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HIGH ASPECT RATIO TRENCH ISOLATION PROCESS FOR SURFACE
"MICROMACHINED SENSORS AND ACTUATORS

FIELD OF THE INVENTION

The invention relates to the general field of MEMS with particular reference to filling

deep trenches with oxide and with _fhe formation of silicon beams.

BACKGROUND OF THE INVENTION

The fabrication of Micro-Electro Mechanical Systems (MEMS) on silicon substrates
often necessitates electrical isolation between various suspended mechanical structures
that need to be electrically actuated. In a previous patent (US 5,930,595), we disclosed
a deep trench isolation proces'g for sensors and actuators apblication. The isolation
between microstructure and sﬁrrounding silicon was realized Sy oxide filled trenches. That
process is suitable for deep treﬁch isolation of up to 10-12 rhicrons. However for higher
sensitivity, there is a need for muéh deeper trenches (40-45 microns). This makes it

necessary to have a deeper trench isolation process.



The principal limitation imposed by the process described in US 5,930,595 is
illustrated in FIG. 12. Seen there i;s siliéon body 12 in which deep frenches 104 have been
formed. Through use of a release ;etbh, the trench botioms were widened to form expanded
regions 103 which penetrated one another, thereby connecting all trenches and forming

silicon istands 110 (FIG. 1b)..

The filling of the trenches is iflustrated in FIG. 1b. First the trench walls were lined
- with thermal oxide layer 106. Tihen'_ﬁ'l,l_ihg_ was completed with the deposition of an oxide
layer (TEOS) by means of LPCVD. (low pressure chemical vapor deposition). This resulted
in the formation of voids such as 109; whose presence is undesirable because of potential
reliability problems. The void'formati.c')n problem increases in severity with increasing trench

depth.

A routine search of the pridr art \;vas performed. The following references of interest
were found:

In US 6,051,866, Shaw et al. show a sensor process with initial steps similar to the
present invention. Muenzel et af,ih US 5,723.353 teach another sénsor isolation system.
Sakai et al. {(US 5,549,785) al:so' aéscribe ah 'isolation process. Sparks et al. in US
5,427,975, teach a metﬁod for filling frenches with polysilicon but said polysilicon is not

oxidizable, being inserted in order tb make electrical connections. In US 5,426,070, Shaw
| et al. discuss the formation of beams in a silicon body by using frenches followed by a

release etch step. These trenches do not get filled with oxide. MacDonald et al. (US
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5,203,375) show a similar beam formation process.

- SUMMARY OF THE INVENTION

It has been an object of the present invention to provide a process for filling a deep

trench in a silicon body with silicon oxide.

A further object of the invention has been that said filling process be free of void

formation within the filler oxide.

A still further object has been to apply said process to the formation of embedded

silicon beams that are surrounded by silicon oxide.

Another object of the invention has been t6 apply said process to the formation of

silicon beams that are partly cantilever and partly embedded in silicon oxide.

These objects have been achieved by means of a process of deep trench etch and
silicon undercut release etch by using oxide spacers to protect the silicon beam sidewalls
during release etch. An éxidé layer is then formed followed by deposition of a

pre-determined thickness of polysilicon which is then thermally oxidized. The polysilicon
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layer, inside the trenches gets fully oxidizéd resulting in void-free trench isolation. This
process creates a sificon island on three sides leaving the third side for interfacing wifh the
senéorlactuator beams. The sensor/actuator is formed by a similar process of deep trench
etch and release etch procesé on the same substrate. These suspendéd beams of the
sensors and actuators are bridged with the sil.icon islands from the fourth side. The above
process finally resuits in suspen&_gd_ silicon beams connected to electrically isolated silicon

islands called anchors.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. 1a and 1b illustrate how voids form when a deep trench is filled using a

process of the prior art.
FIGs. 2 through 4 show how the trenches are defined and formed.
FIG. 5a shows frenches that have been lined with thermal oxide.

