
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2014/064606 Al
1 May 2014 (01.05.2014) W P O P C T

(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
G02B 26/08 (2006.01) H01L 21/02 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
B81C 1/00 (2006.01) H01L 21/58 (2006.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
B81C 3/00 (2006.01) H01L 21/68 (2006.01) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,

KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(21) International Application Number: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

PCT/IB2013/05953 1 OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

(22) International Filing Date: SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,

22 October 2013 (22.10.201 3) TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

(25) Filing Language: English
(84) Designated States (unless otherwise indicated, for every

(26) Publication Language: English kind of regional protection available): ARIPO (BW, GH,

(30) Priority Data: GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

61/717,427 23 October 2012 (23. 10.2012) US UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

(71) Applicant: PRIMESENSE LTD. [IL/IL]; 28 Habarzel EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Street, Ramat Hachayal, 69710 Tel Aviv (IL). MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
(72) Inventors: ERLICH, Raviv; 24 Sapir Street, 76227 Reho- KM, ML, MR, NE, SN, TD, TG).

vot (IL). GERSON, Yuval; 85A Masada Street, 40600
Tel-Mond (IL). SHPUNT, Alexander; 18/173 Nahalat Published:
Yitzhak Street, 67448 Tel Aviv (IL).

— with international search report (Art. 21(3))
(74) Agent: D. KLIGLER I. P. SERVICES LTD.; P.O. Box — before the expiration of the time limit for amending the

5765 1, 61576 Tel Aviv (IL). claims and to be republished in the event of receipt of

(81) Designated States (unless otherwise indicated, for every amendments (Rule 48.2(h))

kind of national protection available): AE, AG, AL, AM,

(54) Title: PRODUCTION OF MICRO-MECHANICAL DEVICES

o
FIG. 2

o
(57) Abstract: A method for fabrication of a device (206) from a wafer ( 170) of semiconductor material includes locally thinning the

o wafer in an area of the device to a predefined thickness by removing the semiconductor material from at least a first side of the wafer
using a wet etching process, and etching through the thinned wafer in the area of the device so as to release a moving part (202) of
the device. Other methods and systems for fabrication are also described.



PRODUCTION OF MICRO-MECHANICAL DEVICES

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application 61/717,427,

filed October 23, 2012, which is incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to production of semiconductor devices, and

particularly to processes used in producing micro-mechanical devices.

BACKGROUND

Various techniques have been developed for producing micro-mechanical devices from

semiconductor wafers. These techniques make use of equipment and methods that have been

developed for microelectronics manufacturing, such as thin-film deposition and

photolithography, in order to create moving mechanical devices on micrometer scales.

For example, U.S. Patent 7,952,781, whose disclosure is incorporated herein by

reference, describes a method of scanning a light beam and a method of manufacturing a

microelectromechanical system (MEMS), which can be incorporated in a scanning device. The

disclosed method of manufacturing uses a silicon-on-insulator (SOI) wafer, which typically

comprises a silicon layer on its front side, another silicon layer on its back side, and a thin

"stop" layer therebetween. The steps of the method include thinning of the silicon, deposition

of silicon dioxide (Si02), lithography, etching, and metal deposition. Two etching processes

are employed: reactive ion etching (RIE) and dry reactive ion etching (DRIE, also known as

deep reactive ion etching) to expose the "stop" layer. The substrate then is separated into chips

and subjected to a cleaning process, whereupon a rotatable micromirror is formed.

SUMMARY

Embodiments of the present invention that are described hereinbelow provide novel

methods for production of micro-mechanical devices from semiconductor wafers, as well as

devices produced according to such methods and systems for implementing the methods.

A method for fabrication of a device from a wafer of semiconductor material having

first and second sides. The method includes locally thinning the wafer in an area of the device

to a predefined thickness by removing the semiconductor material from at least the first side of

the wafer using a wet etching process. The thinned wafer is etched through in the area of the

device so as to release a moving part of the device.



In some embodiments, the method includes etching, using a dry etching process, a

pattern of features of the device into the semiconductor material on the first side of the wafer,

typically before locally thinning the wafer. In one embodiment, etching the pattern includes

depositing a dielectric layer on at least the first side of the wafer, etching the pattern of features

of the device through the dielectric layer into the semiconductor material, and after etching the

pattern, removing the dielectric layer from at least the area of the device. Depositing the

dielectric layer may include depositing first and second dielectric layers, respectively, on the

first and second sides of the wafer, wherein the first dielectric layer is removed from the wafer

before thinning the wafer, and the second dielectric layer is removed from the wafer only after

thinning the wafer.

Alternatively or additionally, removing the dielectric layer includes leaving the

dielectric layer in place around a perimeter of the device so as to prevent thinning of the

perimeter during the wet etching process. In this case, depositing the dielectric layer may

include depositing a first dielectric layer over the first side of the wafer, etching away the first

dielectric layer from the area of the wafer that is to contain the pattern, so as to expose the

semiconductor material in the area while the first dielectric layer remains in place around the

perimeter of the device, and depositing a second dielectric layer over the exposed

semiconductor material and over the remaining first dielectric material, wherein the pattern is

etched into the semiconductor material through the second dielectric layer.

In a disclosed embodiment, the semiconductor material is silicon, and the dielectric

layer includes a first sub-layer of silicon dioxide and a second sub-layer of silicon nitride

adjacent to the first sub-layer.

In one embodiment, thinning the wafer includes removing the semiconductor material

from both the first and second sides of the wafer using the wet etching process.

The method may include depositing a reflective layer on the second side of the wafer

after thinning the wafer, whereby the device is configured to serve as a scanning mirror.

In some embodiments, etching through the thinned wafer includes depositing a

photoresist on the second side of the wafer, and applying a photolithographic process to define

and etch openings passing through the thinned wafer. Typically, the openings include release

openings, whereby the moving part of the device is separated along the release openings from a

remaining portion of the device. Additionally or alternatively, the openings include singulation

openings around an area of the device, and the method includes separating the device from a

remaining portion of the wafer along the singulation openings. Applying the photolithographic



process may include etching the singulation openings so as to leave tabs extending across the

singulation openings between the device and the remaining portion of the wafer, wherein

separating the device includes breaking the tabs.

There is also provided, in accordance with an embodiment of the present invention, a

method for fabrication of a device, which includes providing first and second wafers of

semiconductor material, both wafers having respective first and second sides, the first wafer

having multiple cavities that open through the first side thereof. A dielectric layer is formed on

the first side of at least one of the first and second wafers. The first and second wafers are

joined together by bonding the first side of the first wafer to the first side of the second wafer

along the dielectric layer. While the first and second wafers are joined together, the second

wafer is processed to form features of the device. After processing the second wafer, the first

wafer and the dielectric layer are removed from the second wafer by applying an etchant

through the cavities to the dielectric layer.

Typically, processing the second wafer includes thinning the second wafer. Processing

the second wafer may also include etching a pattern of the features of the device into the second

wafer.

After removing the first wafer, the first wafer may be reused by joining the first wafer to

one or more further wafers for processing of the further wafers.

In a disclosed embodiment, the cavities in the first wafer define first and second

protrusions between the cavities on the first side of the first wafer, the protrusions having

different, respective first and second sizes, wherein the first and second sizes are chosen so that

applying the etchant removes the dielectric layer from the first protrusions while the second

protrusions remain bonded to the second wafer. Typically, processing the second wafer

includes forming the features of the device in an area of the second wafer that is in contact with

the first protrusions, and etching singulation openings through the second wafer around the

area, and the method includes separating the device from a remaining portion of the wafer along

the singulation openings while the remaining portion of the wafer remains bonded to the second

protrusions.

In some embodiments, etching the singulation openings includes leaving tabs, following

the etching, that extend across the singulation openings between the device and the remaining

portion of the wafer, and wherein separating the device includes breaking the tabs.

Typically, providing the first wafer includes patterning and etching the cavities from the

first side of the first wafer into the first wafer. In a disclosed embodiment, the semiconductor



material includes silicon, and the dielectric material includes silicon dioxide, and the etchant

includes hydrofluoric acid.

In one embodiment, the method includes, after etching the pattern but before removing

the first wafer and the dielectric layer, mounting the second side of the second wafer on a

support structure, whereby the second wafer is supported by the support structure after removal

of the first wafer and the dielectric layer. The method may then include, after mounting the

second side of the second wafer on the support structure, etching through the second wafer

around the features so as to release the device from the support structure.

