reflecting surface 14. Thus, the scanning angle with light of the movable portion 120 is
not limited, and a large scanning angle can be obtained. The cut shapes 20a and 20b
have the straight portions in FIG. 21; however, cut shapes may include curved-surface

portions.
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FIG. 23 is a plan view of an example of a configuration of a movable device 13c
according to a third modification. As illustrated in FIG. 23, the movable device 13c
includes a drive beam 135a and a drive beam 135b.

As illustrated in the second modification, part of the other end portions 21 of the
piezoelectric drive circuits adjacent to the movable portion 120 may enter the optical
path of the light reflected by the reflecting surface 14 of the movable portion 120 and
block the reflected light.

According to this modification, the drive beams 135a and 135b each include a me-
andering beam in which a plurality of piezoelectric drive circuits having long sides in a
direction intersecting with the E-axis are coupled at folded portions. An interval 21a
between the movable portion 120 and a piezoelectric drive circuit 136a adjacent to the
movable portion 120 is larger than an interval 22a between adjacent piezoelectric drive
circuits. An interval 21b between the movable portion 120 and a piezoelectric drive
circuit 136b adjacent to the movable portion 120 is larger than an interval 22b between
adjacent piezoelectric drive circuits. Accordingly, part of the other end portions 21 of
the piezoelectric drive circuits adjacent to the movable portion 120 do not block the
light reflected by the reflecting surface 14 of the movable portion 120. The scanning
angle with light of the movable portion 120 is not limited, and a large scanning angle
can be obtained. The intervals 22a and 22b between the adjacent piezoelectric drive
circuits are an example of "an interval between beams".

Next, a movable device according to a second embodiment is described referring to
FIG. 24. The description on components identical with those in the above-described
embodiment may be omitted.

FIG. 24 is a plan view of an example of a configuration of a movable device 13d
according to this embodiment. As illustrated in FIG. 24, the movable device 13d
includes a support portion 140d and a movable portion 120d.

The support portion 140d includes light passing portions 16d and 17d on both sides
of the movable portion 120d in a direction intersecting with the E-axis in a plane along
the reflecting surface 14 in a state in which the movable portion 120 is not rotated. The
light passing portions 16d and 17d are formed such that the widths of the light passing
portions 16d and 17d in a direction along the E-axis are larger than the width of the
movable portion 120d in the direction along the E-axis.

In addition, an outer peripheral surface 120pa along the E-axis of the movable
portion 120d and an outer peripheral surface 140pa along the E-axis of the support
portion 140d are formed in a parallel (flat) state without a step. In other words, the
outer peripheral surface 120pa and the outer peripheral surface 140pa are formed in a
state arranged in the same plane.

Similarly, an outer peripheral surface 120pb along the E-axis of the movable portion
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120d and an outer peripheral surface 140pb along the E-axis of the support portion
140d are formed in a parallel state without a step. In other words, the outer peripheral
surface 120pb and the outer peripheral surface 140pb are formed in a state arranged in
the same plane. It is to be noted that "a parallel state without a step” does not represent
a state without a step at all, and allows a step that is typically recognizable as a
processing tolerance.

The outer peripheral surface 120pa is an example of "a first movable-portion outer
peripheral surface". The outer peripheral surface 140pa is an example of "a first
support-portion outer peripheral surface". The outer peripheral surface 120pb is an
example of "a second movable-portion outer peripheral surface". The outer peripheral
surface 140pb is an example of "a second support-portion outer peripheral surface”.

With this configuration, a member such as a support portion is not present on the Y
sides of the movable portion 120d. Even when the deflection angle of the movable
portion 120d increases, the light reflected by the reflecting surface 14 is not blocked.
Thus, the scanning angle with light of the movable portion 120d is not limited, and a
large scanning angle can be obtained.

Moreover, the parallel state without a step is an easily processing state for a
processing method such as etching. The state can increase processing efficiency and
productivity of the movable device 13d.

Furthermore, the movable portion 120d and the support portion 140 can have the
same size in the direction (Y direction) intersecting with the E-axis. The size of the
movable portion 13d can be decreased, or the size of the reflecting surface 14 can be
increased.

Since the size of the movable device 13d can be decreased, the degree of freedom for
arrangement of the movable device 13d can be increased. Moreover, since the material
constituting the movable device 13d can be decreased, the cost of the movable device
13d can be decreased. Furthermore, since the number of movable devices 13d that can
be manufactured from a single wafer substrate can be increased, productivity can be
increased.

Since the size of the reflecting surface 14 can be increased, deviation of incident light
from the reflecting surface 14 due to vibration or the like of the movable device 13d
can be suppressed.