FiGs. 5b and 5c refer to the first embodiment and illustrate how trenches are filled

by first depositing, and then thermally oxidizing, polysilicon.



FIG. 5d shows the structure after oxide liner formation and polysilicon deposition.
FIG. 5e shows the structure after thermal oxidation of the polysilicon.
FIG. 5f shows the structure after removal of surface oxide.

FI1G. 6 shows the structure after two adjacent trenches have been connected by

means of a release etch thereby forming a beam.

FIGs. 7 and 8 refer to embodiments two through four and illustrate how trenches are

filled by first depositing, and then thermally oxidizing, polysilicon.
FIG. 9 shows the structure of FIG. 8 after removal of surface oxide.

FIGs. 10 through 12 illustrate different silicon beam configurations achieved through

application of the present invention.



DESCRIPTION OF THE PREFERRED EMBODIMENTS

As discussed earlier, there is need for deep, oxide-filled, trenches that are free of
trapped voids. The present invention achieves this by forming the trench-filling oxide by

thermal oxidation. This approach has several advantages (in addition to eliminating void

formation). It makes possible the 'ﬁlling of deeper trenches with oxide. By using thermal

oxide (as compared to the LPCVD oxide that is standard in the prior art), a less porous
oxide of much better quality is obtained. Additionally, the dielectric strength of thermal

oxide is better than LPCVD oxide.

For applications involving ac_o_elerometers and gyroscopes, the oxide shell that holds
the isolation island can be reinforced by a thin unoxidized polysilicon layer. This greatly
improves the mechanical stability of the isolation structure for such applications. This new
approach can provide excellent trench isolation for 40-50 micron deep trenches with aspect

‘ratios as high as 20.

The process of the present invention will now be disclosed through a description of

four embodiments.



First embodiment . -

Referring now to FIG. 2, the process of this embodiment 'begins with the provision
of silicon body 12 on whose upper surface silicon oxide layer 21 is deposited. Photoresist
layer 22 is then laid down and pa_tte__‘m_eq._.___to_form an etch mask that includes openings such
as 23 that define the trench. Alt unprotected silicon oxide is then removed, resulting in the

formation of hard mask 31 as seen in FIG. 3. '

Using both masks, trenches 41 are then etched to a depth of at least 40-50 microns.
The hard mask ensures accurate dimensioning of the trenches even if the photoresist is
attacked by the efchant. Etching of the trenches was achieved as follows:

In an STS SCP system, using a cyclical etch process --- etching with SF, (100
SCCM), O, (10 SCCM), and C,F, (40 SCCM); 600 watt coil power, 14 watt platen; 7.5
seconds cycle time; passivating with C,F, (180 SCCM); 600 watt coil power; 0.5 seconds
cycle time; pressure 22-30 mtorr at 54% valve position, for a total process time between

about 40 and 50 minutes (depending on required trench depth), for an etch rate of about

1.2 microns per minute.

After removing all photoresist, all silicon oxide (notably hard mask 31) is also

removed. This sequence of steps are shown in FIGs. 2, 3, 4a and 4b. Then, a new layer
of silicon oxide (layer 51 in FIG. 5d) is formed on all exposed surfaces by means of-thermal
oxidation or LPC TEOS deposition. Layer 51 has a thickness between about 4,000 and
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QFQQQ.Angstroms. This is followed by a key feature of the invention which is the depesition
of conformal polysilicon layer 52 over sificon oxide layer 51. The polysilicon is deposited
to e thickness between .about 4,000 and 6,000 Angstroms by means of the following
LPCVD process: _

using ASM furnace LB45 ata terﬁperature about 580°C; pressure about 300 mtorr;
with SiH, at about 165 SCCM, for a deposition rate of about 0.33 microns/minute,

deposition time depending on _r_equirements.