There is additionally provided, in accordance with an embodiment of the present

invention, a method for fabrication of a device, which includes bonding a first side of a wafer of

semiconductor material, having first and second sides, to a support substrate using an adhesive.

While the wafer is bonded to the support substrate, release openings are etched through the

wafer to the support substrate around an area of the device. After etching the release openings,

the adhesive is debonded so as to release a moving part of the device.

The method may include, while the wafer is bonded to the support substrate, etching a

pattern of features of the device into the second side of the wafer.

Additionally or alternatively, the method may include, while the wafer is bonded to the

support substrate, etching singulation openings through the wafer around the release openings,

and separating the device from a remaining portion of the wafer along the singulation openings

while the remaining portion of the wafer remains bonded to the support substrate.

Typically, the method includes thinning the wafer while the wafer is bonded to the

support substrate,.

In a disclosed embodiment, the support substrate is transparent to optical radiation, and

debonding the adhesive includes irradiating the adhesive with the optical radiation, such as

ultraviolet radiation, through the support substrate.

Alternatively, debonding the adhesive includes heating the adhesive through the support

substrate.

There is further provided, in accordance with an embodiment of the present invention, a

method for fabrication of a device using a first semiconductor wafer having first and second

sides. The method includes providing a second semiconductor wafer having a cavity therein.

The first side of the first semiconductor wafer is bonded to the second semiconductor wafer so

that the cavity is positioned over an area of the device in the first semiconductor wafer. While

the first side of the first semiconductor wafer is bonded to the second semiconductor wafer, the



second side of the first semiconductor wafer is thinned to a predefined thickness. Release

openings are etched into the first semiconductor wafer, such that the release openings pass

through the first semiconductor wafer after the thinning, so as to release a moving part of the

device. The device is then from the second semiconductor wafer.

In some embodiments, separating the device includes etching singulation openings

through the first semiconductor wafer around the release openings while the first side of the

first semiconductor wafer is bonded to the second semiconductor wafer, and separating the

device along the singulation openings from a remainder of the first semiconductor wafer, which

remains bonded to the second semiconductor wafer.

In some embodiments, etching the release openings includes forming the release

openings in the first side of the first semiconductor wafer before bonding the first side of the

first semiconductor wafer to the second semiconductor wafer. In one embodiment, a pattern of

the device is etched to a first depth, and the release openings are etched to a second depth,

which is greater than the first depth but less than a thickness of the first semiconductor wafer

prior to the thinning.

Alternatively, etching the release openings includes forming the release openings

through the second side of the first semiconductor wafer after bonding the first side of the first

semiconductor wafer to the second semiconductor wafer and thinning the second side of the

first semiconductor wafer.

In a disclosed embodiment, the cavity is formed in a proximal side of the second

semiconductor wafer to a depth such that a distal side of the cavity, opposite the proximal side,

remains closed, wherein the first side of the first semiconductor wafer is then bonded to the

proximal side of the second semiconductor wafer.

Alternatively, providing the second semiconductor wafer includes applying a wet

etching process to both proximal and distal sides of the second semiconductor wafer in order to

form the cavity.

In one embodiment, the method includes, before bonding the first side of the first

semiconductor wafer to the second semiconductor wafer, etching, into the first side of the first

semiconductor wafer, a pattern of features of the device.

There is moreover provided, in accordance with an embodiment of the present

invention, a system for fabrication of a device from a wafer of semiconductor material having

first and second sides. The system includes a thinning station, configured to locally thin the

wafer in an area of the device to a predefined thickness by removing the semiconductor



material from at least the first side of the wafer using a wet etching process. At least one

etching station is configured to etch through the thinned wafer in the area of the device so as to

release a moving part of the device.

There is furthermore provided, in accordance with an embodiment of the present

invention, a system for fabrication of a device, including a deposition station, which is

configured to form a dielectric layer on the first side of at least one of a first wafer and a second

wafer of semiconductor material, both wafers having respective first and second sides, the first

wafer having multiple cavities that open through the first side thereof. A bonding station is

configured to join the first and second wafers together by bonding the first side of the first

wafer to the first side of the second wafer along the dielectric layer. At least a first etching

station is configured to process the second wafer while the first and second wafers are joined

together to form features of the device. A second etching station is configured, after forming

the features in the second wafer, to remove the first wafer and the dielectric layer from the

second wafer by applying an etchant through the cavities to the dielectric layer.

There is also provided, in accordance with an embodiment of the present invention, a

system for fabrication of a device, including a bonding station, which is configured to bond a

first side of a wafer of semiconductor material, having first and second sides, to a support

substrate using an adhesive. At least one etching station is configured to etch release openings

through the wafer to the support substrate around an area of the device while the wafer is

bonded to the support substrate. A debonding station is configured to debond the adhesive after

etching of the release openings so as to release a moving part of the device.

There is additionally provided, in accordance with an embodiment of the present

invention, a system for fabrication of a device, including a bonding station, which is configured

to bond a first side of a first semiconductor wafer to a second semiconductor wafer having a

cavity therein so that the cavity is positioned over an area of the first semiconductor wafer that

contains the pattern. A thinning station is configured to thin a second side of the first

semiconductor wafer to a predefined thickness while the first side of the first semiconductor

wafer is bonded to the second semiconductor wafer. At least one etching station is configured

to etch release openings into the first semiconductor wafer in an area of the device in the first

semiconductor wafer, such that the release openings pass through the first semiconductor wafer

after the thinning, so as to release a moving part of the device.

The present invention will be more fully understood from the following detailed

description of the embodiments thereof, taken together with the drawings in which:



BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is schematic, pictorial illustration of a MEMS gimbaled mirror device, produced

in accordance with an embodiment of the present invention;

Fig. 2 is a schematic, pictorial illustration of a semiconductor wafer, showing a stage in

the production of MEMS gimbaled mirror devices in accordance with an embodiment of the

present invention;

Figs. 3A-3J are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with an embodiment of the present

invention;

Figs. 4A-4I are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with another embodiment of the

present invention;

Figs. 5A-5I are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with yet another embodiment of the

present invention;

Figs. 6A-6E are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with a further embodiment of the

present invention;

Figs. 7A and 7B are schematic, sectional illustrations showing stages in production of a

support wafer used in producing a micro-mechanical device, in accordance with an embodiment

of the present invention;

Figs. 8A-8H are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with an alternative embodiment of the

present invention;

Figs. 9A-9J are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with another alternative embodiment

of the present invention;

Figs. 10A-10E are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with still another embodiment of the

present invention;

Fig. 1 1 is a block diagram that schematically illustrates a system for production of

MEMS devices in accordance with an embodiment of the present invention;



Figs. 12A-12J are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with a further embodiment of the

present invention; and

Fig. 13 is a schematic, sectional illustration showing a stage in production of a micro-

mechanical device, in accordance with an embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

OVERVIEW

Micro-mechanical devices that are produced from semiconductor wafers, such as

MEMS devices, often require a large range of movement. For this purpose, the moving part is

typically made thin, and therefore may not be stable when produced on a wafer scale. To deal

with this instability, a thick support layer is often needed, in addition to the device layer from

which the actual device is made, in order to provide additional mechanical strength during

production. The support layer is commonly joined to the device layer in a silicon-on-insulator

(SOI) configuration, with a dielectric (oxide) layer bonded in between, as in the above-

mentioned U.S. Patent 7,952,781, for example.

Production of MEMS devices from SOI using processes that are known in the art

generally requires that large amounts of semiconductor material be removed from the device

and support wafers, typically by DRIE and wafer thinning processes. These processes are time-

consuming and thus expensive. Moreover, uniformity of these processes over the entire wafer

scale can be difficult to maintain, further complicating device production and reducing yield.

Embodiments of the present invention that are described hereinbelow provide novel

methods and systems for wafer-scale production of micro-mechanical devices that can enhance

process efficiency and yield. The example embodiments described below refer specifically, for

the sake of clarity and concreteness, to production of MEMS-based scanning mirrors from

silicon wafers. The principles of the present invention, however, are similarly applicable to

other types of silicon MEMS devices and, mutatis mutandis, micro-mechanical devices of other

types that can be made from semiconductor wafers. Although the figures illustrating each of

the embodiments show, for the sake of simplicity, stages in the production of a single device, in

practice the disclosed techniques are applied to a large matrix of dies simultaneously and thus

reliably produce large numbers of replicated devices from each wafer.