Advantageous effects other than those described above are similar to those described
in the first embodiment.

Next, a configuration of a movable device 13e according to a third embodiment is
described referring to FIGs. 25 and 26. FIG. 25 is a plan view of an example of a con-
figuration of the movable device 13e according to this embodiment. FIG. 26 is a cross-
sectional view taken along line Q-Q' in FIG. 25.
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The movable device 13e includes a movable portion 120e and drive beams 110a and
110b that drive the movable portion 120e around the E-axis parallel to the X-axis.
Moreover, a wiring portion 127 that transmits a current or voltage signal applied via
the electrode connection portion 150 is provided in a region on the movable portion
120e other than a reflecting surface 14e and on the drive beams 110a and 110b. In this
case, the drive beams 110a and 110b are an example of "a pair of drive beams".

The movable portion 120e includes, for example, a base body and the reflecting
surface 14e on the +Z surface of the base body. The base body includes, for example,
the silicon active layer 163. The reflecting surface 14e includes a metal thin film
containing, for example, aluminum (Al), gold (Au), or silver (Ag). The movable
portion 120e may have a reinforcing rib on the -Z surface of the base body for the re-
flecting surface 14e. Such a rib includes, for example, the silicon support layer 161 and
the silicon oxide layer 162, serving to prevent the distortion of the reflecting surface
14e due to the motion. While the reflecting surface 14e has a circular shape, the re-
flecting surface 14e may have another shape, such as an ellipse or a rectangle.

The drive beams 110a and 110b include two torsion bars 111a and 111b that have
one ends coupled to the movable portion 120e, that extend in the E-axis direction, and
that rotatably support the movable portion 120e; piezoelectric drive circuits 112a and
113a that have one ends on the +X side coupled to the torsion bar 111a and the other
ends coupled to an inner peripheral portion of the support portion 140; and piezo-
electric drive circuits 112b and 113b that have one ends on the -X side coupled to the
torsion bar 111b and the other ends coupled to an inner peripheral portion of the
support portion 140.

The torsion bars 111a and 111b include, for example, the silicon active layer 163.
The piezoelectric drive circuits 112a, 113a, 112b, and 113b each include the lower
electrode 201, the piezoelectric portion 202, and the upper electrode 203 that are
formed in that order on the +Z surface of the silicon active layer 163 that serves as an
elastic member.

Each of the upper electrode 203 and the lower electrode 201 is made of, for example,
gold (Au) or platinum (Pt). For example, the piezoelectric portion 202 is made of lead
zirconate titanate (PZT), which is a piezoelectric material.

Although this embodiment has illustrated an example in which the piezoelectric
portion 202 is formed on only one surface (+Z surface) of the silicon active layer 163
serving as the elastic member, the piezoelectric portion 202 may be formed on another
surface (for example, -Z surface) of the elastic member, or on both the one surface and
the other surface of the elastic member.

The shapes of the components are not limited to the shapes in the embodiment as

long as the movable portion 120e can be driven around the E-axis. The torsion bars
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111a and 111b, and the piezoelectric drive circuits 112a, 113a, 112b, and 113b may
have shapes with curvatures.

[0187] The wiring portion 127 includes a positive voltage wiring portion 127a to which a
positive voltage signal is applied, a GND wiring portion 127b coupled to the GND, and
a negative voltage wiring portion 127¢ to which a negative voltage signal is applied.
The positive voltage wiring portion 127a is coupled to the positive electrode
connection portion 150a. The GND wiring portion 127b is coupled to the GND
connection portion 150b. The negative voltage wiring portion 127c is coupled to the
negative electrode connection portion 150c.

[0188] More specifically, the GND wiring portion 127b is coupled to the upper electrode
203 of each of the piezoelectric drive circuits 112a, 113a, 112b, and 113b. Moreover,
the positive voltage wiring portion 127a is coupled to the lower electrode 201 of each
of the piezoelectric drive circuits 112a and 112b, transmits a positive voltage signal
thereto, and applies a positive drive voltage thereto.

[0189]  The negative voltage wiring portion 127c¢ is coupled to the lower electrode 201 of
each of the piezoelectric drive circuits 113a and 113b, transmits a negative voltage
signal thereto, and applies a negative drive voltage thereto.

[0190] In this way, the wiring portion 127 can transmit a voltage signal applied through the
electrode connection portion 150 to the piezoelectric drive circuits 112a, 113a, 112b,
and 113b, and can apply a drive voltage. Alternatively, the wiring portion 127 may
transmit a current signal instead of the voltage signal.

