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ISOLATION PROCESS FOR SURFACE
MICROMACHINED SENSORS AND ACTUATORS

RELATED APPLICATION

This application is a divisional application of Singapore Application No. 9610874-1
entitled, "ISOLATION PROCESS FOR SURFACE MICROMACHINED SENSORS AND
ACTUATOR", filed October 18, 1996 by EG&G International, Institute of Microelectronics.
BACKGROUND OF THE INVENTION

Field of the Inventi

The present invention relates to a process for fabricating integrated circuit (IC) sensors
and/or actuators and, more particularly, to a process for fabricating electrically isolated silicon
"islands" which interface with silicon "beams”. The islands and beams are constructed in a
manner which completely electrically isolates the islands and beams from the IC substrate, has &
low parasitic capacitance, and may be compatible with a complementary metal oxide

 semiconductor (CMOS) process.

Di ion of Related 2
Currently, integrated circuit (IC) sensors and actuators, such as accelerometers, pressure
sensors, and gyroscopes are manufactured using either a bulk micromachining process or a surface

micromachining process. "Bulk" micromachining refers to structures formed by deep anisotropic |

etching. "Surface" micromachining refers to structures formed from thin film layers deposited
or grown on the surface of a substrate. Surface micromachining has advantages over the previous
bulk micromachining process of fabricating IC sensors and actuators because it permits smaller
devices and may by integrated with other cimuits on an IC.

Surface micromachining typically involves etching in 4 silicon substrate deep trenches
between 10 microns and 100 microns deep. The resulting silicon structures (called “beams”) are
partially released (i.e., detached) from the silicon substrate by known processes such as wet or dry
etching. This deep trench technology is described, for example, in Klaassen, et al. "Fusion
Bonding and Deep Reactive Yon Etching: A New 'fechnology for Microstructures,* Transducers
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ng'electrically isolated silicon "islands" interface with
beans”. The islands and beans are constucted in a

Fig. 1 is a top view of a typical micromachined sensor or actuator structure 50. (Pig. 1
shows four thermal actuators). The sensor/actuator 50 includes a substrate 52 from which a
mumber of beams 54 are cantilevered via deep trenches 56 formed in the substrate 52. The beams
54 are connected to the substrate 52 at anchor portions 38.

One problem associated with the beams is electrically isolating them from the substrate.
Several known techniques. are used to address this problem. A first technique for electrically
isolating sensor/actuator beams from an IC substrate is to cover the beams with an electrical
insulator such as a silicon dioxide film. A thin film of aluminum (Al) or other suitable metal is

then deposited on the insulator. The metal operates as an electrically conductive portion of the

device and the beams, which are electrically isolated by the surrounding siticon dioxide film, act
only as a mechanical structure. One drawback of this technique is that the metalization causes
moetal particles to “creep”, thus the sensor or actuator is vulnerable to degraded performance due
to time and temperature. This structure is also subject to a high parasitic capacitance to the IC
substrate.

A second technique for electrically isolating sensor/actuator beams from an IC substrate
is to isolate the beams from the substrate by leaving a cavity beneath the beams using a silicon
bonding technique, as described in the Klaassen, et al. article referred to above. The beam
anchors (where one end of beams are connected to the substrate) are electrically isolated from the
substrate with an intermediate oxide layer grown during silicon wafer bonding.

A third technique for electrically isolating sensor/actuator beams from an IC substrate is
tn use imypurity diffusion to isolate the heams. This technique is prone to parasitic capacitance and
leakage current. . )

A fourth technique for clectrically isolating sensor/actuator beams from an IC substrate is
to fusion bond the beams to a layer of electrically isolating oxide which separates the beams from
the substrate. Although this provides effective electrical isolation, it is difficult to provide planar
surfaces for further processing. This is because the beams extend above the IC substrate by tens
of microns. Running metalization to connect them to the IC may be difficult due to the “steps”
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by integrated wth other circuits on an
IC sensors and/or actuators that completely clectrically isolates the sensor's beams from the

substrate. _
Tt is another object of the present invention to provide a process for mamufactaring IC
sensors and/or actuators that has low parasitic capacitance.
It is yet another object of the present invention to provide a process for manufacturing IC
sensors and/or actuators that is compatible with CMOS processes.

SUMMARY OF THF. INVENTION
These and other objects of the present invention are provided by a novel process for
fabricating integrated circuit sensor/actuators. In a preferred embodiment of the preseut invention,
silicon islands are formed in the substrate. These islands are preferably created by forming deep
trenches in the substrate and lining the trenches with oxide. This forms silicon islands
substantially surrounded by electrically insulating oxide. The anchor portion of the
sensor/actuator beams is connected to the islands and is released from the substrate and therefore
the entire beam -- including the anchor portion -- is also electrically isolated from the substrate.
In a preferred embodiment, the IC sensor/actuator is mamufactured according to the
following process:
1. forming deep trenches in 3 substrate, these trenches preferably surround substrate
material on three sides and bottom, thus creating *islands™ of substrate material

surrounded by trenches, and leaving one side of tile island uncovered by-l the

trenches, so that, e.g., three sides and the bottom of the substrate may be
severed from the substrate;

2. lining the trenches with electrically insulating material, such as an oxide, thus

surrounding the substrate material island with an electrical insulator, so that typical
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p trench technol ogy is described, for exanple, in Klaassen, et al.

Thi s dee
" Fusi on

M crostructures,"

10

Bondi ng angjabee prodeses, i sueh b Bpéisd cottactAedions haé Reshimgnetadr
" Transducers .
interconnects, can be subsequently performed without damage;

3. forming sensor/actuator bearms in the substrate material such that the beams contact
the uncovered portion of the islands;
4.  using releasc etching, isolating the sensor/actuator beams from the substrate.
In a preferred cmbodiment, the island/beam structure may be connected to a CMOS or other IC
structure using conventional metalization processes.