As shown in FIG. Se, in another key step, polysilicon layer 52 is then thermally
oxidized though its full thickness by means of wet thermal oxidation. This is achieved by
means of a stabilizing temperature of about 700°C which is ramped up to about 1,050°C,
for wet oxidation using oxygen at 500 SCCM and hydrogen at 6 SLPM (standerd liters per
minute) for as long as needed, followed by a nitrogen anneal (5 SLPM) at about 1,050°C

for about 30 minutes, after which the temperature is ramped back down to about 700°C.

Through careful choice of the thicknesses of layers 51 and 52 (the trench ha; a
width that is between about 2 and ‘3 times the combined thickness ef layers 51 and 52), as
the oxide grows, opposing sides of the trench will just meet, causing the trench to fill with
oxide 55 and avoiding the formation of any voids. The surface oxide layer can then be
removed, giving the final structufe ;th_e appearance seen in FIG. 5f.

As iltustrated in FIG. 10, oxide filled trench 55 can stand alone within silicon body 12
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or can take the form of multiply connected trenches that surround 2 series of silicon beams

12, as shown in FIG. 11.

As in.the first embodiment, the process of this embodiment begins with the provision
of silicon body 12 on whose upper surface silicon oxide layer 21 is deposited. Photoresist
layer 22 is then laid down and patterned to form an etch mask that includes openings such
as 23 that define the trench. All unprotected silicon oxide is then removed, resulting in the

formation of hard mask 31 as seen in FIG. 3.

Using both masks, trenches 41 are then etched to a depth of at least 40-50 microns,
The hard mask ensures accurate dimensioning of the trenches even if the photoresist is
attacked by the etchant. A typical aspect ratio for the trench would .be between about 15
and 25, depending on trench depth and width. Etching of the trenches was achieved_t'ay
means of a deep RIE process, as follows: '

using an STS multiplex ICP system, etching with SF, (100 SCCM), O, (10 SCCM),
C,F, (40 SCCM), 600 watt coil power, and 140 watt platen power. This was followed by
passivation in C,F; (180 SCCM) with 600 watt coil power for a § second cycle time.
Pressure was 22-30 mtorr at 54% fixed valve position, for an etch rate of about 1.2
microns/minute, with total etch time dépending on required trench depth.

9



After removing all photoresist, the.silicon oxide (notably hard. mask 31) is still
retained. Then, a new layer of silicon oxide (layer 51 in FIGs. 5a and 5_b) is formed on all
exposed surfaces by méans of thermal oxidation or deposition, following which it is
selectively removed from the top and floor of the trench. Layer 51 is deposited to a

thickness between about 4,000 and 6,000 Angstroms.

This is followed by the formation of beam 61 (Fig. 5¢) which is achieved by
subjecting all exposed silicon to a release etch which causes all silicon 62 between the

floors of trenches 41 to be removed.

At user’s discretion, either of the following processes may be used for the release

etch (STS multiplex ICP system}:

XeF, release etch | SF, plasma release etch

XeF, 1.6 torr o SF, 160-200 SCCM

pressure 90 mtorr pressure 30-40 mtorr

temperature 10°C coil power 1,000 watts )
time 15-30 minutes ' fime 2-3 minutes
etch rate 1 micron/minute platen power 10 watts

Then, all silicon oxide (notably layers 31 and 51) is removed, following which f'resh
| silicon oxide layer 64 is formed on all exposed surfaces by means of thermal oxidation or
LPCVD TEOS deposition. The latter consisted of TEOS (about 100 SCCM), at a
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temperature of about 720°C and a pressure of about 150 mtorr, for a deposition rate of

about 25 Angstroms/minute.

Then, in a key feature of the invention, conformal polysilicon layer 52 is deposited
over silicon oxide layer 64. The polysilicon is deposited to a thickness between abotit 4,000
and 6,000 Angstroms by means of LPCVD (SiH, at 165 SCCM, at about 580°C and a

pressure of about 300 mtorr) for a deposition rate of about 0.33 microns/minute.