[0191] The motion and so forth of the piezoelectric drive circuit by application of a drive
voltage is similar to that of the drive beams 130a and 130b which has been described
above.

[0192] According to this embodiment, the support portion 140 has the light passing portions
16 and 17 on both sides of the movable portion 120e in a direction intersecting with the
E-axis (Y directions in FIG. 25) in a plane along the reflecting surface 14¢ in a state
in which the movable portion 120e is not rotated. A member is not present on the +Y
sides of the movable portion 120e. Even when the deflection angle of the movable
portion 120e increases, the light reflected by the reflecting surface 14e is not blocked.
Thus, the scanning angle with light of the movable portion 120e is not limited, and a
large scanning angle can be obtained.

[0193] Advantageous effects by the light passing portions 16 and 17, the electrode
connection portion 150, and the wiring portion 127 are similar to those described in the
first embodiment.

Fourth Embodiment
[0194] Next, a movable device 13f according to a fourth embodiment is described referring

to FIGs. 27 to 32. First, FIG. 27 is a perspective view of an example of a configuration
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of the movable device 13f according to this embodiment.

As illustrated in FIG. 27, the movable device 13f includes a mount portion 70, and
the movable portion 13e according to the third embodiment is secured to the +Z
surface of the mount portion 70. However, any one of the movable devices 13, 13a,
13b, 13¢, and 13d described according to the above embodiments may be secured to
the +Z surface of the mount portion 70, and thus the movable device 13f may be
configured. In the following description, it is assumed that the movable device 13f
includes the movable device 13e as part of the configuration. The movable device 13e
secured to the mount portion 70 is an example of "a variable deflector”.

FIG. 28 is a perspective view of an example of a configuration of the mount portion
70. As illustrated in FIG. 28, the mount portion 70 includes side wall members 71a and
71b, and a bottom member 72. The mount portion 70 is an example of "a mount".

The side wall member 71a is a member having an angular C-shaped section that is
orthogonal to the Z-axis. The side wall member 71a is secured by bonding or the like
to the +Z surface of the bottom member 72 that is a plate-shaped member such that the
open side of the angular C shape faces the +X direction. Similarly, the side wall
member 71b is a member having an angular C-shaped section that is orthogonal to the
Z-axis. The side wall member 71b is secured by bonding or the like to the +Z surface
of the bottom member 72 such that the open side of the angular C shape faces the -X
direction.

The side wall members 71a and 71b, and the bottom member 72 may be an in-
tegrated member. When a metal-based material is used, such a member can be
fabricated by, for example, casting, cutting, or metal injection molding. When a resin-
based material is used, such a member can be fabricated by, for example, injection
molding or using a 3D printer.

The +Z surfaces of the side wall members 71a and 71b can secure the support portion
140 of the movable device 13e. In this case, the +Z surfaces of the side wall members
71a and 71b are an example of "one end surface", and the -Z surfaces of the side wall
members 71a and 71b are an example of "the other end surface".

The side wall member 71a and the side wall member 71b are disposed at an interval
in the X direction. Thus, a light passing portion 73 is formed on the -Y side of the
mount portion 70, and a light passing portion 74 is formed on the +Y side of the mount
portion 70. The light passing portions 73 and 74 are an example of a light passing
portion that opens part of side wall members constituted of the side wall members 71a
and 71b.

FIG. 29 illustrates an example of a state in which the movable portion 120e rotates
(is driven). Referring to FIG. 29, the movable device 13e is secured to the +Z surfaces

of the side wall members 71a and 71b. The movable portion 120e of the movable
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device 13e rotates around the E-axis, receives the light incident on the reflecting
surface 14e in the direction indicated by a thick-solid-line arrow 81, and reflects the
light in a direction indicated by a thick-broken-line arrow 82.

[0202] Since the light passing portions 73 and 74 are formed on the +Y sides of the mount
portion 70, as illustrated in FIG. 29, a member that blocks the light reflected by the re-
flecting surface 14e is not present on the +Y sides of the movable portion 120e. Ac-
cordingly, a space that allows the light reflected by the reflecting surface 14e to pass
therethrough can be ensured. Moreover, since the support portion 140 is secured at the
+Z surfaces of the side wall members 71a and 71b, a space that allows the light
reflected by the reflecting surface 14e to pass therethrough at an angle in a prede-
termined angular range can be ensured also on the -Z side of the movable portion 120e.

[0203] The light passing portions 73 and 74 allow the light reflected by the reflecting
surface 14e to pass therethrough even when the movable portion 120e is largely
rotated. To allow the light reflected by the reflecting surface 14e to pass, the light
passing portions 73 and 74 desirably have widths in the X direction larger than the
width of the reflecting surface 14e in the X direction.