In some embodiments, a wet etching process is used to locally thin the wafer in an area

of the device to a predefined thickness, by removing the semiconductor material from at least



the one side of the wafer (and possibly both). A further etching process, typically dry etching,

such as RIE and/or DRIE, is applied to etch through the thinned wafer in the area of the device

so as to release the moving part or parts of the device. The term "release" in this context means

that these parts are free to move as intended in the device design, although they may typically

remain attached to other parts of the device by hinges or other connections.

Optionally, singulation openings may also be etched through the thinned wafer around

the area of the device, and the device is then separate from the remaining portion of the wafer

along the singulation openings. The singulation openings may be etched in such a way as to

leave tabs extending across the singulation openings between the device and the remaining

portion of the wafer, to hold the device in place temporarily. The tabs are then broken in order

to singulate the device.

In some embodiments, a dielectric layer (such as a silicon dioxide layer) is deposited on

one or both sides of the semiconductor wafer and is lithographically patterned to define a

pattern of features of the device before thinning. A wet etching process is applied in order to

etch the pattern of features through the patterned dielectric layer into the semiconductor

material. After etching the pattern, the dielectric layer is removed from at least the area of the

wafer that contains the pattern (although the dielectric layer is generally left in place around the

perimeter of this area). The wafer is then thinned to the appropriate thickness using the wet

etching process, which removes the semiconductor material from at least the patterned side of

the wafer, and possibly from both sides. This sort of wet etching has the advantage of

preserving the etched pattern, while reducing the wafer thickness quickly, uniformly, and

inexpensively, and leaving the surface smooth at the end of the process. After thinning, an

additional etching step may be applied to etch through the wafer around the etched pattern for

purposes of creating the release and singulation grooves.

The embodiment described above operates on a simple, single silicon wafer, rather than

an SOI wafer, as is commonly used in MEMS production. On the other hand, an alternative

embodiment of the present invention provides a novel support wafer and a technique for quick,

efficient removal of the support wafer after use. For this purpose, the support wafer has

multiple cavities that open through at least a first side, and possibly pass entirely through the

support wafer. The wafer from which the device is to be produced (referred to as the "device

wafer") is bonded to the first side of the support wafer, with a dielectric layer in between,

formed either on the first side of the support wafer or the inner side of the device wafer before

bonding the wafers.



While the device wafer is bonded to the support wafer, the device wafer is thinned to a

required thickness, typically using one or more processes such as wafer grinding, chemical-

mechanical polishing (CMP), and wet etching. The support wafer provides the required

stability, and the pattern of cavities in the support wafer is typically defined so as to provide

uniform support for the device wafer during thinning, while simultaneously enabling

subsequent etchant penetration for support wafer removal. Optionally, a pattern of features of

the device may then be etched into the device wafer. After the optional etching this pattern, the

support wafer and the dielectric layer are removed from the device wafer by applying an

etchant, such as hydrofluoric acid (HF), through the cavities to the dielectric layer. This

approach substantially reduces the complexity and time required to remove the support wafer

once it is no longer needed. The support wafer may then be cleaned and reused.

In yet another embodiment, a semiconductor wafer is bonded during production to a

support substrate using an adhesive. While the lower side of the wafer is bonded to the support

substrate, the device wafer is thinned to a required thickness, following by an optional etching

of features of the device into the upper side of the wafer. Release openings and singulation

openings are etched through the wafer down to the support substrate around the area of the

device. The adhesive is then debonded so as to release the moving parts of the device and

allow the device to be singulated. The remains of the device wafer are removed from the

support substrate, which may subsequently be reused.

For the purpose of easy debonding, a support substrate that is transparent to optical

radiation may be used, such as a suitable glass substrate. For example, an adhesive that

debonds under ultraviolet radiation may be used, and the debonding may be accomplished by

irradiating the adhesive with the ultraviolet radiation through the transparent support substrate.

Alternatively, other sorts of adhesive may be debonded by heating the support substrate.

Still another group of embodiments uses a support wafer in which a cavity is pre-etched

over each of the dies in the device wafer. A pattern of features of the device is optionally

etched into one side of the device wafer. The (optionally) patterned side of the device wafer is

then bonded to the support wafer with the cavity positioned over the area of the device wafer

that contains the pattern. Once the wafers are bonded in this fashion, the other (non-patterned)

side of the device wafer is thinned to a predefined thickness.

Release openings are etched into the device wafer around the pattern, such that the

release openings pass through the device wafer after the thinning. These release openings may

be etched into the patterned side of the device wafer to an appropriate depth (but typically not



all the way through) before bonding to the support wafer and thinning. Alternatively, the

release openings may be etched through the other (outer) side of the device wafer after bonding

and thinning. In either case, the moving part or parts of the device are released along the

release openings. Singulation openings may also be etched through the device wafer around the

release openings, while the device wafer remains bonded to the support wafer, after which the

device is separated along the singulation openings from the remainder of the device wafer,

which remains bonded to the support wafer.

TYPICAL DEVICES

Fig. 1 is schematic, pictorial illustration of a MEMS gimbaled mirror device 20,

produced in accordance with an embodiment of the present invention. Mirrors of this sort are

described in detail in PCT patent application PCT/IB201 3/056101, filed July 25, 20 , whose

disclosure is incorporated herein by reference. Device 20 wi l be described here briefly as an

illustrative example of the sorts of devices that can be produced using the methods described

hereinbelow. These methods may similarly be applied, however in producing micro-

mechanical devices of other sorts.

Device 20 is made from a thinned silicon wafer, which is etched to produce the

structures shown in the figure. The device comprises a micromirror 22, which is coated with a

reflective coating 24, such as a thin layer of gold or another metal. Micromirror 22 is attached

by hinges 28 to a gimbaled base 26, which in turn is attached by hinges 32 to a peripheral

support 30. Micromirror 22 is typically a few millimeters across, with a thickness on the order

of 30-150 µ , while hinges 28 and 32 may be even thinner for high twisting flexibility. The

parts of device 20 are separated from one another by grooves that pass through the entire

thickness of the device. Other features of the device may comprise recesses and other

structures that are shallower than the full thickness.

Twisting of hinges 28 and 32, typically driven by a magnetic drive as described in the

above-men tioned PCT patent application, scans micromirror 22 about two orthogonal axes over

a range that may reach several tens of degrees. In this embodiment, base 26 has wings 34 to

which respective magnetic rotor pieces (not shown) are mounted. Another magnetic rotor piece

may be fixed in a recess on the back side of micromirror 22.

Fig. 2 is a schematic, pictorial illustration of a semiconductor wafer 40, showing a stage

in the production of MEMS scanning mirror devices 20 in accordance with an embodiment of

the present invention. In this view, device 20 is seen from the opposite side from the view

shown in Fig. 1. For convenience, the side shown in Fig. 1 will be referred to as the reflective



side of device 20, while the side shown in Fig. 2 is referred to as the patterned side. In the

pictured example, the pattern comprises a recess 42, which is configured to hold a magnetic

rotor piece, as noted above. Alternatively or additionally, the pattern may comprise other

features, such as ribs, as described, for example, in the above-mentioned U.S. Patent 7,952,781.

As shown in Fig. 2, multiple devices 20 are fabricated simultaneously on wafer 40.

Singulation grooves 44 are etched through the wafer in order to permit the devices to be

separated upon completion of the process. Unlike features such as recess 42, which are etched

only partially through the thickness of the device, grooves 44 extend through the full thickness

of the device. A number of thin tabs may be left across the grooves in order to hold the device

in place until all other processing is completed, whereupon the tabs are broken to release the

device. Similarly, grooves may be etched around breakaway pieces 46 surrounding the

structure of device 20, to enable pieces 46 to be removed in order to leave empty spaces in the

device where required. As described below, device 20 may be temporarily connected to the

support wafer via thin, breakable tabs between parts of the device and breakaway pieces 46.

For clarity in the description that follows, features such as recess 42 and ribs, which

remain a solid part of the finished device, are referred to as "features of the device" or "device

features," while openings extending through the full thickness of the finished device, such as

grooves 44, are referred to as "through features." Such through features typically include

"release openings," along which the moving parts of the device are released from the

surrounding parts of the device so that they are able to move. The through features may also

include "singulation openings," which are used to remove the device from the surrounding

wafer and/or support substrate. The openings in device 20 around mirror hinges 28 and 32 and

grooves 44 along the die outline are both examples of through features.