BRIEF DESCRIFTION OF THE DRAWINGS

The present invention is described with reference to the following figures:
Fig. 1 is a top view of a conventional IC sensor/actuator;
Fig. 2A is a top plan view of an interface between substrate material “islands" and sensor/actuator
beams according to a preferred embodiment of the present invention;
Fig. 2B is a cross-sectional isometric view of the interfacs of Fig, 2A taken along line 2B-2B;
Figs. 3A-3F are cross-sectional views of the interface of Fig. 2 along line 2B-2B illustrating
a preferred process for forming the substrate material islands;
Figs. 4A - 4C are cross-sectional views of the interface of Fig. 2A takan along line 44 illustrating
a preferred process for forming the sensor/actuator beams; and
Figs. SA and 5B are top plan views illustrating metalization of an interface according to a
preferred embodiment of the present invention.

and sensor or actuator beams (hersuualler vecasionally referred to collectively as sensor beams)
according to the present invention. Fig. 2A is a top view and Fig. 2B is a crosg-sectional
isometric view taken along line 2B-2B of Fig. 2A. This preferred embodiment includes a substrate
material 102, such as silicon, in which a number of trenches 104 are formed. The trenches 104
are preferably U-shaped and lined on all sides and on the bottom with a layer of thermal oxide 106
and filled with a trench filling oxide 108, such as a low pressure chemical vapor deposidon of
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2 "95, Stockholm Sweden, 1995. The contents of this article are
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actuators). The sensor/actuator 50 includes a substrate 52 fromwhich a
nunber of beans 54 are cantilevered via deep trenches 56 forned in the
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el ect ri cahre surrounded on three sides and on the bottom by the thermal oxide 106 and trench fill oxide 108
s defined in the trenches 104. Thus, the islands are clectrically isolated from the substrate 102 on
these sides. In other word, three sides and the bottom of the islands are completely severed
from the substrate.

One side 111 of the islands is not covered by the insulating oxides 106, 108 of the trenches.

The sensor beams 112 connect to the islands at this uncovered side 111. This connection is the
10 anchor portion of the beam, such as described with reference to Fig. 1.

A preferred process for forming the islands 110 to which the beams 112 are conmected is
described with reference to Figs. 3A - 3E. A preferred process for forming the beams 112 is
described with reference to Figs. 4A - 4C. A preferred metalization of a sensor/actator according

. to the present invention is described with reference to Figs SA and 5B.
15 Forming The Substrate Material Islands

A preferred process for forming the substrate material islands 110 is described with
reference to Figs. 3A-3F, which are cross-sectional views of the interface 100 along line

2B-2B. In Fig. 3A, a p-type silicon wafer substrate 102 is covered with photoresist 302.
(Although Fig. 3A shows a p-type silicon substratz 102, a person skilled in the acl readily

20 understands that an n-type subsirate could also be used.) The photoresist is removed from selected
areas and the exposed portion of the substrate is heavily doped with boron at a dopanmt
concentration of 10*® - 10" cni® to create a p+ + region. The p++ region may be used to reduce

series resistance. Preferably, if the sensor/actuator being fabricated is being used with CMOS

devices on the same substrate, the doping may occur at the same time as the source and drain

25 formation during the CMOS fabrication process. After the doping process, the photoresist is

' removed.
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deep trench etching technology to form deep trenches 104, The manner in which the deep trenches
are formed is conventional. The trenches 104 are preferably U-shaped, as séen inFig. 1. The
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silicon dioxide etchant such as HF. Then, thermal oxidation is performed. This results in a

thermal oxide layer 106 preferably between 0.5 and 1 micron wide. The thermal oxide layer 106

lines the inner walls of the trenches and the top of the substrate 102. This thermal oxide layer 106
10 completely surrounds the silicon islands 110 on three sides and the bottom. The trench is then

filled with trench filling oxide 108, such ags TEOS (tetraethylorthosilicate) or BPSG

(borophosphosilicate) applied using, for example, low pressure chemical vapor deposition

(LPCVD). Part of the tubular portions 306 of the trenches 104 may remain unfilled by the trench

filling oxide 108 to define an unfilled tubular volume 109 in the trench 104. The result of these
15 steps is seen in Fig. 3C.

The trench filling oxide 108 on top of the substrate (if any) is removed and the thermal
oxide 106 on the top of the substrate is patterned and etched using, for example, wet ctching,
preferably leaving a layer of several thousand Angstroms (i.e., 2000 Angstroms). Alternatively,
all of the thermal oxide may be etched off using, for example, a wet or dry etching or a chemical

20 mechanical polish. The result of these steps is seen in Fig. 3D.

In addition, to further enhance isolation on the bottom of the islands, a wet or dry
etchant may be used to open a contiguous hole, through the tubular undercuts 306 of FIG
3B to form a contiguous hole 309. Thereafter, the trenches are filled with thermal oxide
layer 106 and trench filling oxide 108, as described with reference to FIG 3C. This
enhanced embodiment is shown in Fig. 3F. Once the thermal and trench filling oxides are
formed, the islands are held rigidly in place, despite hole 309. The advantages of the
relatively large hole 309 stem from the inherent isolation properties of air contained in hole
309. _ .

At this point in the fabrication process, CMOS circuitry may be fabricated on other areas
of the substrate using any suitable CMOS fabrication method. After the CMOS fabrication
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A third technique for electrically isolating sensor/actuator beans froman .
| Ct sextxsveEd @bA3i8S: MAIWSEH | NPUT iizyesod pdck USa @rridTed PasBl ade1t he beans. This
t echri8GA£9T s THY dFid 8 tFAX JidB 7V 12966 capaci Man&e" &MY S| eakage current.
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109, although contiguous hole 309 may also be implemented, as described above). The
completed silicon islands 110 are electrically isolated from the substrate material 102.

Forming the Sensor/Actuator Beams
A preferred process for forming the sensor/actuator beams 112 is described with reference

to Figs. 4A - 4C, which are cross-sectional views of the interface 100 of Fig. 2A taken along line
4-4. Fig. 4A shows photoresist 402 or other mask on the substrate surface. As seen in Fig. 4B,
using deep trench etching technology, decp trenches 404 are formed in the substrate 102 to define
a number of silicon beams 112. These silicon beams 112 are connected to the silicon islands 110
at the uncovered side 111 of the islands.

As seen it Fig. 4C, the sensor beams 112 are completely released from the substrate using
release etching techniques, such as those described in Shaw, et al. , "A Single Mask Lateral
Accelerometer”, 7th Anmual Conference on Solid-State Sensors and Actuators. The contents of
this article are incorporated herein by reference. Because the sensor beams 112 do not contact the
substrate 102, the beams 112 are electrically isolated from the substrate 102.