[0204]  While the angular C-shaped members are used as an example of the side wall
members 71a and 71b, it is not limited thereto. As far as the light passing portions 73
and 74 are formed, at least one of the side wall members 71a and 71b may use a flat-
plate-shaped member.

[0205] Next, a manufacturing method of the movable device 13f is described referring to
FIGs. 30 and 31A to 31D.

[0206] FIG. 30 is a flowchart of an example of a manufacturing method of the movable
device 13f. FIGs. 31A to 31D are perspective views of the example of the manu-
facturing method of the movable device 13f according to the fourth embodiment, FIG.
31A illustrating an adhesive application step, FIG. 31B illustrating a positioning
member placement step, FIG. 31C illustrating a securing step of the movable device
13e to the mount portion, FIG. 31D illustrating the movable device after the manu-
facturing step is ended. In the description with reference to FIGs. 30 and 31, it is
assumed that the mount portion 70 is already assembled, and the movable device 13e
that is secured to the mount portion 70 is already treated by etching on an SOI
substrate or the like as described above.

[0207] Referring to FIG. 30, first in step S301, an adhesive 75 is applied to the +Z surfaces
of the mount portion 70 (the side wall members 71a and 71b) (see FIG. 31A).
Examples of the adhesive 75 include conductive metal paste such as silver paste; and a
thermosetting adhesive, such as an epoxy-resin-based adhesive or a silicone-
resin-based adhesive. It is to be noted that silicone is a compound obtained by reducing

silicon dioxide to make silicon and then bonding an organic compound, and hence
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[0208]

[0209]
[0210]

[0211]
[0212]

[0213]
[0214]
[0215]

[0216]

having both organic and inorganic characteristics.

Then, in step S303, positioning members 76 are placed to come into contact with at
least three surfaces of the +X surfaces and the Y surfaces of the mount portion 70. In
this case, as illustrated in FIG. 31B, portions of surfaces in the Z direction of the po-
sitioning members 76 are brought into contact with the surfaces of the side wall
members 71a and 71b of the mount portion 70, whereas the other portions of the
surfaces in the Z direction of the positioning members 76 remain in a state not in
contact with the surfaces of the side wall members 71a and 71b of the mount portion
70 so that the outer peripheral surfaces of the support portion 140 of the movable
device 13e can be abutted against the other portions. To adjust the height in the Z
direction of the positioning members 76, a block member or the like that determines
the height in the Z direction may be prepared, and the positioning member 76 may be
placed on the bock member.

Referring back to FIG. 30, and the description is continued.

In step S305, while the outer peripheral surfaces of the support portion 140 of the
movable device 13e are abutted against the surfaces of the positioning member 76, the
support portion 140 is placed on the +Z surface of the mount portion 70 (see FIG.
31C). Accordingly, the movable device 13f becomes a temporarily arranged state.

In step S307, the positioning members 76 are removed.

In step S309, the movable device 13f in the temporarily arranged state is put in a heat
treating furnace, and is heated. Accordingly, the support portion 140 of the movable
device 13e is bonded to the +Z surface of the mount portion 70, and is secured.

In step S311, the movable device 13f is removed from the heat treating furnace.

Thus, the movable device 13f can be manufactured.

As described above, according to this embodiment, since the light passing portions
73 and 74 are provided on the +Y sides of the mount portion 70, a member that blocks
the light reflected by the reflecting surface 14e is not present on the Y sides and the -
Z side in a predetermined angular range of the movable portion 120e. Thus, even when
the deflection angle of the movable portion 120e increases, the light reflected by the
reflecting surface 14 is not blocked, the light scanning angle of the movable portion
120e¢ is not limited, and a large scanning angle can be obtained. For example, when it
is assumed that the range from the -Y direction to the +Y direction in FIG. 29 is the
angular range of 180 degrees of the scanning angle with the light reflected by the re-
flecting surface 14e, a scanning angle of 180 degrees or larger can be provided
according to this embodiment.

‘When the movable device 13f is manufactured or used, the movable device 13e
included in the movable device 13f may expand or contract in the X direction due to a

change in ambient temperature of the movable device 13f. Moreover, the bottom
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[0217]

[0218]

[0219]

[0220]

[0221]

[0222]

member 72 of the mount portion 70 may expand or contract in the X direction due to a
change in ambient temperature. In this case, if there is a difference in expansion co-
efficient or contraction coefficient between the movable device 13e and the bottom
member 72, a stress is generated at a position at which both members are bonded, and
a desirable rotation of the movable portion 120e may not be obtained.