DEBONDABLE SUPPORT SUBSTRATE

Figs. 3A-3J are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with an embodiment of the present

invention. As shown in Fig. 3A, the process starts with a Si wafer 50, at a stable wafer

thickness, typically several hundred micrometers. The wafer may be patterned by deposition of

a reflective layer on one side of the wafer, typically a metal layer 52 (assuming the target device

is to serve as a scanning mirror as in the examples described above). The metal layer may be

deposited using any suitable process known in the art, such as lift-off, evaporation or shadow-

mask processing.



A support substrate, such as a glass wafer 54, is bonded to Si wafer 50, with metal layer

52 facing the glass, as shown in Fig. 3B. This bonding is typically performed using an adhesive

that can be subsequently released, for example by optical irradiation, typically in the ultraviolet

(UV) range, or by thermal treatment (heating). Use of UV is possible as long as the glass is of a

type that is transparent to UV. UV-debondable adhesives are known in the art, such as the

adhesives used in Nitto tapes, blue tapes or UV tapes (different names for the same sort of

item). Glass wafer 54 may be flat, or may have cavities (not shown) to protect metal layer 52.

After bonding to the glass wafer, Si wafer 50 may be thinned to a required thickness, since the

glass wafer will maintain the structurally stability of the thinned Si wafer.

A thin layer 56 of Si02, typically about 1-2 µιη thick, is deposited over the reverse side

of wafer 50, opposite metal layer 52 and glass wafer 54, as shown in Fig. 3C. The Si02 is

lithographically patterned and selectively etched, using reactive ion etching (RIE) of Si02 to

define a pattern 58 on the wafer surface, as shown in Fig. 3D. The spaces in pattern 58 from

which the Si02 is removed define the locations of the device features and the through features.

A layer of photoresist 60 is deposited over pattern 58, as shown in Fig. 3E, and this layer is then

lithographically patterned to remove the photoresist in areas 62 in which through features are to

be created, as shown in Fig. 3F. The corresponding through features 64 are then etched, by

DRIE, for example, part way through wafer 50, as shown in Fig. 3G.

Following this step, as shown in Fig. 3H, photoresist 60 is removed from the surface of

wafer 50. The DRIE process is then applied over the entire wafer surface (protected by pattern

58), as shown in Fig. 31. As a result, features 64 are etched down to the surface of glass wafer

54, creating grooves 66 through the full thickness of wafer 50. Device features, in the form of

recesses 68, are simultaneously etched in the spaces in which the Si of wafer 50 is exposed

between the lines of pattern 58. Grooves 66 typically include release openings and may include

singulation openings, extending through wafer 50 to glass wafer 54 at the die boundaries, so

that devices 70 may subsequently be singulated along these grooves.

Devices 70 are debonded from glass wafer 54 by suitable optical (UV) or thermal

treatment, as shown in Fig. 3J. This debonding may take place either at the fabrication facility

or at the packaging facility. Glass wafer 54 remains intact and may be recycled back to the

fabrication facility for the next round of production.

Fig. 3, as described above, presents one example of a process that can be implemented

using a temporary support substrate, which is subsequently debonded. Variations on this

process are possible, such as etching features 68 into a standard wafer, then bonding the etched



side of the wafer to the support substrate, thinning the wafer, applying the reflective coating,

then patterning and etching the through features, all from the side of the wafer distal to a

support wafer.

SUPPORT WAFER WITH PRE-FORMED DEVICE CAVITIES

Figs. 4A-4I are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with another embodiment of the

present invention. The initial steps of the process, illustrated in Figs. 4A-4C, are similar to

those in Figs. 3C-3I, except that no support substrate is used at these stages in the present

embodiment. The same indicator numbers are therefore used in Figs. 4A-4C as in Figs. 3C-3I

to indicate the same structures, although in the absence of a support substrate, wafer 50 in the

present embodiment may be thicker at this stage than in the preceding embodiment.

After application of Si02 pattern 58 and etching of features 64, as illustrated in Fig. 4B,

DRIE is applied to create grooves 66 and recesses 68, as shown in Fig. 4C. Grooves 66 are

etched to a greater depth than recesses 68, but to less than the full thickness of wafer 50 at this

stage. A further Si02 coating 72 may be then deposited over the entire patterned surface of

wafer 50, as shown in Fig. 4D, to protect the patterned features in the subsequent processing.

Coating 72 may be applied by a thermal process, as is known in the art.

In a separate process, as shown in Fig. 4E, a second Si wafer 74, referred to as a support

wafer, is patterned with protective layers 76 and 78 on its opposing surfaces. For example,

layers 76 and 78 may comprise silicon nitride (Si3N4). Layer 78 is lithographically patterned

and then etched, typically using RIE, to create the desired pattern, which defines the location of

cavities to be etched into wafer 74.

Wet etching is then applied to wafer 74 to create the cavities in the wafer, with a cavity

80 corresponding to each die in wafer 50, as illustrated in Fig. 4F. Wet etching is a cost-

effective process, in which the wafers are bathed in an etching solution, such as KOH. Wafers

can be put in cassettes, and, using appropriate etch-rate homogenization techniques, as are

known in the art, the etch rate can be made very uniform across each wafer and between

different wafers in the cassette. Layers 76 and 78 protect wafer 74 from the wet etch, so that

cavity 80 is formed from the lower side of the wafer (in the view shown in the figures), with

patterned layer 78, to the upper side, which is protected by unpatterned layer 76. Alternatively,

mechanical protection during wet etching may be used instead of layer 76 in case no patterning

of this layer is required. Layers 76 and 78 are then removed after the cavities are formed.



Following the separate etching stages that are applied to the device and support wafers,

wafers 50 and 74 are then bonded together, as shown in Fig. 4G, using any suitable wafer

bonding technique that is known in the art, such as fusion bonding. The side of wafer 50 that

has been patterned and etched is bonded to wafer 74 so that cavity 80 is aligned and positioned

over the area of wafer 50 that contains the pattern. Alternatively, depending on space

constraints and other considerations, the other side of wafer 50 may be bonded to wafer 74.

While wafers 50 and 74 are bonded together in this fashion, the opposite, outer side of

wafer 50 is thinned to the required thickness, typically on the order of 30-150 µπι, as illustrated

in Fig. 4H. Grinding and chemical-mechanical polishing (CMP) techniques, as are known in

the art, may be used for this purpose. Since the features of the device were already defined by

etching before wafer thinning, this last stage should not apply physical force on the device, and

can be accomplished, for example, by polishing followed by a non-mechanical process, such as

wet etching, to ensure a smooth mirror surface. Wafer 74 provides mechanical support to wafer

50 during this process. Coating 72 may also be chemically removed from the exposed surface

of wafer 50, thus uncovering device features 84.

As a result of the thinning process, grooves 66 (marked in Figs. 4C and 4D) now

become release openings that extend through the full thickness of wafer 50. These grooves will

be used, as explained above, to separate the moving parts of a device 82 that has been produced

by the above process from the surrounding parts. Grooves 66 may also serve as singulation

openings, to separate device 82 from wafer 74, as well as from the remainder of wafer 50 that

remains bonded to wafer 74. Wafer 74 may subsequently be cleaned and reused.

Typically, before device 82 is separated from wafer 74, a reflective layer 86 is deposited

on the thinned side of wafer 50, opposite the side with features 84, as shown in Fig. 41. (Layer

86 is needed if device is to serve as a scanning mirror, but of course may not be needed in other

sorts of MEMS devices.) Layer 86 may be deposited using any suitable technique known in the

art, such as shadow mask or spray coating techniques.

Figs. 5A-5I are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with yet another embodiment of the

present invention. This embodiment is similar to that of Figs. 4A-4I, except that the release

openings are formed through the outer side of the wafer 50 (i.e., the side facing away from

support wafer 74) after bonding and thinning.

In this embodiment, a peripheral pattern 90 and a device pattern 92 are etched in a layer

of Si02 on the surface of wafer 50, as shown in Fig. 5A. Device pattern 92 defines the



locations of device features, while pattern 90 covers the surrounding area of wafer 50, including

the areas that are to be bonded to support wafer 74 and the areas in which the release openings

will subsequently be made. Device features 94 are etched in the spaces defined by pattern 92,

as shown in Fig. 5B, using DRIE, for example. A further Si02 coating 96 is then deposited

over wafer 50, including features 94, as shown in Fig. 5C.

