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Semiconductor piezoresistive sensors are formed by a process using PREPARE SUBSTRATE
selective laser activation of 2 doped semiconductor surface. The substrate is {GRINDING, LAPPING, i
a flexible membrane such as a diaphragm or bellows. A layer of insulative CLEANING, BAKENG)
dielectric material is first applied to the substrate. A layer of highly resistive
doped semiconductor material is then deposited on top of the dielectric layer. v
Through the use of an alignment device one or more piezoresistive sensors are DEPGSIT INSULATING 3
formed by use of laser annealing of selected areas of the semicenductor material DIELECTRIC LAYER r\

such that the annealed areas have a resistance suitable for use as sensors. Metal
contacts are then applied over the end portions of sensors and form an electrical
connection to the sensors. The norn—annealed portions of doped semiconductor
layer act as insuiators between the formed piezoresistive sensors. | DEPOSIT DOFED SEICON LAYER |35

SELECTIVELY LASER ANNEAL
DOPED SILICON LAYER TOFORM |[——37
| RESISTORS

[CLEANDOPED LAVER SURFACE |~ =

DEPOSIT METAL CONTACTS ON
SILICON LAYER TO DEFINE 41
RESISTORS :

DEPGSIT PASSIVATION LAYER &
{OPTIONAL)




connection to the sensors. The non-anneal ed portions of doped sem conduct or
| ayer act as insulators between the fornmed piezoresistive sensors. [err]
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Fil m Pi ezoresistive Sensor This invention relates to sem conductor

pi ezoresi stive gauges and in particular piezoresistive sensors fabricated
by a net hoglowhedsi n sel ected portions of a thin filmof depedoooesss

sem conductor- material deposited on an insulated flexible substrate are
activated by a |laser annealing process. Background of the Invention

Method of Making Thin Film Piezoresistive Sensor

° This invention relates to semiconductor piezoresistive gauges and in particular
piezoresistive sensors fabricated by a method wherein selected portions of a thin film of doped
semiconductor material deposited on an insulated flexible substrate are activated by a laser
annealing process.
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Background of the Invention

it is well known in the art that semiconductor material such as doped silicon possess
piezoresistive characteristics. This simply means that the electrical resistance of the
15 semiconductor material changes when the material is subjected fo strains such as bending. The
change in resistance, and hence the strain applied to the semiconductor material can be measured
accurately. This material and its capabilities can be used as a piezoresistive sensor.

One method for making such a device is to simply take a piece of doped sificon and bond it
20 1o astrain receiving member by an adhesive. The strain-receiving member is lypicaily a flexible
metal sheet, beltows or diaphragm. The opposed side of strain receiving member is exposed to
the media that is being measured. Bending of the membrane induces sfrain; hence resistance
change, on the gauges. The major drawback fo this glued sensor technology is its susceptibility o
output drift. As the sensor ages the bond between the semiconductor maierial and strain-receiving

25  member also changes.

U.S. 5, 518, 951 describes a sensor formed by applying two or more insulative silicon
tayers directly to a strain-receiving member such as a metal sheet, beflows or diaphragm. A layer
of doped silicon is applied to the insulative layers. Metal contacts for connection between the

30 resistive measuring device and the yet to be formed piezoresistive sensors are then formed at
selected predetermined focations. The nonconduciive doped layer is then selectively activated in
specific locations between the metal contacts to form the resistive sensors. A laser of suitable
wavelength is used to activate the doping agent in the layer into activation and conductivity. This



It i's well known in the art that sem conductor material such as doped
silicon possess piezoresistive characteristics. This sinply neans that the
el ectrical resistance of the 15 sem conductor material 2hdapésmbdret®08he
material is subjected to strains such as bending. The change in

resi stance, and hence the strain applied to the sem conductor material can
be neasured accurately This material and its capabilities can be used as
a pi ezor eWeP&0sensor. One method for making such a dRGTEESWYBy sinply
take a piece of doped silicon and bond it 20 to a strain receiving nenber
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contacts to heat, anneal and recrystalize thereby causing the doping atons
into conducti vi ty and formthe piezoresistive sensors between the netal
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contact |line formed Summary of the Invention

The difficulties and problems of prior art methods for fabricating piezoresistive sensors are
addressed by the method of present invention to form thin film semiconductor piezoresistive
20  sensors. A strain-receiving member in the form of a substrate of chosen materiat functions as a
diaphragm that flexes in response to changes in the media to be measured. The flexion is typically
cause by changes in pressure or temperature of the media. In a preferred embodiment of present
invention, the substrate is a flexible diaphragm, the disptacement of which is measured through a
piezoresistive sensor on the diaphragm fo prowde an indication of pressure change, force change

25  temperature change, weight change, etc.