In contrast, according to this embodiment, the bottom member 72 is made of the
same material as the material of the support portion 140, the movable portion 120e,
and the drive beams 110a and 110b of the movable device 13e, or a material having a
thermal expansion coefficient similar to that of the material. Accordingly, the
difference in expansion coefficient or contraction coefficient in the X direction among
the support portion 140, the movable portion 120e, the drive beams 110a and 110b,
and the bottom member 72 due to a change in ambient temperature of the movable
device 13f can be reduced, and the movable portion 120e can be desirably rotated.

Specifically, since the support portion 140, the movable portion 120e, and the drive
beams 110a and 110b of the movable device 13e are made of Si as a material as
described above, the bottom member 72 is desirably made of the same material of Si or
TEMPAX (registered trademark) glass as a material with a thermal expansion co-
efficient similar to that of Si.

The entirety of the mount portion 70 may be made of a material having a small
thermal expansion coefficient. Specifically, a material having a linear thermal
expansion coefficient of from 0.0 to 5.0 (10-%/K) in a temperature range of from 293K
(kelvin) to 2473K is desirably used. When the side wall members 71a and 71b and the
bottom member 72 are integrally formed, for example, silicon or TEMPAX glass may
be cut to fabricate a member in which the side wall members 71a and 71b and the
bottom member 72 are integrated. Alternatively, a metal (Invar or the like) having a
small thermal expansion coefficient may be processed by casting or cutting to fabricate
a member in which the side wall members 71a and 71b and the bottom member 72 are
integrated.

FIG. 32 illustrates an example of a movable device 13g according to a modification
of the fourth embodiment.

In the movable device 13g, an inclined surface 74g is formed at a surface of the side
wall member 71a that forms the light passing portion 74. The inclined surface 74g is
formed such that the width of the light passing portion 74 in the X-axis direction is
widened as the width of the light passing portion 74 is farther from the E-axis.

Similarly, a surface of the side wall member 71b that forms the light passing portion
74, a surface of the side wall member 71a that forms the light passing portion 73, and a
surface of the side wall member 71b that forms the light passing portion 73 are

provided with inclined surfaces.
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[0223] With this configuration, the mount portion does not block the light reflected by the
reflecting surface 14¢ and being divergent in the X directions, hence the divergent
angle is not limited, and a large scanning angle can be obtained.

[0224] Furthermore, the light passing portions 16 and 17 described according to any one of
the first to third embodiments may be coupled by or filled with a translucent optical
material, such as glass or a transparent resin material. Thus, the light reflected by the
reflecting surface 14¢ is not blocked and a large scanning angle can be obtained. In
any one of the first to third embodiments, a decrease in rigidity of the movable
device due to the light passing portions 16 and 17 is suppressed, and a change in
positional relationship, such as a distance between the support portions 140, which
are separated from each other by the light passing portions 16 and 17 and face each
other, can be prevented from occurring. Thus, in a packaging step of bonding a
movable device to a package member, the movable device can be easily handled.

[0225] Furthermore, the light passing portions 73 and 74 described according to the fourth
embodiment may be coupled by or filled with a translucent optical material, such as
glass or a transparent resin material. Thus, the light reflected by the reflecting
surface 14¢ is not blocked and a large scanning angle can be obtained. A decrease in
rigidity of the movable device due to the light passing portions 73 and 74 is
suppressed, and a change in positional relationship, such as a distance between the
side wall members 71a and 71b, which are separated from each other by the light
passing portions 73 and 74 and face each other, can be prevented from occurring.
Thus, in a packaging step of bonding a movable device to a package member, the
movable device can be casily handled.

[0226] Although the embodiments of the present disclosure have been described above, the
present disclosure is not limited to such specific embodiments, and various
modifications and changes can be made without departing from the spirit and scope
of the present disclosure as set forth in the appended claims.

[0227] The above-described embodiments are illustrative and do not limit the present
disclosure. Thus, numerous additional modifications and variations are possible in
light of the above teachings. For example, elements and/or features of different
illustrative embodiments may be combined with each other and/or substituted for

each other within the scope of the present disclosure.