Cavities 80 are formed in wafer 74, as explained above, and wafer 50 is then bonded to

wafer 74, with features 94 facing into and aligned with cavity 80, as shown in Fig. 5D. While

bonded to wafer 74, wafer 50 is thinned, typically by grinding and CMP and/or wet etching, as

shown in Fig. 5E. It may be advantageous to use non-mechanical techniques in the final stages

of thinning wafer 50, in order to avoid possible development of local curvature in wafer 50 as a

result of mechanical pressure and lack of local support from wafer 74.

After thinning, a reflective layer 98 may be deposited on the outward-facing side of

wafer 50, as shown in Fig. 5F (i.e., on the lower side of wafer 50 in the view shown in the

figures). In this embodiment, since no openings have yet been formed in this outer side of

wafer 50, any suitable process can be used to apply layer 98, including coating the entire wafer

surface with metal and then patterning the surface to leave the metal layer in place only where

desired.

In order to form the "through" features, including release openings and possible

singulation openings, an Si02 coating 100 is deposited over the outer surface of wafer 50, as

shown in Fig. 5G. Coating 100 is patterned by photolithography to define the locations of

grooves 102. These grooves are then etched through the entire thickness of wafer 50, as shown

in Fig. 5H, typically using the techniques of RIE and DRIE that are described above. Si02

coatings 96 and 100 protect the areas that are not to be etched at all stages of this process, in

order to prevent over-etching and wafer-scale non-uniformity. Coatings 96 and 100 are then

removed when they are no longer required (by buffer HF etching, for example), as shown in

Fig. 51. Alternatively, an appropriate photoresist layer may be used instead of coating 100, and

then removed after etching by appropriate chemicals. A resulting device 104 is thus released

and may also be singulated from wafer 74, as well as from the remainder of wafer 50 that

remains bonded to wafer 74.

Figs. 6A-6E are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with a further embodiment of the

present invention. This embodiment is similar to the preceding embodiment, except that in this

case, a cavity 114 is initially formed only part way through a support wafer 110, leaving a thin



cover 112 over the cavity on one side. As shown in Figs. 6A and 6B, wafers 50 and 110 are

aligned so that cavity 114 opens toward the side of wafer 110 that is proximal to wafer 50,

while the distal side of the cavity, opposite the proximal side, remains closed. The side of

wafer 50 in which features 94 are formed is then bonded to the proximal side of wafer 110

(after application of Si02 coating 96, as described above).

Keeping cavity 114 closed in this manner during thinning of wafer 50 can have a

number of advantages. The presence of cover 112 adds some mechanical strength to wafer 110.

Furthermore, some machines (such as grinding and polishing machines having vacuum chucks)

may work better when the surface of support wafer 110 that they grasp is vacuum-tight, as can

be accomplished as long as cover 112 is left in place. Thus, cover 112 remains in place as

wafer 50 is thinned, and possibly while grooves 102 are formed through the thinned wafer

thereafter, as shown in Fig. 6C.

After vacuum is no longer required, a Si02 coating 116 is applied around the periphery

of cover 112. The cover is then removed, for example by DRIE, as shown in Fig. 6D.

Alternatively, cover 112 may be ground off. Coatings 96 and 100 are removed, as well, and a

resulting device 104 is thus released, as shown in Fig. 6E.

Further alternatively, if grooves 102 include singulation openings, device 104 may be

separated from wafer 50 along the appropriate grooves. In this case, there may be no need for

cover 112 to be removed, so that wafer 110 can simply be cleaned and then reused.

One of the features of wet etching processes (such as KOH etching), when applied to

crystalline Si, is that the edges of the cavities that they create in the wafer have an inherent

slope, as illustrated by the shapes of cavities 80 and 114 in the foregoing embodiments. For

example, processing a <1,0,0> wafer in this manner will create cavities with a slope of 54.74°

around their edges, on account of the orientations of the crystal planes of Si. This slope creates

a large variation in the area of the cavity as a function of depth, which may be undesirable in

some applications.

Figs. 7A and 7B are schematic, sectional illustrations showing stages in production of a

support wafer 120 used in producing a micro-mechanical device, in accordance with an

embodiment of the present invention. In this case, both of protective layers 122 and 124 on the

opposing surfaces of wafer 120 (typically layers of Si3N4) are lithographically patterned and

then etched. A wet etching process is then applied to both the proximal and distal sides of

wafer 120 in order to form a cavity 126. Such dual-sided etching eliminates the difference

between the cavity size on the two sides of the wafer, while reducing the variation of cavity size



with depth a factor of two, since the inward slopes of the cavity from both sides terminate along

a central line 128.

SIMPLIFIED REMOVAL OF SUPPORT LAYER

Figs. 8A-8H are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with an alternative embodiment of the

present invention. This embodiment makes use of a support wafer 130, having cavities 140

extending therethrough, as shown in Fig. 8A. Wafer 130 is bonded to a device wafer 134, as

shown in Fig. 8B, with a dielectric layer 136 in between. Typically, layer 136 comprises Si02

and is deposited on the surface of either wafer 130 or wafer 134 before they are bonded

together.

To produce cavities 140, wafer 130 is covered with an external Si02 layer 138, and this

external layer is then patterned and etched to create the mask for etching the cavities.

Alternatively, the mask for etching the cavities may be created by application and patterning of

a photoresist layer without the need for Si02. Cavities 140 are then selectively etched to a

selected depth using DRIE or by a wet etching process using the mask. A remainder 142 of

wafer 130 after etching still has sufficient mechanical strength to provide the necessary support

to a device wafer 134. Alternatively or additionally, other patterns of cavities (not shown),

including vertical and/or horizontal cavities, may be formed within support wafer 130, opening

through the surface of wafer 130 that is bonded to wafer 134 and reaching dielectric layer 136.

An example of such an alternative pattern, in which the cavities extend only part way through

the support wafer, in shown in Figs. 12A-12J. In any case, the support wafer may typically be

cleaned and reused after completion of the process shown in Figs. 8A-8H or Figs. 12A-12J, so

that the time-consuming process of forming the cavities need not be repeated.

After making the preparations described above, wafer 134 is thinned, typically by

grinding and polishing, with the support of support wafer 130. A protective layer 144, such as

Si02 and/or Si3N4, may then be deposited on the outer surface of wafer 134 and may

optionally be patterned in order to etch a pattern of features 146 of the device into wafer 134, as

shown in Fig. 8C. (In this example, just a single feature is shown for the sake of simplicity.

More generally, the term "feature" may refer to any modification of the shape of wafer that

goes into making the resulting device, including simply thinning the wafer.) After etching this

pattern, the outer surface of wafer 134 is mounted on a support structure 148, as shown in Fig.

8D. Support structure 148 in this case may be a support wafer, which will stay in place through



the rest of the process until the device is singulated, and has a cavity 150 below the device area

of wafer 134.

Remainder 142 of wafer 130 and layer 136 are then removed from wafer 134 by

applying an etchant through cavities 140 to dielectric layer 136. For example, an HF-based

etchant is effective in decomposing and detaching Si02 from silicon and can be used for this

purpose. Once the Si02 in layer 136 has decomposed, remainder 142 of wafer 130 will simply

pull away from wafer 134, which remains supported by support structure 148, as shown in Fig.

8E.

At this stage, the inner surface of wafer 134 is exposed, and a reflective layer 152, such

as gold or another metal, can be deposited on the exposed inner surface, as shown in Fig. 8F.

This surface is then coated with a photoresist layer 154, and the photoresist is patterned to

define the through features of the device. The through features in this example comprise both

release openings 156 and singulation openings 158, which are etched through device wafer 134

into cavity 150, as shown in Fig. 8G. This etching step may use RIE and/or DRIE, for example.

Singulation openings 158 typically surround the etched pattern of features 146 and

openings 156, as illustrated in Fig. 8H. The singulation openings may contain tabs (not seen in

this figure) that can be broken to release a device 160 from support structure 148. The part of

wafer 134 that is not a part of the final device is used to provide "anchors" to hold the device

until the tabs are broken and the device is singulated. This remaining part of the wafer typically

remains attached to the support structure, but may thereafter be cleaned off if the support

structure is to be reused. Device 160 in this example comprises a micromirror 162, which is

coated by reflective layer 152 and is attached by hinges (as shown in Fig. 1) extending across

openings 156 to a base 164.

Figs. 12A-12J are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with a further alternative embodiment

of the present invention. This embodiment is similar in principle to the embodiment of Figs.