As shown in FIG. 8, in another key step, polysilicon layer 52 is then thermally
oxidized though its full thickness by means of wet thermal oxidation. This is achieved by
means of a stabilizing temperature of about 700°C which is ramped up to about 1,050°C,
for wet o.xidation using oxygen at 500 SCCM and hydrogen at 6 SLPM (standard liters per
minute) for as long as needed, followed by a nitrogen anneal (5 SLPM) at about 1,050°C

for about 30 minutes, after which the temperature is ramped back down to about 700°C.

':l'hrough careful choice of the thicknesses of layers 51 and 52 (the trench has~a
width that is between about 2.5 arid 3 times the combined thicknesé of layers 51 and 52),
as the oxide grows, opposing sides of the trench will just meet, causing the trench to fill with
oxide 85 and avoiding the formation of any voids. This is illustrated in FIG. 8. The surface
portion of 85 can then be removed, giving the final structure the appearance seen in FIG.

9.
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~ Asillustrated in FIG. 11, a plurality of silicon beams 61.may be formed. These are -
anchored to main silicon body 12 at one end and are surrounded everywhere else (except

their top surface) by silicon oxide 85.

This embodiment is similaf to the second embodiment but with additional process
steps after the structure has reached the stage illustrated in FIG. 9. This additional
processing comprises the formation of a cantilever beam (such as 112 in FIG 12) by
masking the upper surface 113 (seen here as a lower surfacé with mask not shown) and
then etching unprotected parts of surface 113 so that part of the beam becomes cantilever

112, which extends away from surface 113, as shown.

This embodiment is also similar to the second embodiment, but with one key
difference. After the polysilicon layer 52 has been laid down, as illustrated in FIG. 7, the
next step of fully oxidizing it by means of wet thermal oxidation, is modified to only partial
oxidation so that, instead of filing thé trench entirely with silicon oxide, it becomes filled with
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a laminate of silicon oxide-polysilicon-silicon oxide (not shown) that has greater mechanical
strength than silicon oxide alone. Said laminate surrounds the siticon beam on four sides

and, as in the oxide only case, is free of voids.

As in the earlier embodiments.,- the trench has a width that is between about 2.5 and
3 times the combined thickness of silicon oxide layer 64 and the polysilicon layer 52, while
silicon oxide fayer 64, the remaining (unoxidized) polysilicon layer, and the oxidized
polysiicon layer that form the lamihate, have relative thicknesses of about 5,000 to 1,000

to 8,000 Angstroms, respectively.

While the invention has been particularly shown and described with reference to the
preferred embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made without departing from the spirit and scope of the

invention.

What is claimed is:
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CLAIMS
1. A process for forming a deep, oxide filled trench in a silicon body having an upper

surface, comprising the sequential steps o.f:

depositing a first layer of silicb_noxide on said upper surface;

on said first silicon oxide {ayer forming a photoresist mask that defines the trench;

~ etching all unprotected first silicon o>dde, thereby forming a hard mask;

etching all silicon not covered by said hard mask to a depth of at least 50 microns,
thereby forming the trench, said trench having a floor;

removing all photoresist;

removing all sificon oxide;

by means of thermal oxidation, forming & second silicon oxide layer on all exposed

~ surfaces;
depositing a conformal layer-of polysilicon over said second silicon oxide layer; and

by means of wet thermal oxidation, fully oxidizing said layer of polysilicon thereby

filling the trench with silicon oxide that is free of voids.

2. The process described in claim 1 wherein the second silicon oxide layer is deposited

to a thickness between about 4,000 and 6,000 Angstroms.

3. The process described in claim 1 wherein the polysilicon layer is deposited to a

thickness between about 4,000 and 6,000 Angstroms.

4.  The process described in ciéim 1 wherein the step of depositing the polysilicon layer
14

B



further comprises using SiH, at a flow rate of about 165 SCCM, a temperature of about
580°C , and a pressure of about 300 mtorr for a deposition rate of about 0.33 microns per

minute.