Date Recue/Date Received 2022-12-29
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[0228] This patent application is based on and claims priority to Japanesc Patent
Application No. 2018-237762, filed on December 19, 2018 and Japanese Patent
Application No. 2018 237763, filed on December 19, 2018, in the Japan Patent
Office.
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Reference Signs List
[0229] 10 Optical scanning system
11 Control device
12, 12b Light source device
13, 13a, 13b, 13c, 13d, 13e, 13f, 13g Movable device
14, 14e Reflecting surface
15 Target surface
16, 16a, 17, 17a Light passing portion
20a, 20b Cut shape
21a, 21b Interval between movable portion and piezoelectric drive circuit adjacent to
movable portion
22a, 22b Interval between piezoelectric drive circuits disposed next to each other
(example of interval between beams)
25 Light-source driver
26 Movable-device driver
30 Controller
31 Drive-signal output unit
50 Laser headlamp
51 Mirror
52 Transparent plate
60 Head-mounted display
60a Front
60b Temple
61 Light guide plate
62 Half mirror
63 Wearer
70, 70g Mount portion (example of mount)
71a, 71b Side wall member
72 Bottom member
73, 74 Light passing portion
74g Inclined surface
75 Adhesive
76 Positioning member
110a, 110b Drive beam (example of pair of drive beams)
111a, 111b Torsion bar
112a, 112b, 113a, 113b Piezoelectric drive circuit
120, 120d, 120e Movable portion
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120pa, 120pb Outer peripheral surface along rotation axis of movable portion
121 Silicon active layer

122 Interlayer insulating film

123, 127 Wiring portion

124 Protection film

125 BOX layer

126 Silicon support layer

130a, 130b Drive beam (example of pair of drive beams)

134a, 134b Piezoelectric drive circuit adjacent to movable portion
140, 140a, 140d Support portion

140pa, 140pb Outer peripheral surface along rotation axis of support portion
141 Curved-surface portion

150 Electrode connection portion

161 Silicon support layer

162 Silicon oxide layer

163 Silicon active layer

201 Lower electrode

202 Piezoelectric portion

203 Upper electrode

204 Interlayer insulating film

400 Automobile (example of vehicle)

500 Head-up display (example of image projection apparatus)
650 Laser printer

700 LiDAR device (example of distance measurement device)
701 Automobile (example of vehicle)

702 Object

801 Package member

802 Mounting member

803 E-axis of transmissive member (example of rotation axis)
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CLAIMS:

1. A movable device comprising:

a movable portion including a reflecting surface;

a pair of drive beams configured to support the movable portion rotatably around a
predetermined rotation axis with the movable portion disposed between the pair of drive beams;
and

a support portion configured to support the pair of drive beams,

wherein each of the movable portion, the pair of drive beams, and the support portion
includes one or more layers,

wherein a common layer is provided in the one or more layers of each of the movable
portion, the support portion, and the pair of drive beams,

wherein the support portion has a light passing portion on each of both sides of the
movable portion in a direction intersecting with the rotation axis in a plane along the reflecting
surface in a state in which the movable portion is not rotated, the light passing portion being
configured to allow light reflected by the reflecting surface to pass through the light passing
portion,

wherein the light passing portions are disposed such that a portion of the support portion
coupled to a first drive beam of the pair of drive beams is separated from a portion of the support

portion coupled to a second drive beam of the pair of drive beams via the light passing portions.

2. A movable device according to Claim 1,

wherein a width of the light passing portion in a direction along the rotation axis is larger
than a width of the movable portion in the direction along the rotation axis,

wherein a first movable-portion outer peripheral surface of the movable portion along a
direction of the rotation axis and a first support-portion outer peripheral surface of the support
portion along the direction of the rotation axis are formed in a parallel state without a step, and

wherein a second movable-portion outer peripheral surface, different from the first
movable-portion outer peripheral surface, of the movable portion along the direction of the
rotation axis and a second support-portion outer peripheral surface, different from the first
support-portion outer peripheral surface, of the support portion along the direction of the rotation

axis are formed in a parallel state without a step.

3. The movable device according to Claim 1, wherein the light passing portion has a shape

mm which a width of the light passing portion in a direction along the rotation axis is widened as

Date Recue/Date Received 2022-12-29
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the width is farther from the rotation axis.

4. The movable device according to Claim 1 or 3, wherein the light passing portion has a
shape in which a width of the light passing portion in a direction along the rotation axis is non-

linearly widened as the width is farther from the rotation axis.

5. The movable device according to any one of Claims 1 to 4, wherein a wiring portion
configured to transmit a current or voltage signal applied via an electrode connection portion is
provided in a region on the movable portion other than the reflecting surface and on each of the

pair of drive beams.

6. The movable device according to Claim 5, wherein the wiring portion is covered with a

protection film.