Metalization

Figs. 5A and 5B illustrate preferred metalization patterns for a sensor/actuator according
to the present invention. Figs. SA and 5B are top views and show areas where a metalization layer
502 (preferably aluminumy is located on the substrate in order to contact the silicon islands 110,
which are electrically connected to the beamns 112. Fig. 5A also shows where a contact cut out
and a via cut out are located.

Preferably, the metalization steps described above arc performed prior to the
sensor/acmator beam forming process. Thus, the beam forming process is the final process in
which lithographic patterning may be needed.
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In conclusion, a process for forming an IC sensor/actuator having complete electrical
isolation for the substrate and a low parasitic capacitance ig described, The process is compatible
with CMOS processes and thus may be conveniently fabricated with CMOS devices. Thedowe
described embodiments of the invention are intended to be illustrative only. Numerous alternative

5 embodiments may be devised by those skilled in the art without departing from the spirit and scope
of the following claims,
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Therefore, it is an object of the present invention to provide a process

for manufacturing |1 C sensors and/or actuators that conpletely electrically

i solates _the sensor's beans fromthe substrate. It 1s another object
of the ‘p?’%’s A nvention to provide a process for manufacturing |C sensors
and/ or actuators that has |ow parasitic capacitance. It is yet

anot her object of the present invention to provide a process for
manuf act #r i ngAlnsthedon cenncating dramsof st iotegrated £ircuis sensomen achiator g & subsvme,

PrOCESSCHe mathod comprising the steps of:
5 a. forming trenches in a substrate, the trenches substantially surrounding islands of
substrate material and leaving one side of the island uncovered by the trench;
b. lining the trenches with electrically insulating marterial; and
c. forming sensor beams in the substrate material such that the beams contact the open
portion of the islands and are released from the substrate.
10
2. The method of claim 1, wherein the step of forming the sensor beams further includes
using release etching to release the beams from the substrate.

3. The method of claim 1, wherein the step of forming the trenches further comprises the step
15 of:
etching deep trenches in the substrate;
b. undercutting the trenches; and
c. performing thermal oxidation on the undercut trenches to form an oxide layer on
the walls and bottom of the trench.

4. The method of claim 4, wherein the step of undercutting comprises the steps of:
a. lining walls of the trenches with a pratective layer; and
b. performing an anisotropic etch on the trenches.
25 s. The method of claim 1, wherein the step of forming the sensor beam further comprises the
' steps of:
a. forming deep trenches in the substcale, e deep enches defining sensor beams
contacting the open portion of the islands; and
b. using release etching to reicase the beams from the substrate.
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These and ot her objects of the present invention are provided by a novel

pr ri L ng i nteagr | FoC LAl e r{actuators. In a preferred
gﬁﬁiﬁﬁ{ﬁéﬁﬁgﬁgxﬁsmﬂﬂfﬁ%ﬁ%‘ﬁ‘éﬁf Ei#é‘ %S%dliggf)a{nzgs]t are formed in the @013
substrate. These islands are preferably created by form ng deep trenches in
the substrate and lining the trenches with oxide. This forns silicon

I slands substantially surrounded by electrically insulating oxide. The

anchor -p@/st i OThenhethditof clahe 1S Martharcdodpriolng ey 4 Beatibyduped edgidndn theaubatda@nds
and i s rel eased fronf)%he, substrate and therefore the entire beam -

i ncl udi nBEPHR BmReR.0f BIBPINE e TenEles,| 5o el ectrical |y isolated from the

substrate. In a preferred enbodi nent, the I C sensor/actuator is

manuf act ured according to the foll ow ng process: .
7. The method of claim 6, wherein the step of forming the heavily doped region occurs during

5 formation of a source region and a drain region of a CMOS device on the substrate.

8. The method of claim 1, wherein the integrated sensor or actuator is integrated on the
substrate with a CMOS device.

10 9. An integrated circuit sensor or actuator, comprising:

a. a substrate having a first conductivity type;

b. at least one trench formed in the substrate and filled with an insulator substance,
the trench substantially surrounding an island, the island having an exposed side;
apd

15 c. a sensor Or actuator beam connected to the exposed side of the island aod released
from the substrate.

10.  The integrated circuit sensor or actuator of claim 9, further comprising a heavily doped
region of the first conductivity type formed in the substrate.
20

11.  The integrated circuit sensor or actuator of claim 9, wherein the trench further comprises
a layer of thermal oxide lining walls of the trench.

12.  The integrated circuit sensor or actuator of claim 9, whereln the trench further comprises
25 an unfilled volume defined at a bottom of the trench.

13,  The integrated circuit sensor or actuator of claim 9, wherein the insulator substance is
tetracthylorthosilicate.
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1. formng deep trenches in a substrate, these trenches preferably
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trenches, and | eaving one side of the island uncovered by the
trenches, so that, e.g., three sides and the bottom of the substrate may be
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sur r oundipbfbphébphesilitadel at e material island with an electrical insulator, so
that typi calp

15.  The integrated circuit sensor or actuator of claim 9, wherein each trench further
comprises a tubular undercut, wherein each said tubular undercut being connected together,

such that a contiguous hole is formed through each connected tubular undercut.

16.  The method of claim 1, wherein the step of forming the trerches further comprises

the steps of:
a. forming a tubular undercut at the bottom of said trenches; and
b. forming a hole between each said tubular undercut to form an air gap under

said trenches, said air gap acting as an insulator.

17. A method for connecting beams of an integrated circuit sensor or actuator to a -
substrate, the method comprising the steps of:

a. forming trenches, having four sides, a top and a bottom, in a substrate, the
trenches substantially surrounding islands of substrate material on three of
said sides and on said .bottom, thereby leaving one side of the island
uncovered by the'trench;

b. lining the trenches with electrically insulating material; and

c. forming sensor beams in the substrate material such that the beams contact
the open portion of the islands and are released frciwa the substrate.

A
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4 . pl anar procgises, such as openi ng contact regions and
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Wi t ho orm ng Sendorfactuator beans in the substrate
material such that the beans contact t he uncovered portion of
t he i sl ands; 4. using rel ease etching, isolating the

sensor/actuator beans fromthe subs%pref erred enbodi nent, the
i sl an/ beam structure may be connect or other 1C structure using

conventional ekdvel proéesofor fuboicsing aa integrated circuit sensor/actuator is described. Silicon
islands are created by forming deep trenches in a substrate and lining the trenches with oxide.