5. The process described in claim 1 wherein the step of fﬁlly oxidizing said layer of
polysilicon, by means of wet thérmal oxidatfon,' further comprises:

providing a stabilizihg temperature of about 700°C;

ramping the temperature up to about 1,050°C;

admitting oxygen at about 500 SCCM and hydrogen at about 6 SLPM;

annealing in nitrogen at about 1,050°C for about 30 minutes; énd

then ramping the temperature back down to about 700°C.

B. The process described in claim 1 wherein the trench has a width that is between
~ about 2.5 and 3 times the combined thickness of the second silicon oxide layer and the

e

polysilicon layer.

7. Aprocess for forming, within a silicon body that has an upper surface, a silicon beamn
surrounded on folr sides by silicon oxide, comprising the sequential steps of:

depositing a first layer of silicbn oxide oh said upper s_urface;

on said first silicon oxide layer formiing a photoresist mask that defines a trench
shape that surrounds the beam on three sides, two of which oppbse one another,

15
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etching all unprotected first silicon oxide, thereby forming a hard mask;

etching all silicon not covg-_zred_tgy said hard mask, thereby forming the trench, said
treﬁch having a floor; |

removing all photoresist; |

depositing a second silicon oxide layer on all exposed surfaces;

selectively removing the second sificon oxide layer from the floor of the trench:

subjecting all exposed silicon to a release etch whereby all silicon between the floors
of said apposing trench sides is removed, thereby forming the beam;

removing all silicon oxide:

by means of thermal oxidation, forming a thfrd silicon oxide layer on all exposed
surfaces;

depositing a conformal layer ,Qf polysflidoq over said third silicon oxide layer; and

by means of wet thermal oxidation, fully oxidizing said layer of polysilicon thereby
filling the trench with silicon oxide that is free of voids and ' forming a silicon beam
surrounded on four sides by silicon oxide.
8. The procéss described in‘claim 7 wherein the trench has an aspect ratio between

about 15 and 25.

9. The process described in claim 7 wherein the step of subjécting all exposed silicon
~ to a refease etch further comprises using XeF, at 1:6 torr, at a pressure of 90 mtorr and
a temperature of about 10°C for batwien about 15-30 minutes, thereby achieving

16
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an etch rate of about 1 micron/minute; or

using SF; at about 160-200 SCCM, ata pressure of about 30-40 mtorr, a coil power

of about 1,000 watts and a platen power of about 10 watts for 2-3 minutes.

10. The process described in claim 7 wh'efe’in the step of depositing a second silicon
oxide layer is wet oxidation that further comprises:

providing a stabilizing temperature of about.700°C;.

ramping the temperature up to about 1,050°C;

admitting oxygen at about 500 SCCM and hydrogen at about 6 SLPM;

annealing in nitrogen at about 1,050°C for about 30 minutes; and

then ramping the temperature back down to about 700°C.

11.  The process described in claim 7 wherein the polysilicon layer is deposited to a

thickness between about 4,000 and 6,000 Angstroms.

12.  The process described in claim 7 wherein the step of depositing the polysilicon layer
further comprises using SiH, at a flow rate of about 165 SCCM, a temperature of about
580°C, and a pressure of about 300 mtorr for a deposition rate of about 0.33 microns per

minute.

13.  The process described in claim 7 %ilerein the step of fully oxidizing said layer of
polysilicon, by means of wet thermal .ox'iaiﬁiti“éi’i, further comprises:

17
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providing a stabilizing temperature.‘-o‘f about 700°C;
ramping the temperature up to abbqt 1,050°C;

| admitting oxygen at about 500 SCCM and hydrogen at about 6 SLPM;
annealing in nitrogen at about 1,050°C for about 30 minutes; and

then ramping the temperature back down to about 700°C.