7. The movable device according to any one of Claims 1 to 6,

wherein each of the pair of drive beams includes a meandering beam in which a plurality
of beam portions having long sides in the direction intersecting with the rotation axis are coupled
at a folded portion, and

wherein the beam portion adjacent to the movable portion is coupled to the movable
portion at one end side in the direction intersecting with the rotation axis and has a cut shape
having at least one of a straight portion and a curved-surface portion on the other end side in the

direction intersecting with the rotation axis.

8. The movable device according to any one of Claims 1 to 6,

wherein each of the pair of drive beams includes a meandering beam in which a plurality
of beam portions having long sides in the direction intersecting with the rotation axis are coupled
at a folded portion, and

wherein an interval between the movable portion and the beam portion adjacent to the

movable portion is larger than an interval between the beam portions adjacent to each other.

9. The movable device according to any one of Claims 1 to 8, further comprising:
a mount portion including a side wall member to which the support portion is secured,
wherein the side wall member on each of both sides of the movable portion in a direction
intersecting with the rotation axis has a further light passing portion in a plane along the
reflecting surface in a state in which the movable portion is not rotated, the further light passing
portion being configured to allow light reflected by the reflecting surface to pass through the

Date Recue/Date Received 2022-12-29
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further light passing portion.

10.  The movable device according to Claim 9, wherein the further light passing portion has a
shape in which a width of the further light passing portion in a direction along the rotation axis is

widened as the width is farther from the rotation axis.

11.  The movable device according to Claim 9 or 10, wherein the mount portion includes a
bottom member that is made of a material different from a material of the side wall member and

to which the side wall member is secured at the other end surface of the side wall member.

12.  The movable device according to any one of Claims 9to 11,

wherein a material of the movable portion, the pair of drive beams, and the support
portion contains silicon, and

wherein the mount portion includes a bottom member that is made of silicon or TEMPAX
glass and to which the side wall member is secured at the other end surface of the side wall

member.

13. A distance measurement device comprising:

the movable device according to any one of Claims 1 to 12.

14.  An image projection apparatus comprising:

the movable device according to any one of Claims 1 to 12.

15. A vehicle comprising at least one of:
the distance measurement device according to Claim 13; and

the image projection apparatus according to Claim 14.

16. A mount to which a variable deflector is able to be secured, the variable deflector
including the movable device according to any one of claims 1 1o 8,

the mount comprising:

a side wall member to which the support portion is secured, the side wall member on each
of both sides of the movable portion in a direction intersecting with the rotation axis having a
further light passing portion in a plane along the reflecting surface in a state in which the
movable portion is not rotated, the further light passing portion being configured to allow light
reflected by the reflecting surface to pass through the further light passing portion.

Date Recue/Date Received 2022-12-29



1/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 1]

FIG. 1

15

12—

A 4
—_
—_




2/44

CA 03123184 2021-06-11

PCT/JP2019/043022

WO 2020/129430

[Fig. 2]

v HIANA
I0IAIC
F18VAONW ~T18YAOW
30IA3C YIANA
304N0S 304N0S vOd4 WV
—LHO —~LHO
71 oz €2 Le Iy
TvNgaLx3 [*
vz
Wou Ndo
2z 0z
I

NOILLYWHOANI
ONINNYOS
-1¥21ldO



3/44

CA 03123184 2021-06-11

PCT/JP2019/043022

WO 2020/129430

[Fig. 3]

JIIAIA
J1dVAON

€l

3IA3Q
304N0S
—-1HOIT

1INN LNd1NO g3T1041
IYNDIS-3AIMA [ -NOJ
Le 0e

3DIA3A TOHINOD

¢l

H

¢ Ol

NOILYWHO4NI
ONINNVOS

—1vJILdO




WO 2020/129430

[Fig. 4]

4/44

CA 03123184 2021-06-11

FIG. 4

S11

ACQUIRE OPTICAL-SCANNING
INFORMATION

i S12

GENERATE AND OUTPUT
CONTROL INSTRUCTION

I S13
OUTPUT DRIVE SIGNAL
I S14
OPTICAL SCANNING

END

PCT/JP2019/043022



5/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 5]

402

400



6/44

CA 03123184 2021-06-11

PCT/JP2019/043022

WO 2020/129430

[Fig. 6]

£0S Dlos

10§

/ \ J4
¢0S G0G
0€S

[
906

L0S

60§

[
-

S—11

L —€1
~¥l

(48]

[4414

0]

JOVINI VN LHIA

9 Ol



7/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 7]

FIG. 7




8/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 8]