This forms silicon islands substantially surrounded by electrically isolating oxide. The anchor

5 portion of the sensor/actuator beams is connected to the islands and is released from the substrate

and therefore is also electrically isolated from the substrate. The IC sensor/actuator is

manufactured by forming deep trenches in a substrate. These trenches preferably
surrounding substrate material on three sides and the bottom, thus creating "islands" of
substrate material surrounded by trenches and leaving one side of the island uncovered by
the trench; lining the trenches with electrically insulating material, such as an oxide, thus
surrounding the substrate material island with an electrical insulator; forming sensor/actuator
beams in the substrate material such that the beams contact the uncovered portion of the
islands; and using release etching, isolating the sensor/actuator beams from the substrate.
The island/beam structure may be connected to a CMOS or other IC structure using
conventional metalization processes.
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The present invention is described with reference to the follow ng figures:
i WECE1¥ED W/68 @O wsewr Of a CcaamaesttAecEale drRINSEDIY®SE /@mctuator; Fig. 2Ais a top
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sensor/ act uat or beans aca&;ding to a preferred enbogenent of the present’ -t
invention; Fig. 2B is a ckéss-sectional isometric vaew of the interface of
Fig. 2A taken along line 2B-2B; Figs. 3A-3F are cross-sectional views of

the interface of Fig. 2 along |} 2B 2B illustrating a preferred ocess

for form nﬁ he substréf¥® nater hzjiands; Fi gs¢ 4A - 4C ar
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Fi.gs. 5A and 5B are top plan views illustrating netalization of an
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material "islands" and sgsor or actuator bensu (he{_‘_ei nafter occasionally
referred to collectively a$ sensor beans) according to the present
inventiEn.. F: g. 2Ais a top view ' QJ%ZB ;;1 a cro;s-secgi onal isolrrefjri c
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Wi thin each trench 104. These areas 110 are referred to herein as

" BR D 88/Th @8:34i1997a41dS 1105l o] r I des and on the
bott?ﬂ?“éﬁ"% hEYE: %R M I GRf T47 20W Eﬁﬁuafr?mqﬁqﬁff Ji;‘%x?%e§108 defined in the g,
trenches 104. Thus, the isgdnds are electrically 1so€t_ed fromthe
substrate 102 on these sides. In other word, three si#es and the bottom of
the islands are conpletely severed fromthe substrate. One side 111
of the islands is not covered by t [ | ati ng oxi des 106, 108 of the
trenches. The sensor beans 1{?&con 1t the islands at this uncovered
side 111. This connectie@ i sh®e anahor portion of ¢ he beam such as
described with referenge to fFig. 1. 1aﬁ preferfed process taﬁ form ng
the islands 110 to whicy the)beans 112 are ConvieCteq Ns descrpbed with
reference to Figs. 3ASSESFOTe PR gL FSFf Qi ng tfie beans 112

s described with reflerfitcetto 'bs. ‘5’7‘ ;F et ql i zation of a
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Form ng The Substrate Material [slands A preferred process for
_froreEk gy bdres asibsSigsatae At erszalesdusinandza Fhirissradesezni bed with reference t%|
Fi g88/13/973[TUE\j: 8 FAF S1% 7L 29%8cct | ona¥ WF Mardod t he jnterface 100 al ong 4928
line 2B-2B. In Fig. 3A, akPp-type silicon wafer subséate 102 is covered

wi th photoresi-st 302. (Al though Fig#s shows a p-type silicon substrate
102, a person skilled in the art r{g-d?ﬂ% under stands that an n-type
substrate could al so be used.) The otoresist is renoved from sel ected
areas and the exposed portion of the substrate i§ heavily doped wi th boron
at a dopant concentration of 1 t %rﬁ ery] to create a p++
region. The p+ + pagi ' | ICE.

Preferably, if th¢ sensor/actuator being fabricated is beingjused with CMOS
devi ces on the safe substrate, the doping may occur at the sgnme tinme as the
-source and formatjon during the CMOS fabrication process. Aftfer the doping
process, the photgresist is renoved.
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The substrate 102 is then patterned using any suitable patterning nmethod

a i CRECRIVEDCAR/ 1345y pr t rencmn}mmlsﬂ@ tRCHRMDPAc Oz1h Or m deep trenches 104.
The MAHS! iTHE r’éh“t‘h\'é“dé *¥Benches ¥akes ®omned i s conventional . The Qoas

trenches 104 are preferablg U shaped, as seen in Fi g€1 The
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bottom of the trench 104 is preferably undercut in the follow ng manner. A
-def- w“ S T 35, §| 3-@69m PRHEQ)2R deRINIED mes® tzRe 1t rench wal | s. An

ani so ropi c g}l'% B gfng wet %F 1S B8RY & chants such as tetra net h?Pzz
anmoni um hydr OXI de is perforned to forma tubular undercut 306 of silicon

at the bottomof the trench. The trench is preferably about 1 to 3 mcrons
wi de and 15 microns deep. The result of these processes is seen in Fig. 3B.
Next, all protective layers are stripped fromthe top and sidewalls of the
trench using a silicon dioxide etchant such as HF. Then, thermal 8loxi dation
is perfornmed. This Al op-oil¥ bet ween
0. 5pand 1 mcron e‘v‘”’(ﬂ‘{?‘z\{‘«{fﬁ’)/pﬂﬂ ner wal |l s of

the trenches and t A "L k" d86! ayer 106
and t he
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for exanple, |ow pyessure chem cal ;;:
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Part of the tubular portions 306 of the trenches 104 rray“”’f’"e*rfr‘afa

uafil1led by the trench filling oxide 108 to define an unfilled tubul ar
volune 109 in the trench 104. The result of these steps is seen in Fig. 3C

The trench filling oxide 108 on top of the substrate (if any)

and the thernmal oxide 106 on the top OR the substrate is patterned and

et ched using, for exanple, wet etchlng
‘t housand Angstrons (i.e., 2000 Angstrons). AIternativer, all of

sever al

preferably | eaving a | ayer of

the thermal oxide -ray be etched 8ff u&ggsfor exanpl e, a wet or dry

etching or a chem cal

in Fig.