14.  The process described in claim 7 wherein the trench has a width that is between
about 2.5 and 3 times the combined thickness of the second silicon oxide layer and the

polysilicon layer.

15. A process for forming, within.a silicon bod_y that has an upper surface, a silicon
beam, part of which is surrounded on all 'si.de's by silicon oxide and part of which extends
away from said surface as a cantilevef beam, comprising the steps of:

depositing a first fayer of silicon oxide on said upper surface;

on said first silicon oxide layer forming a photoresist mask that defines a trench
. shape that surrounds the beam on three éiaés, two of which oppose one another; )

etching all unprotected first silicon 'oici’dé, thereby forming a h.ard mask;

etching all silicon not covered by $aid Hard mask, thereby foﬁning the trench, said
trench having a floor; -

removing all photoresist;

depositing a second silicon oxide ?E?éf oh alf éxposed suﬁaées;

selectively removing the second si\imh oxide layer from the floor of the trench;

18 .

RN



_ subjecting all exposed silioon to a release efch whereby all silicon between the floors

of said apposing trench sides is removed, thereby forming the beam;

removing all silicon oxide;

by means of thermal oxidation, forming a third sificon oxide layer on all exposed
surfaces;

depositing a conformal tayer of polysilicon over said third silicon oxide layer;

by means of wet thermal oxidation, fully 6xidizing said layer of polysilicon thereby
filling the trench with silicon oxide that is free .of voids and forming a silicon beam
surrounded on four sides by silicon oxide; and

masking the silicon beafn ai the upper surface and then etching unprotected parts
of the upper surface so that part c_>f the-'be_;am becomes a cantilever which extends away

from said surface.

16.  The process described in claim 15 wherein the cantilever part of the beam extends

away from the surface for a distance of between about 100 and 500 microns

17.  The process described in claim 15 wherein the french has a width that is between
about 2.5 and 3 times the combined thickness of the third silicon oxide layer and the

polysilicon layer.

18. A process for forming, within a silicon body that has an upper surface, a silicon
beam, part of which is surrounded on'all sides by sificon oxide and part of which extends
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away from said surface as a cantilever béam, comprising the steps of:

depositing a first layer of silicon oﬁde on safd upper surface;

~ on said first silicon oxide layer forming a photoresist mask that defines a trench

shape that surrounds the beam on three sides, two of which oppose one another;

etching all unprotected first silicon oxide, thereby forming a hard mask;

etching all silicon not covered by said hard mask, thereby forming the trench, said
trench having a floor;

removing all photoresist;

depositing a seoond'siﬁqqn_o*ic{e layer on all exposed surfaces;

selectively removing the second silicon oxide layer from the fioor of the french;

subjecting all exposed sificon to a release etch whereby all slicon betwsen the floors
of said apposing trench sides is removed; thereby forming the beam;

removing all silicon oxide; -

by means of thermal oxidation, forming a third silicon oxide layer on all exposed
surfaces;

depositing a conformal fayer of polysilicon over said third silicon oxide layer;

by means of wet thermal oxidation, partially oxidizing said layer of polysilicon thereby
filling the trénéh with a laminate of silicon oxide-polysilicon-silicon oxide that is frée of voids
and has greater mechanical strength than silicon oxide alone and thereby forming a silicon
beam surrounded on four sides by said Iahihate; and

masking the silicon beam at the upper surface and then etching unprotected-parts
of the upper surface so ihat part of the beam becomes a cantilever which extends away

20
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from said surface,

19. | The process describéd in claim 18 wherein the trench has a width that is between
about 2.5 and 3 times the combined thickness of the third silicon oxide Iayer and the

polysilicon layer prior to said wet 6xidation step.

20. The process described in claim 18 whérein, “the third silicon oxide layer, the
polysilicon fayer, and the oxidized polysilicon layer {hat form the laminate, have relative

thicknesses of about 5,000 to 1,000 fo 8,000 Angstroms, respectively.
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