8A-8H, but uses a support wafer 250 in which cavities 254 are etched only part way through the

wafer, as shown in Fig. 12A. Furthermore, the process of Figs. 12A-12J does not use additional

support structure and has a different singulation procedure from that used in the preceding

embodiment. Cavities 254 are typically etched by depositing and patterning a dielectric layer

252 on one surface of wafer 250, and then etching through the dielectric layer openings into the

wafer using DRIE or wet etching, for example.



A protective layer 258, such as Si02 and/or Si3N4, or a photoresist layer if the

subsequent etching is to be performed by DRIE, is deposited on the surface of a device wafer

256, and is then patterned in order to etch a pattern of features 260 of the device into wafer 256,

as shown in 12B. (In this example, again, just a single feature is shown for the sake of

simplicity.) After etching this pattern, an oxide layer 262 is deposited over the surface of

wafer 256, as shown in Fig. 12C. This surface of wafer 256 is then bonded to the surface of

wafer 250 through which cavities 254 open, with oxide layer 262 interposed between the two

wafer surfaces, as shown in Fig. 12D.

In this bonded configuration, the outer side of wafer 256 is thinned, typically by

polishing and grinding, as shown in Fig. 12E. In this manner, the thickness of wafer 256 is

reduced to the target device thickness. A reflective layer 264, such as gold or another metal,

can be deposited in this stage on the outer surface of wafer 256, as shown in Fig. 12F.

A layer of photoresist 266, is now deposited over the outer surface of wafer 256, as

shown in Fig. 12G. (The photoresist may also cover reflective layer 264.) The photoresist is

then patterned by photolithography, and the wafer is etched to create through features passing

through wafer 256, including both release openings 268 and singulation openings 270, as

shown in Fig. 12H. These openings are etched all the way through wafer 256 to oxide layer

262. This etching step may use RIE and/or DRIE, for example.

After the etching is completed, the remains of photoresist layer 266 are removed, either

by a dry process (such as plasma ashing) or a wet process (for example, using acetone,

"piranha," or a dedicated resist-removal chemical. The Si02 layer 262 is etched away e.g. by

HF fumes or wet process, as shown in Fig. 121. This etching process is controlled, however, so

that parts of layer 252 (and/or of oxide layer 262) remain at the periphery of the device die.

Consequently, a part of wafer 256 that surrounds the device (but is separated from it by

openings 270) remains bonded to support wafer 250.

A device 276 may then be singulated, for example by breaking tabs (shown in Fig. 13)

extending across openings 270 to separate the device from the remainder of wafer 256, as

shown in Fig. 12J. Device 276 in this example comprises a micromirror 272, which is coated

by reflective layer 264 and is attached by hinges (as shown in Fig. 1) extending across openings

268 to a base 274.

Fig. 13 is a schematic, sectional illustration showing a stage in production of a micro-

mechanical device, in accordance with an embodiment of the present invention. This figure

corresponds, in terms of process steps, to the stage shown in Fig. 121. It illustrates how the



photolithographic process applied in the stage of Fig. 12H to form singulation openings can

leave tabs 288 extending across the singulation openings between a device 286 and a remaining

portion 284 of the device wafer. Portion 284 may correspond, for example, to breakaway

pieces 46 (Fig. 2) and/or to the area of the device wafer at the edges of the die, surrounding

each device. Tabs 288 are broken in order to separate the device from the remaining portion of

the wafer.

In this example, cavities 254 in support wafer 250 define protrusions 280 and 282 that

extend between the cavities and contact the device wafer, wherein protrusions 280 and 282 are

of different sizes. The features of device 286 are formed in the area of wafer 284 that is in

contact with protrusions 280, and singulation openings 270 (Fig. 121) are etched through wafer

284 around this area. Because protrusions 280 are larger than protrusions 282, the etchant

applied following the stage of Fig. 12H removes dielectric layer 252 from protrusions 282 more

rapidly than from protrusions 280.

The etching process is stopped when layer 252 has been sufficiently removed to free

device 286 from protrusion 282, while leaving sufficient dielectric material so that protrusions

280 remain bonded to portion 284 of the device wafer, as shown in Fig. 13. Narrow tabs 288

connecting device 286 to remaining portion 284 across singulation openings 270 may be

broken, for example, by exerting a light downward force on the edge of portion 284 adjacent to

the tab. Device 186 is then separated from the remaining portion of the wafer along the

singulation openings while the remaining portion of the wafer remains bonded to protrusions

280.

DEVICE PRODUCTION USING A SINGLE WAFER WITHOUT SUPPORT

Figs. 9A-9I are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with another alternative embodiment

of the present invention. In this embodiment, dielectric layers are deposited on at least one side

of a Si wafer 170, and typically on both sides, as shown in Fig. 9A. Typically, the starting

thickness of wafer 170 at this stage in the range of 200-500 µιη (depending on wafer size,

equipment capabilities and the processed wafer stability requirements), before deposition of the

dielectric layers. In the present example, the dielectric layers are made up of Si02 and Si3N4

sub-layers. Si02 sub-layers 172 and 174 are first deposited on both sides of wafer 170, and

then Si3N4 sub-layers 176 and 178 are deposited over the Si02.

In this embodiment, sub-layers 174 and 178 will be removed from most of wafer 170

before thinning the wafer, while sub-layers 172 and 176 will be removed from the wafer only



after thinning is done. Sub-layers 172 and 176 are used to protect the second side of the wafer

while the first side is being wet etched. Alternatively, only one of these sub-layers, such as

Si3N4 sub-layer 176, may be sufficient for this purpose. Further alternatively, the second side

of the wafer may be protected by mechanical means (such as a vacuum chuck) during wet

etching of the first side.

To permit both etching of device features and thinning of wafer 170, sub-layers 174 and

178 are left in place around the perimeter of the device that is to be produced, so as to prevent

thinning of the perimeter during the wet etching process. For this purpose, sub-layers 174 and

178 are etched away from an area 180 of wafer 170 that is to contain the pattern, so as to

expose the silicon surface in the area, as shown in Fig. 9B, while sub-layers 174 and 178 remain

in place around the perimeter of the device area. Sub-layer 178 (Si3N4) may be etched by RIE,

followed by etching of layer 174 (Si02) by buffered oxide etching (BOE), as is known in the

art, or by another suitable HF-based etching process.

Alternatively, it is possible, in this and other embodiments, to apply only Si3N4 layer

174, without an oxide layer, and to etch layer 174 selectively using RIE. In this case, care

should be taken to stop the RIE in time to avoid roughening the underlying Si surface.

A further dielectric layer, comprising a Si02 sub-layer 182 and a Si3N4 sub-layer 184,

is then deposited over the exposed silicon and over the remaining sub-layers 174 and 178 at the

device perimeter, as shown in Fig. 9C. Using a photoresist-patterned dry etching process, such

as RIE (for the Si3N4 layer), followed by BOE (for the Si02 layer), a pattern of features 186,

188 of the target device is etched through sub-layers 184 and 182 into area 180 of wafer 170

that was previously exposed. This step is followed by a wet etching process (using a KOH

bath, for example), to create the features, as illustrated in Fig. 9D.

After etching the pattern, sub-layers 184 and 182 are stripped from the entire wafer area,

using suitable nitride and oxide stripping processes. Nitride can be stripped away, for example,

by a wet process of hot phosphoric acid, while oxide can be stripped by BOE. In order to

protect the surface of etched features 186, 188 during the nitride and oxide strip, a thermal

oxide process can be applied to the wafer (not shown), wherein the oxide will grow only on the

surface of features 186, 188 since the rest of the wafer is covered by nitride.

A second wet etching process, using a KOH bath, for example, is then applied in order

to thin wafer 170 to a predefined target thickness, typically on the order of 30-150 µιη, as

shown in Fig. 9E. This step removes the silicon from the exposed side of the wafer, while

leaving a sloped supporting edge 190 around the device area. (As noted earlier, the slope is an



inherent result of the wet etching process in crystalline silicon.) Because of the crystal-plane-

specific properties of the wet etching process, however, the etched pattern of features 186, 188

is preserved while the wafer is thinned. If necessary, features 186, 188 can be protected to

preserve their shapes while etching the cavity. For example, this sort of protection can be

effected using the technique described by P. Pal et al., in "A novel process for perfect convex

corner realization in bulk micromachining," . Micromech. Microeng. 14 (2004), pages 1416—

1420, which is incorporated herein by reference.