ITEC

3D. In ad®

is renoved

hese steps is seen
A\ ! N1 d BAMOR on the bottom of
the islands, a wet or dry etchant may be used to open a contiguous hol e,

t hrough the tubul ar undercuts 306 of FIG 3B to forma contiguous hol e 309.

Ther eaft eliELE\tﬁZﬁ rAWAﬁ(?N“ [led with thermal oxide

This application is a divisional application of Singapore Application No. 9610874-1
entitled, "ISOLATION PROCESS FOR SURFACE MICROMACHINED SENSORS AND
ACTUATOR?", filed October 18, 1996 by EG&G International, Institute of Microelectronics.

BACKGROUND OF THE INVENTION

Kield of the Invention

The present invention relates to a process for fabricating integrated circuit IC) sensors
and/or actuators and, more particularly, to a process for fabricating electrically isolated silicon

"islands" which interface with silicon "beams®. The islands and beams are constructed in 2

manmer which completely electrically isolates the islands and beams from the IC substrate, has a
low parasitic capacitance, and may be compatible with a complementary metal oxide
semiconductor (CMOS) process. |

Currently, integrated circuit (IC) sensors and actuators, such as accelerometers, pressure
sensors, and gyroscopes are manufachired using either a bulk micromachining process or a surface
micromachining process. "Bulk" micromachining refers to structures formed by desp anisotrapic
etching. “Surface” micromachining refers to structures formed from thin film layers deposited
or grown on the surface of a substrate. Surface micromachining has advantages over the previous
bulk micromachining process of fabricating IC sensors and actuators because it permits smaller
devices and may by integrated with other circuits on an IC.

Surface micromachining typically involves etching in a silicon substrate deep trenches
between 10 microns and 100 microns deep. The resulting silicon structures (called "beams™) are
partially released (l.e., detached) from the silicon substrate by known processes such as wet or dry
etching. This deep trench technology is describ't:d. for example, in Klaassen, et al. "Fusion
Bonding and Deep Reactive lon Etching: A New 'fechmlogy for Microstructures, " Transducers
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| ayer 106 and trench filling oxide 108, as described with reference to FIG
3C. This enhanced enbodinent is shown in Fig. 3F. Once the thermal and
trench filling oxides are forned, the islands are held rigidly in place,
despite hole 309. The advantages of the relatively [arge hole 309 stem
fromthe inherent isolation propertles_%i air contained in hole 309.

At this point in the fabrlcatlon proces

circuitry y be fa |cated
on ot her 55 Aeckhofmy $peeden 987 o %rﬁ’}“éﬁ’FFéB? @cmmﬂngﬁm Y‘gﬁﬁ
met hod. After the CMOS fabrication

i?ig. 1 is a top view of a typical micromachined sensor or actuator structure 50. (Fig. 1
shows four thermal actuators). The sensor/actuator 50 includes a substrate 52 from which a
pumber of beams 54 are canrilevered via deep trenches 56 formed in the substrawe 52. The beams
54 are connected to the substrate 52 at anchor portions 58.

One problem associated with the beams is electrically isolating them from the substrate,
Several known techniques are used to address this problem. A first technique for electrically
isolating sensor/actuator beams from an IC substrate is to cover the beams with an electrical
insulator such as a silicon dioxide film. A thin film of aluminum (Al) or other suitable metal is
then deposited on the insulator, The metal operates as an electrically conductive portion of the
device and the beams, which are electrically isolated by the surrounding silicon dioxide film, act
only as a mechanical structure. One drawback of this technique is that the metalization causes
metal particles to "creep”, thus the sensor or actuator is vulnerable to degraded performance due
to time and temperature. This structure is also subject to a high parasitic capacitance tw the IC
substrate.

A second technique for electrically isolating sensor/actuator beams from an IC substrate
is to isolate the beams from the substrate by leaving a cavity beneath the beams using a silicon
bonding technique, as described in the Klaassen, et al. article referred 1o above. The beam
anchors (where one end of beams are connected to the substrate) are electrically isolated from the
substrate with an intermediate oxide layer grown during silicon wafer bonding.

A third technique for electrically isolating sensor/actuator beams from an IC substrate is
to use impurity diffusion to isolats the heams. This technigue is prone tn parasitic capacitance and

. leakage current. | . )

A fourth technique for electrically isolating sensor/actuator beams from an IC substrate is
to fusion bond the beams to a layer of electrically isolating oxide which separates the beams from
the substrate. Although this provides effective electrical isolation, it is difficult to provide planar
surfaces for further processing. This is because the beams extend above the IC substrate by tens
of microns. Running metalization to connect them to the IC may be difficult due to the "steps”

REPLACEMENT SHEET |

S }
I




7 process, the sensor/actuator beans may be forned. A netalization |ayer,
pr-ef erably about 6000 Angstrons thick, is deposited over desired portions
of the structure using, for exanple, sputter deposition. The result of this
step is seen in Fig. 3E(shown with unfilled tubular volunes 109, although
contiguous hole 309 may al so be inplenented, as described above). The
conpleted silicon islands 110 are eIecE&icaIIy I solated fromthe substrate

materi al ph@ surface. The Beanns a2¢ sirforndesd byardnitidsusnd diffilsiowisolation for plingrieskieuts ed
P ef or oo daH% RIS Sebal 1636862 o0 Eh Bl BDRelitos, B 12, FEb Ay ectio
i nterfacegpdPcedf Fig. 2A taken along line
Therefore, it is an object of the present invention to provide a process for manufacturing
IC sensors and/or acmators that completely electrically isolates the sensor’'s beams from the
substrate, _ _
It is another object of the present invention to provide a process for manufacturing IC
sensors and/or actuators that has low parasitic capacitance.
It is yet another object of the present invention to provide a process for mamufacturing IC
sensors and/or actuators that is compatible with CMOS processes.

SUMMARY QF THE INVENTION

These and other objects of the present invention are provided by a novel process for
fabricating integrated circuit sensor/actuators. In a preferrcd embodiment of the present invention,
silicon islands are formed in the substrate. These islands are preferably created by forming deep
trenches in the substrate and lining the trenches with oxide, This forms silicon islands
substantially surrounded by electrically insulating oxide. The anchor portion of the
sensor/actuator beams is connected to the islands and is released from the substrate and therefore
the entire beam - including the anchor portion ~ is also electrically isolated from the substrate.