9/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022
[Fig. 9]
N
=]
=
_—~o
~
o
AN
N
LAY
LAY
ALY
W
! \
! \
1 \
i \
i \
i \
(> i \
: \
. 1 .
@) @
By | kY
L i \
! Y
! \
1 \
1 \
i \!
i. \
'i \
i \'\
! A\
! Y
! Y
1 \
1 \
! v
i \
i Y
i \
'a s
i
i
i
S
~




10/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 10]

|:I | 112
703

S

709

\
708

707

706

FIG. 10

7/02




11/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 11]

FIG. 11




12/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 12]

60a 60b



WO 2020/129430

[Fig. 13]

13/44

CA 03123184 2021-06-11

PCT/JP2019/043022
63
530 —| 11
507 —J A
i - 60b
A i
4 .
I !
— )|
! \ K~\ NP
L %
{ ) \
62 61 14 13 v
| s



14/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 14]

11




15/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022
[Fig. 15]
13 E
e 140
PIEZOELECTRIC N !
_ | i i
DRIVE-PORTION l | | / [ 181
GROUP A , b ‘ , | 131¢c 1302
77 131b
PIEZOELECTRIC- | 131a
DRIVE-PORTION
GROUP B i
L ; r
16 L ' ——L 17

% — 1324
_ A i
/ﬁ fj z NN \\1

N
(f—»Y 150 123

X



16/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022
[Fig. 16A]
FIG. 16A
122
—~— 121
T~ 125
1126




17/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 16B]

FIG. 16B




18/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 16C]

FIG. 16C




19/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 17A]

FIG. 17A




20/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 17B]

FIG. 1/B




21/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 17C]

FIG. 17C




22/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 17D]

FIG. 17D




23/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 18A]

TIME

FIG. 18A

TrA
TA

VOLTAGE



24/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 18B]

L
4=
'_
-]
7
14
7
14
’
[
/
/
14
7/
7
/
7/
/
4
4
14
’
l_\-
-]
14
m /
/
(o) !
/
— 4
/
/
- I
&) !
7
14
| e | 7
L '
4
[
/!
/
-4 CPCORRREEEECEEEEEE TEDREEE SELECEERED ‘
***** m 1
"""""""""""7 A TA U
’ [
’
7
/
'
’ <
/ [
/; 14 T
/
J/ - [
I3
!
w /
(& ’
< ! v s 4
|_ R R . S
|
)
>



25/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 18C]

TIME

FIG. 18C

VOLTAGE



WO 2020/129430

[Fig. 19A]

26/44

CA 03123184 2021-06-11

PCT/JP2019/043022
FIG. 19A
n 5
7
7 / AI 340
W)
77777
350 : } 1 320
% ‘ = |1 314
TNoae————+1J9 | T
P P’
)
i)
I
% / 2 |



27/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 19B]

FIG. 19B

301

302— /




28/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 19C]

FIG. 19C

301

303—

340




29/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022
[Fig. 20]
FIG. 20
13a E
gi_) 140a
R
)
[,
_ 7770 /Z
|V ///‘// A 141
I ——120
16a 17a
= T1— 14

NNININ]

VWINIININ




30/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 21]

(_i_) 140b

% %I

IV / %

Y% / % A\’V\//ma
%

77 @/‘343

[ 1 20a

——120

20b\/ﬁy I 1
134b—
L

%

133b/_/\-/\/r 777 %.
IW / Z

Y% %)




31/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 22]




32/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022
[Fig. 23]
FIG. 23
13¢ E
Ci_b 140c
i /
| {
W77
0
e e
e =an
. 21a
——120
: = T1—14
21b | | 295
1360 A
135b\7/'\"‘V // Z)
77
77777



33/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022
[Fig. 24]
FIG. 24
13d E
@ 140d
| /
! ! | 131d
. ] 1316
7 A”/ [ 13tb
) | —131a
% %% 7
140pa—— IW // 7 - 140pb
1 — 120d
% 7
L !
16d 17d
] ? Ny
120pa IV Z [ 120pb
V % %, 14
1 ]
% % Z | ——132a
' 1 ——132b
2 130b
% //A// 4 T 182
i ———132d
|
|



34/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022
[Fig. 25]
FIG. 25
13e F
110a <2
T Ty 140
111a 112a 113a | /
N
‘ 7

B |
\! N

16 14e 17

110b
111b 112b 113b

Wﬁﬁf%)ﬁ"ﬁ%//f/%]

150a 150b 150c
O T
150



35/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 26]

FIG. 26

112a 140



36/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 27]




37/44

CA 03123184 2021-06-11

WO 2020/129430 PCT/JP2019/043022

[Fig. 28]
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[Fig. 29]
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[Fig. 30]
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