After wafer 170 has been patterned and thinned, the remaining dielectric sub-layers 172,

176, 174 and 178 are removed from the wafer, by suitable stripping processes. A reflective

layer 194 may be deposited on the unpatterned side of wafer 170 that is now exposed, as shown

in Fig. 9F.

In order to release the device, a photoresist layer 196 is deposited over the unpatterned

side of wafer 170, as shown in Fig. 9G. A photolithographic process is then applied to the

photoresist in order to define the locations of the through features and remove the photoresist

from these locations. A dry etching process, such as RIE and/or DRIE, is then applied to etch

the through features, including (in this example) hinge openings 198 and release openings 200,

as illustrated in Fig. 9H. These openings extend through thinned wafer 170 around the pattern

of features 186, 188 that was previously etched into the other side of the wafer.

Photoresist layer 196 is now removed, as shown in Fig. 91. A device 206 can then be

separated from the remaining portion of wafer 170 (i.e., from supporting edge 190) along

singulation openings 200, as shown in Fig. 9J. Typically, tabs are left across openings 200

during the etching stage, as shown in Fig. 13, and these tabs are broken in order to singulate the

device as explained above. As in the preceding embodiment, device 206 in this example

comprises a micromirror 202, which is coated by reflective layer 194 and is attached by hinges

extending across release openings 198 to a base 204.

Figs. 10A-10E are schematic, sectional illustrations showing successive stages in

production of a micro-mechanical device, in accordance with still another embodiment of the

present invention. This embodiment is similar to the embodiment of Figs. 9A-9J, except that in

the present embodiment, in the thinning stage, the silicon is removed simultaneously from both

sides of wafer 170 by the wet etching process. This approach may be advantageous in

producing MEMS devices with a balanced center of mass.

As shown in Fig. 10A, the two sides of wafer 170 are coated with dielectric layers by

successive deposition of Si02 sub-layers 172, 174 and Si3N4 sub-layers 176, 178. In this case,



however, sub-layers 172 and 176 are etched away from an area 210 of wafer 170, while sub

layers 174 and 178 are etched away from an area 12 of the wafer, thus exposing the silicon

surface on both sides of the wafer, as shown in Fig. 10B. R E and Buffered oxide etching

(BOE) may be used to achieve this result. One side of wafer 170 (the lower side in these

figures) is then re-coated with an additional Si02 sub-layer 220 and Si3N4 sub-layer 218, as

shown in Fig. IOC. As noted earlier, Si3N4 layers can be used alone, without the underlying

Si02 layers, as long as sufficient care is taken to preserve the silicon surface as the Si3N4 is

etched off.

Using a dry etching process, such as RIE (for layer 218), followed by a BOE (for layer

220), a pattern of features 186, 188 of the target device is etched through sub-layers 218 and

220 into area 212 of wafer 170 that was previously exposed, as illustrated in Fig. 10D. After

etching the pattern, sub-layers 218 and 220 are removed from areas 210 and 212, again using

RIE for Si3N4 layers, followed by BOE for Si02 layers. A wet etching process, using a KOH

bath, for example, is then applied in order to evenly thin wafer 170 from both sides to a

predefined target thickness, typically on the order of 30-150 µηι , as shown in Fig. 10E. The

remaining process steps then proceed as in the previous embodiment.

FABRICATION SYSTEM

Fig. 11 is a block diagram that schematically illustrates a system 230 for production of

MEMS devices 246 in accordance with an embodiment of the present invention. System 230

accepts semiconductor wafers 232 as input material and outputs devices 246 as singulated

silicon dies. These dies may then be assembled, together with electronic, magnetic and optical

components, for example, into finished products.

The elements of system 230 are generally standard items of fabrication equipment,

which are adapted and configured to carry out the methods described above. One or more

deposition stations 234 deposit layers of metal, dielectric materials, and photoresist on wafer

232 as required. A bonding station 235 may be used to bond device wafers to support wafers or

other support substrates (and may also serve as a debonding station, although debonding

functions may alternatively be performed in a different station). A photolithography station 236

is used to apply patterns to layers on the wafer surface, following which the patterns are etched

into the wafer, and parts of the wafer may be thinned. As explained above, some etching steps

may be performed by one or more dry etching stations 238, while others are carried out by a

wet etching station 240. Alternatively or additionally, grinding and/or polishing machines 242

may be used to thin the wafer.



After completion of the wafer-scale fabrication operations outlined above, devices 246

are separated from the remaining part of wafer 232 and from one another by a singulation

station 244. This station may grasp and lift each die away from the wafer and its support

structure. The devices separate along singulation openings, as explained above, possibly by

breaking thin tabs that extend across the openings until this stage.

As noted earlier, although the above embodiments are described, for the sake of clarity

and convenience, with reference to production of certain types of MEMS-based scanning

mirrors, the principles of the present invention are also applicable, mutatis mutandis, to other

types of micro-mechanical devices. It will thus be appreciated that the embodiments described

above are cited by way of example, and that the present invention is not limited to what has

been particularly shown and described hereinabove. Rather, the scope of the present invention

includes both combinations and subcombinations of the various features described hereinabove,

as well as variations and modifications thereof which would occur to persons skilled in the art

upon reading the foregoing description and which are not disclosed in the prior art.



CLAIMS

1. A method for fabrication of a device from a wafer of semiconductor material having

first and second sides, the method comprising:

locally thinning the wafer in an area of the device to a predefined thickness by removing

the semiconductor material from at least the first side of the wafer using a wet etching process;

and

etching through the thinned wafer in the area of the device so as to release a moving part

of the device.

2 . The method according to claim 1, and comprising etching, using a dry etching process, a

pattern of features of the device into the semiconductor material on the first side of the wafer.

3 . The method according to claim 2, wherein the pattern is etched before locally thinning

the wafer.

4 . The method according to claim 3, where etching the pattern comprises:

depositing a dielectric layer on at least the first side of the wafer;

etching the pattern of features of the device through the dielectric layer into the

semiconductor material; and

after etching the pattern, removing the dielectric layer from at least the area of the

device.

5 . The method according to claim 4, wherein depositing the dielectric layer comprises

depositing first and second dielectric layers, respectively, on the first and second sides of the

wafer, wherein the first dielectric layer is removed from the wafer before thinning the wafer,

and the second dielectric layer is removed from the wafer only after thinning the wafer.

6 . The method according to claim 4 or 5, wherein removing the dielectric layer comprises

leaving the dielectric layer in place around a perimeter of the device so as to prevent thinning of

the perimeter during the wet etching process.

7 . The method according to claim 6, wherein depositing the dielectric layer comprising:

depositing a first dielectric layer over the first side of the wafer;

etching away the first dielectric layer from the area of the wafer that is to contain the

pattern, so as to expose the semiconductor material in the area while the first dielectric layer

remains in place around the perimeter of the device; and



depositing a second dielectric layer over the exposed semiconductor material and over

the remaining first dielectric material,

wherein the pattern is etched into the semiconductor material through the second

dielectric layer.

8 . The method according to any of claims 4-7, wherein the semiconductor material is

silicon, and wherein the dielectric layer comprises a first sub-layer of silicon dioxide and a

second sub-layer of silicon nitride adjacent to the first sub-layer.

9 . The method according to any of claims 1-8, wherein thinning the wafer comprises

removing the semiconductor material from both the first and second sides of the wafer using the

wet etching process.

10. The method according to any of claims 1-9, and comprising depositing a reflective layer

on the second side of the wafer after thinning the wafer, whereby the device is configured to

serve as a scanning mirror.

11. The method according to any of claims 1-10, wherein etching through the thinned

wafer comprises depositing a photoresist on the second side of the wafer, and applying a

photolithographic process to define and etch openings passing through the thinned wafer.

12. The method according to claim 11, wherein the openings comprise release openings,

whereby the moving part of the device is separated along the release openings from a remaining

portion of the device.

13. The method according to claim 11 or 12, wherein the openings comprise singulation

openings around an area of the device, and wherein the method comprises separating the device

from a remaining portion of the wafer along the singulation openings.

14. The method according to claim 13, wherein applying the photolithographic process

comprises etching the singulation openings so as to leave tabs extending across the singulation

openings between the device and the remaining portion of the wafer, and wherein separating the

device comprises breaking the tabs.