In a preferred embodiment, the IC sensor/actuator is manufactured according to the

following process:

1. forming deep trenches in a substrate, these trenches preferably surround substrate
matcnal on three sides and bottom, thus creatmg “islands"” of substrate material
surrounded by trenches, and leaving one side of the island uncovered by the
trenches, so that, e.g., three sides and the bottom of the substrate may be
severed from the substrate;

2. lining the trenches with electrically insulating matetial, such as an oxide, thus

surrounding the substrate material island with an electrical insulatof, so that typical




4-4. Fig. 4A shows photoresist 402 or other mask on the substrate surface.
As- seen in Fig. 4B, using deep trench etching technol ogy, deep trenches 404
are fornmed in the substrate 102 to define a nunber of silicon beans 112.
These silicon beans 112 are connected to the silicon islands 110 at the
uncovered side 111 of the islands. As seemin Fig. 4C, the sensor
beans 112 are conpletely rel eased fromi‘—he substrate using rel ease etching
t echni ques, such asPlAnAswocessssy Fushichs| Qperingvgontact segions' andsgtahing metak L at er al
Accel eronmeter”, 7thyRARkdhd | £k t nd Actuators.
The contents of thihé1 artilé‘lztglg{rlgésgg%ﬂ%}liiéﬁh@%gi‘ﬁ@ﬁ%@%ﬁ’nce. Because
t he sensor beafs 11lfrmlingsedsor/spafatr bednizdn thelzahstrateanatéil suchehat derbeanid ntacte
electrically isolated fromthe substrate 102. Metalization Figs. 5A
and 5B illustrate p‘sﬁf‘ﬁ?"r"éﬁdﬁﬁf‘%i éﬁ“'ﬁﬂ?ﬁéétter ns for a sensor/actuator _
according to the PrghfyVelcait/@étind Tolaking the sefbofRétustbl Bdafus!fRiin HicWiBseARd Show
areas where a netalization |ayer

In a preferred embodiment, the island/beam structure may be connected to 3 CMOS or other IC

structure using conventional metalization processes.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is described with reference to the following figures:
Fig. 1 is a top view of a conventional IC sensor/actuator;
Fig. 2A is a top plan view of an interface between substrate materjal "islands” and sensor/actuator
beams accdtding to a preferred embodiment of the present invention;
Fig. 2B is a cross-sectional isometric view of the interface of Fig., 2A taken along lins 2B-2B;
Figs. 3A-3F are cross-sectional views of the interface of Fig. 2 along line 2B-2B illustrating
a preferred process for forming the substrate material islands;
Figs. 4A - 4C are cross-sectional views of the interface of Fig. 2A taken along line 44 illustrating
a preferred process for forming the sensor/actuator beams; and ' .
Figs. SA and 5B are top plnﬁ views illustrating metalization of an interface according to a

preferred embodiment of the present invention.

and sensor or actuator beants (reiualler vccasionally referred to collectively as sensor bca-ms)
according to the present invention. Fig. 2A is a top view and Fig. 2B is a cross-sectional
isometric view taken along line 2B-2B of Fig. 2A. This preferred embodiment includes a substrate
material 102, such as silicon, in which a number of trenches 104 are formed. The trenches 104
are preferably U-shaped and lined on all sides and on the bottom with a layer of thermal oxide 106
and filled with a trench filling oxide 108, such as a low pressurc chemical vapor depositon of




502 (preferably alumnum is located on the substrate in order to contact
the silicon islands 110, which are electrically connected to the beans 112.
Fig. 5A al so shows where a contact cut out and a via cut out are | ocated.
Preferably, the netalization steps described above arc perforned prior to

t he sensor/actuator beam form ng process. Thus, the beam form ng process is
the final process in which |ithographi ol patterni ng may be needed.

TEOS (mcthylorthosxhcatz) or BPSG (borophosphosilicate). (An unfilled tubular volume 109
may be deﬁned towards the bottom of the trench.) An area of substrate material 110 is enclosed
within each trench 104. These areas 110 are referred to herein as "islands”. These islands 110
are surrounded on three sides and on the bottom by the thermal oxide 106 and trench fill oxide 108
defined in the trenches 104. Thus, the islands are electrically isolated from the substrate 102 on
these sides. In other word, three sides and the bottom of the islands are completely severed
from the substrate.
One side 111 of the islands is not covared by the insulating oxides 106, 108 of the trenches.
The sensor beams 112 connect to the islands at this uncovered side 111. This connection is the
anchor portion of the beam, such as described with reference to Fig. 1. |
A preferred process for forming the islands 110 to which the beams 112 ars connected is
described with reference to Figs. 3A - 3E. A preferred process for forming the beams 112 is
described with reference to Figs. 4A - 4C. A preferred metalization of a sensor/actuator according
_ fo the present invention is described with reference to Figs SA and 5B.
Forming The Substrate Material Island
A preferred process for forming the substrate material islands 110 is deseribed with
reference to Figs. 3A-3F, which are cross-sectional views of the interface 100 along line
2B-2B. In Fig. 34, a p-type silicon wafer substrate 102 is covered with photoresist 302.
(Although Fig. 3A shows a p-type silicon substrate 102, a person skilled in the url readily
understands that an n-type substrate could also be used.) The photoresist is removed from selected
areas and the exposed portion of the substrate is heavily doped with boron at a dopant
concentration of 10* - 10 em® to create a p++ region. The p+ + region may be used o reduce
series resistance. Preferably, if the sensor/actuator being fabricated is being uged with CMOS
devices on, the same substrate, the doping may occur at the same time as the source and drain
formation during the CMOS fabrication process. After the doping process, the photoresist is
removed.
The substrate 102 is then patterped using any suitable patterning method and etched using
deep trench etching technology to form deep trenches 104, The manner in which the deep trenches
are formed is conventional. The trenches 104 are preferably U-shaped, as seen in Fig. 1. The




8 In conclusion, a process for formng an | C sensor/acuator having
conplete electrical isolation for the substrate and a | ow parasitic
capacitance is described. The process is conpatible with CMOS processes and
thus may be conveniently fabricated with CMOS devi ces. Theabove descri bed
enbodi nents of the invention are inten% ed to be illustrative only. Nunerous
alternative enbodi nents may be devi sedZby those skilled in the art w thout

depar t i-nGotam bf this erersahi 10 tis prefirablyamderait ih e Hluwinginagnee. Al protective layer, such
as silicon dloxide lines the trench walls. An anisotropic etching process using wet silicon etchants
such as tetra methyl ammonium hydroxide is performed to form a tubular undercut 306 of silicon
at the bottom of the trench. The trench is preferably about 1 to 3 microns wide and 15 microns
deep. The result of these processes is seen in Fig. 3B.