15. A method for fabrication of a device, comprising:

providing first and second wafers of semiconductor material, both wafers having

respective first and second sides, the first wafer having multiple cavities that open through the

first side thereof;

forming a dielectric layer on the first side of at least one of the first and second wafers;



joining together the first and second wafers by bonding the first side of the first wafer to

the first side of the second wafer along the dielectric layer;

while the first and second wafers are joined together, processing the second wafer to

form features of the device; and

after processing the second wafer, removing the first wafer and the dielectric layer from

the second wafer by applying an etchant through the cavities to the dielectric layer.

16. The method according to claim 15, wherein processing the second wafer comprises

thinning the second wafer.

17. The method according to claim 15 or 16, wherein processing the second wafer

comprises etching a pattern of the features of the device into the second wafer.

18. The method according to any of claims 15-17, and comprising, after removing the first

wafer, reusing the first wafer by joining the first wafer to one or more further wafers for

processing of the further wafers.

19. The method according to any of claims 15-18, wherein the cavities in the first wafer

define first and second protrusions between the cavities on the first side of the first wafer, the

protrusions having different, respective first and second sizes, and

wherein the first and second sizes are chosen so that applying the etchant removes the

dielectric layer from the first protrusions while the second protrusions remain bonded to the

second wafer.

20. The method according to claim 19, wherein processing the second wafer comprises

forming the features of the device in an area of the second wafer that is in contact with the first

protrusions, and etching singulation openings through the second wafer around the area, and

wherein the method comprises separating the device from a remaining portion of the

wafer along the singulation openings while the remaining portion of the wafer remains bonded

to the second protrusions.

21. The method according to claim 20, wherein etching the singulation openings comprises

leaving tabs, following the etching, that extend across the singulation openings between the

device and the remaining portion of the wafer, and wherein separating the device comprises

breaking the tabs.



22. The method according to any of claims 15-21, wherein providing the first wafer

comprises patterning and etching the cavities from the first side of the first wafer into the first

wafer.

23. The method according to any of claims 15-22, wherein the semiconductor material

comprises silicon, and the dielectric material comprises silicon dioxide, and wherein the etchant

comprises hydrofluoric acid.

24. The method according to any of claims 15-23, and comprising, after etching the pattern

but before removing the first wafer and the dielectric layer, mounting the second side of the

second wafer on a support structure, whereby the second wafer is supported by the support

structure after removal of the first wafer and the dielectric layer.

25. The method according to claim 24, and comprising, after mounting the second side of

the second wafer on the support structure, etching through the second wafer around the features

so as to release the device from the support structure.

26. The method according to any of claims 15-25, and comprising, after removing the first

wafer and the dielectric layer, depositing a reflective layer on the first side of the second wafer,

whereby the device is configured to serve as a scanning mirror.

27. A method for fabrication of a device, comprising:

bonding a first side of a wafer of semiconductor material, having first and second sides,

to a support substrate using an adhesive; and

while the wafer is bonded to the support substrate, etching release openings through the

wafer to the support substrate around an area of the device;

wherein the adhesive is debondable after etching the release openings so as to release a

moving part of the device.

28. The method according to claim 27, and comprising, while the wafer is bonded to the

support substrate, etching a pattern of features of the device into the second side of the wafer.

29. The method according to claim 27 or 28, and comprising, while the wafer is bonded to

the support substrate, etching singulation openings through the wafer around the release

openings, and separating the device from a remaining portion of the wafer along the singulation

openings while the remaining portion of the wafer remains bonded to the support substrate.

30. The method according to any of claims 27-29, and comprising, while the wafer is

bonded to the support substrate, thinning the wafer.



31. The method according to any of claims 27-30, wherein the support substrate is

transparent to optical radiation, and wherein the method comprises debonding the adhesive by

irradiating the adhesive with the optical radiation through the support substrate.

32. The method according to claim 31, wherein irradiating the adhesive comprises applying

ultraviolet radiation to the adhesive.

33. The method according to any of claims 27-30, and comprising debonding the adhesive

by heating the adhesive through the support substrate.

34. The method according to any of claims 27-33, and comprising depositing a reflective

layer on the first side of the wafer before bonding the first side to the support substrate,

whereby the device is configured to serve as a scanning mirror.

35. A method for fabrication of a device using a first semiconductor wafer having first and

second sides, the method comprising:

providing a second semiconductor wafer having a cavity therein;

bonding the first side of the first semiconductor wafer to the second semiconductor

wafer so that the cavity is positioned over an area of the device in the first semiconductor

wafer;

while the first side of the first semiconductor wafer is bonded to the second

semiconductor wafer, thinning the second side of the first semiconductor wafer to a predefined

thickness; and

etching release openings into the first semiconductor wafer, such that the release

openings pass through the first semiconductor wafer after the thinning, so as to release a

moving part of the device; and

separating the device from the second semiconductor wafer.

36. The method according to claim 35, wherein separating the device comprises etching

singulation openings through the first semiconductor wafer around the release openings while

the first side of the first semiconductor wafer is bonded to the second semiconductor wafer, and

separating the device along the singulation openings from a remainder of the first

semiconductor wafer, which remains bonded to the second semiconductor wafer.

37. The method according to claim 35 or 36, wherein etching the release openings

comprises forming the release openings in the first side of the first semiconductor wafer before

bonding the first side of the first semiconductor wafer to the second semiconductor wafer.



38. The method according to claim 37, wherein a pattern of the device is etched to a first

depth, and wherein the release openings are etched to a second depth, which is greater than the

first depth but less than a thickness of the first semiconductor wafer prior to the thinning.

39. The method according to claim 35 or 36, wherein etching the release openings

comprises forming the release openings through the second side of the first semiconductor

wafer after bonding the first side of the first semiconductor wafer to the second semiconductor

wafer and thinning the second side of the first semiconductor wafer.

40. The method according to any of claims 35-39, the cavity is formed in a proximal side of

the second semiconductor wafer to a depth such that a distal side of the cavity, opposite the

proximal side, remains closed, wherein the first side of the first semiconductor wafer is then

bonded to the proximal side of the second semiconductor wafer.

41. The method according to any of claims 35-39, wherein providing the second

semiconductor wafer comprises applying a wet etching process to both proximal and distal

sides of the second semiconductor wafer in order to form the cavity.

42. The method according to any of claims 35-41, and comprising depositing a reflective

layer on the second side of the first semiconductor wafer after the thinning, whereby the device

is configured to serve as a scanning mirror.

43. The method according to any of claims 35-42, and comprising, before bonding the first

side of the first semiconductor wafer to the second semiconductor wafer, etching, into the first

side of the first semiconductor wafer, a pattern of features of the device.

44. A system for fabrication of a device from a wafer of semiconductor material having first

and second sides, the system comprising:

a thinning station, configured to locally thin the wafer in an area of the device to a

predefined thickness by removing the semiconductor material from at least the first side of the

wafer using a wet etching process; and

at least one etching station, which is configured to etch through the thinned wafer in the

area of the device so as to release a moving part of the device.

45. A system for fabrication of a device, comprising:

a deposition station, which is configured to form a dielectric layer on the first side of at

least one of a first wafer and a second wafer of semiconductor material, both wafers having



respective first and second sides, the first wafer having multiple cavities that open through the

first side thereof;

a bonding station, which is configured to join the first and second wafers together by

bonding the first side of the first wafer to the first side of the second wafer along the dielectric

layer;

at least a first etching station, which is configured to process the second wafer while the

first and second wafers are joined together to form features of the device; and

a second etching station, which is configured, after forming the features in the second

wafer, to remove the first wafer and the dielectric layer from the second wafer by applying an

etchant through the cavities to the dielectric layer.

46. A system for fabrication of a device, comprising:

a bonding station, which is configured to bond a first side of a wafer of semiconductor

material, having first and second sides, to a support substrate using an adhesive; and

at least one etching station, which is configured to etch release openings through the

wafer to the support substrate around an area of the device while the wafer is bonded to the

support substrate,

wherein the adhesive is debonded after etching of the release openings so as to release a

moving part of the device.

47. A system for fabrication of a device, comprising:

a bonding station, which is configured to bond a first side of a first semiconductor wafer

to a second semiconductor wafer having a cavity therein so that the cavity is positioned over an

area of the first semiconductor wafer that contains the pattern;

a thinning station, which is configured to thin a second side of the first semiconductor

wafer to a predefined thickness while the first side of the first semiconductor wafer is bonded to

the second semiconductor wafer; and

at least one etching station, which is configured to etch release openings into the first

semiconductor wafer in an area of the device in the first semiconductor wafer, such that the

release openings pass through the first semiconductor wafer after the thinning, so as to release a

moving part of the device.
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