Next, all protective layers are stripped from the top and sidewalls of the trench using a
silicon dioxide etchant such as HF. Then, thermal oxidation is performed. This results in a
thermal oxide layer 106 preferably between 0.5 and 1 micron wide. The thermal oxide layer 106
lines the inner walls of the trenches and the top of the substrate 102. This thermal oxide Iayer 106
completaly surrounds the silicon islands 110 on three sides and the bottom. The trench is then
filled with trench filling oxide 108, such as TEOS (tetraethylorthosilicate) or BPSG -
(borophosphosilicate) applied using, for example, low pressure chemical vapor deposition
(LPCVD). Part of the tubular portions 306 of the trenches 104 may remain unfilled by the trench
filling oxide 108 to define an unfilled tubular volume 109 in the trench 104. The result of these
steps is scen in Fig. 3C.

The trench filling oxide 108 on top of the substrate (if any) is removed and the thermal
oxide 106 on the top of the substrate is patterned and etched using, for example, wet etching,
preferably leaving a layer of several thousand Angstroms (i.e., 2000 Angstroms). Alternatively,
all of the thermal oxide may be atched off using, for example, a wet or dry etching or 2 chemical
mechanical polish. The result of these steps is seen in Fig. 3D.

In addition, to further enhance isolation on the bottom of the islands, a wet or dry
etchant may be used to open a contiguous hole, through the tubular undercuts 306 of FIG
3B to form a contiguous hole 309. Thereafter, the trenches are filled with thermal oxide
layer 106 and trench filling oxide 108, as described with reference to FIG 3C. This
enhanced embodiment is shown in Fig. 3F. Once the thermal and trench filling oxides are
formed, the islands are held rigidly in place, despite hole 309. The advantages of the
relatively large hole 309 stem from the inherent isolation properties of air contained in hole
309.

At this point in the fabrication process, CMOS circuitry may be fabricated on other areas
of the substrate using any suitable CMOS fabrication method. After the CMOS fabrication
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9 W claim 1. A nmethod for connecting beans of an integrated circuit
sensor or actuator to a substrate, the nethod conprising the steps of:

a. formng trenches in a substrate, the trenches substantially
surroundi ng islands of

7
. process, the sensor/actuator beams may be formed. A metalization layer, preferably about 6000 |
Angstroms thick, is deposited over desired portions of the structure using, for example, sputter
deposi‘;ion. The result of this step is seen in Fig. 3E(shown with unfilled tubular volumes
109, although contiguous hole 309 may also be implemented, as described above). The
completed silicon islands 110 are electrically isolated from the substrate material 102,

Forming the Sensor/Actuator Beams

A preferred process for forming the sensor/actuator beams 112 is described with reference
to Figs. 4A - 4C, which are cross-sectional views of the interface 100 of Fig. 2A taken along line
4-4. Fig. 4A shows photoresist 402 or other mask on the substrate surface. As seen in Fig. 4B,
using deep trench erwching technology, decp trenches 404 are formed in the substrate 102 w define
a number of silicon beams 112. These silicon beams 112 are comected to the silicon islands 110
at the uncovered side 111 of the islands.

As se2n in Fig. 4C, (he sensur beams 112 are completely released from the subserate using
release etching techniques, such as those described in Shaw, et al. , "A Single Mask Lateral
Accelerometer®, 7th Annual Conference on Solid-State Sexsors and Actators. The contents of
this article are incorporated herein by reference. Because the sensor beams 112 do not contact the
substrate 102, the beams 112 are electrically isolated from the substrate 102.

) Metalization g

Figs. SA and SB illnstrate preferred metalization patterns for a sensor/actuator according
to the present invention. Figs. 5A and 5B are top views and show areas where a metalization layer
502 (preferably alumimim) is located on the substrate in order to contact the silicon islands 110,
which are electrically connected to the beamns 112. Fig. 5A also shows where a contact cut out
and a via cut out are located.,

Preferably, the metalization steps described above are performed prior to the
sensor/aciator beam forming process. Thus, the beam forming process is the final process in
which lithographic patterning may be needed.
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substrate material and | eaving one side of the island uncovered by the

t rench; b. lining the trenches with electrically insulating

mat eri al ; and C. form ng sensor beans in the substrate materi al
such that the beans contact the open portion of the islands
and are rel eased fromthe substrate. 2. The met hod of claim 1, wherein

the step of formng the sensor beans f uBther includes usi ng rel ease etching

t | th
o rel ease thqnhgaMsidd, A nrg&te%e trg{r@% &nﬂorlacmﬁ)rrﬁ’%ﬁ@%oﬂfpl&é &ectidal

wherein the step of -form er conprises the step
isolation for the substrate and & low parasitic caplcltance is described. The process is compauble

with CMOS processes and thus may be conveniently fabricated with CMOS devices. Thedow
described embodiments of the inventon are intended to be illustrative only. Numearous alternative
embodiments may be devised by those skilled in the art without departing from the spirit and scope
of the following claims, |
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of : a. etching deep trenches in the substrate; b

undercutting the trenches; and c. performng thermal oxidation on
t he undercut trenches to forman oxide | ayer on the walls
and bottom of the trench. 4. The nethod of claim4, wherein the step
of undercutting conprises the steps of: a. lining walls of the
trenches with a protective |ayer; and = b. perform ng an

ani sot r opye cglisgh on the trenches.

1. A method for connecting beams of an integrated circuit sensor or actuator (o a substrate,
the method compriging the steps of:
a. forming trenches in a substrate, the trenches substantially surrounding isl;nda of
substrate material and leaving one side of the island uncovered by the trench;
b. lining the trenches with electrically insulating material; and
c. forming sensor beams in the substrate material such that the beams contact the open
portion of the islands and are released from the substrate.

2. The method of claim 1, wherein the step of forming the sensor beams further includes
using release etching to releasc the beams from the substrate.

3. The method of claim 1, wherein the step of forming the trenches further comprises the step
of: '
2, etching deep trenches in the substrate;
b.  undercutting the trenches; and
e. performing thermal oxidation on the undercut trenches to form an oxide layer on
the walls and bottom of the trench. |

4. The method of claim 4, wherein the step of undercutting comprises the steps of:

a. lining walls of the trenches with a protective layer; and

b. performing an anisotropic etch on the trenches.
5. The method of claim 1, wherein the step of forming the sensar beam further comprises the
steps of:

a. forming deep trenches in the subslcale, Wie devp renches defining seosur beams

contacting the open portion of the islands; and
b. using release etching to reicase the beams from the substrate.

- ) O A
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5. The nethod of claim1, wherein the step of form ng the sensor beam

further conprises the steps of:- a. formng deep trenches in the
substrate, the deep trenches defining sensor beans contacti ng
t he open portion of the islands; and b. using release etching to

rel ease the beans fromthe substrate.

PlmadSu

6. The method of claim 1, further comprising forming a heavily doped region in the substrate
prior to the step of forming the trenches.

7. The method of claim §, wherein the step of forming the heavily doped region occurs during
formation of a source region and a drain region of a CMOS device on the substrate.

8. The method of claim 1, wherein the integrated sensor or actuator is integrated on the
substrate with a CMOS device.

9. An integrated circuit sensor or actuator, comprising:
a. a substrate having a first conductivity type;
b. at least one trench formed in the substrate and filled with an insulator substance,
the trench substantially surrounding an island, the island having an exposed side;
and .
c. a sensor or actuator beam connected to the exposed side of the island and released
from the substrate.

10.  The integrated circuit sensor or actuator of claim 9, further comprising a heavily doped
region of the fixst conductivity type formed in the substrate.

11.  The integrated circuit scnsor or actuator of claim 9, wherein the trench further comprises
a layer of thermal oxide lining walls of the trench.

12.  The integrated circuit sensor or actuator of claim 9, wherelntheu'enchmnhercomp}ises
an unfilled volume defined at a bottom of the trench.

13.  The integrated circuit sensor or actuator of claim 9, wherein the insulator substance is
tetracthylorthosilicate.

o S
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10 6. The
region in the
The met hod of
occurs during
device on the

met hod of claim1, further conprising formng a heavily doped
substrate prior to the step of formng the trenches. 7.
claim6, wherein the step of formng the heavily doped region
formati on of a source region and a drain region of a CMOS
Substrate. 8. The nmet.hod of claim1, wherein the

I ntegrated sensor or actuator is int eg&ed on the

14.  The integrated circuit sensor or actuator of claim 9, wherein the insulator substance is
borophosphosilicate.
15.  The integrated circuit sensor or actuator of claim 9, wherein each trench further

comprises a tubular undercut, wherein each said tubular undercut being connected together,
such that a contiguous hole is formed through each connected tubular undercut.

16.

17.

The method of claim 1, wherein the step of forming the trer.ches further comprises

the steps of:
a, forming a tubular undercut at the bottom of said trenches; and
b. forming a hole between each said tubular undercut to form an air gap under

said trenches, said air gap acting as an insulator.

A method for connecting beams of an integrated circuit sensor or actuator to a

substrate, the method comprising the steps of:

a. forming trenches, having four sides, a top and a bottom, in a substrate, the
trenches substantially surrounding islands of substrate material on three of
said sides and on said bottom, thereby leaving one side of the island
uncovered by the trench;

b. lining the trenches with electrically insulating material; and
forming sensor beams in the substrate material such that the beams contact

the open portion of the islands and are released frown the substrate.
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substrate with a CMOS devi ce. 9. An integrated circuit sensor or

actuator, conprising: a. a substrate having a first conductivity
type; b. at | east one trench forned in the substrate and filled
wi th an insul ator substance, the trench substantially
surroundi ng an island, the island having, an exposed side; and
C. a sensor or actuator beam connec to the exposed side of the island
and rel eased fromthe substrate.

ISOLATION PROCESS FOR SURFACE MICROMACHINED SENSORS

AND ACTUATORS

ABSTRACT
A novel process for fabricating an integrated circuit sensor/actuator is described. Silicon
islands are created by forming deep trenches in a substrat= and lining the trenches with oxide.
This forms silicon islands substantially surrounded by electrically isolating oxide. The anchor
portion of the sepsor/actuator beams is connected to the islands and is released from the substrate
and therefore is also electrically isolated from the substrate. The IC sensor/actuator is

manufactured by forming deep trenches in a substrate. These trenches preferably
surrounding substrate material on three sides and the bottom, thus creating "islands" of
substrate material surrounded by trenches and leaving one side of the island uncovered by
the trench; lining the trenches with electrically insulating material, such as an oxide, thus
surrounding the substrate material island with an electrical insulator; forming sensor/actuator
beams in the substrate material such that the beams contact the uncovered portion of the
islénds; and using release etching, isolating the sensor/actuator beams from the substrate.
The island/beam structure may be connected to a CMOS or other IC structure using
conventional metalization processes.

FIG. 2B
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10. The integrated circuit sensor or actuator of claim9, further
conprising a heavily doped region of the first conductivity type forned in

t he substrate. 11. The integrated circuit sensor or actuator of claim
9, .wherein the trench further conprises a |ayer of thermal oxide |ining
wal I's of the trench. 12. The integrated circuit sensor or actuator of

claim9, wherein the trench further conpriises an unfilled vol une defined at
a bottom of the trench. 1

—

FIG. 1
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13.

11 14.

The integrated circuit sensor or actuator of claim9, wherein the
I nsul at or substance is tetraethylorthosilicate.
The integrated circuit sensor or actuator of claim9, wherein the
i nsul ator substrate is
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bor ophosphosi licate. 15. The integrated circuit sensor or actuator of
cl-aim 9, wherein each trench further conprises a tubular undercut, wherein
each said tubul ar undercut being connected together, such that a contiguous

hal e is forned through each connected tubul ar undercut. o
of claim1, wherein the step of formng the trenches fuﬁtﬁéﬂlggﬁéﬁﬁ.ggéﬁp
the steps of: a. formng a tubul ar undercut at] tfhe bottom of 4daild
trenches; and ] 2 4 DEC 1897
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ikt ar

form ng a hole between each said tubular undercut to forman air gap

b.
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the open portion of the islands and are rel eased fromthe substrate.
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