Using a deposition process, the nonconductive semiconductor layers are deposited on a
cleaned surface of the diaphragm. Use of deposition technology accurately and consistently
controls the desired thickness of all deposited layers thereby allowing for mass production of

30 sensors exhibiting consistent design tolerances. First a thin dielectric insulated layer; either of

silicon nitride or sificon oxide is deposited on the diaphragm surface. A tayer of doped



bet ween the edge of pads and the resistor. Even placing the |aser at an
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The present invention also relates to a piezoresistive sensor comprising a flexible
substrate, said substrate covering an aperture, said aperture being in fluid communication with
a media, said flexible substrate being capable of flexing in response to a change in the media,
the substrate having an alignment device, said substrate having a first and second surface, -
the first surface having an insulative dielectric layer formed upon it, said dielectric layer having
é highly resistive doped semiconductor material layer integrally bonded to the upper surface of
the dielectric layer, said semiconductor material layer having one or more portions which are
annealed so as to form conductive piezoresistive sensors, said sensors having a first and a
second end, a metal contact bonded to the surface of the semiconductor material layer so as
to overlay the first and second ends of sensors respectively and an electrical connector

between the metal contacts and an electrical resistive measuring device,



then placed at selected |ocations on the doped filmover the piezoresistive
sensors using either a sputtering or evaporation nethod. A shadow mask
pattern for the contact location is placed over the dopeddpigrabert2®0al | ow
the netal to be deposited at the proper contact |ocation. The nmask is
aligned with the piezoresistive sensors via the use of an alignnment feature
formed on the substrate. The alignnent feature may be a nechanical device
such as a notch, lug or mark relatimgm;gkmmﬁsch the sensors and netal pads
are formed. This ensures accurate and consistent |ocation of the various

| ayers and conponents on the substrate. Optionally, a passivation |ayer may
al so be applied...Thi i j . I ) il fties that
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substrate covering an aperture, said aperture being in fluid comrunication
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to a change in tHeurestioas a sitdréevsaltimtprassuee seasingrppisationiof headitm e%rce, said
substrate haviqg a firﬁt aqd second surface, the first surface having an
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an electrical resistive neasuring device. 3 25 Septenber 2003 In the

Dr awi ngs Fi §awes1A-AFto 1 F show the partial schematic cross-sectional views
of athin filmsensor during the different steps of the process in
accordance with the present invention. Figure 2 shows a side view of the
pressure sensing application of the thin filmsensor nmade by the present
i nvention. Figure 3 shows a schematic top view of a Wheatstone Bridge
circuit as defined by the
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present invention. Figure 4 shows a flow diagramfor the process of
fabrication of the sensor as shown by Figures 1A- IF. F 3a 25 Septenber
2003 WD 00/ 62030 PCTI USOQ 9S58 Det ai | ed Descri pti on of 25 Hgepteraeertd008 For
ease of description, the nethod of manufacturing thin film piezoresistive
sensors of the present invention wll be described in connection with the
preparation of only one such sensor. It wll however be understood that
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sem conductor wafer manufacturing technology in conjunction with the
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present. | I@digied ot f S bAYRuchio bl el i Ol RRRHCI N9 Lo, Lhe

rranufacturln? steps of Figures 1A-1F. stral n-recel Vi n the form
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s'S

formed of a flexible nme stance suc al nl ess steel, nickel,
Hast al 18y, Inconel, chrom um 20 or titanium although it nay be for med from

any ot her Choseﬁefé@ﬁc@ érﬁh’maﬁé’(o F@E@WAB 18 aﬁﬁ@f@ Ftor afix Xﬂaﬂ&do Eat the

material flexes 1n response anges 1n ress re an

t enper at ur &3mlunﬂ$m@hnﬂp@k29%ﬂ0éabmatad ﬂter@n frlfacﬂneeoresis&vessemmr In RigussdAdned to
MEASUT €. 1F, there is shown, in a series of schematic cross-sectional views, a thin film piezoresistive sensor
at different manufacturing steps of process of present invention. Figure 4 shows the flow diagram

15 comesponding to the manufacturing steps of Figures 1A-1F.

A strain-receiving member in the form of substrate 1 of a chosen material provides the
support for the sensor of present invention. The substrate 1 as shown in Figure 1A is preferably
formed of a flexible metal substance such as stainless steel, nickel, Hastalloy, [ncone!, chromium

20 orftitanium, although it may be formed from any other chosen maten'a!; for example a ceramic,
provided that the material flexes in response to changes in force pressure and hot temperature and
is compatible with the media the sensor is designed to measure.

For example, in a pressure sensor applfcation as shown in Figure 2, the metal substrate 1
25 covers an aperture 27 to provide a pressure diaphragm flexing in response to pressure changes in
the fluid flow 29. 1t should be understood that a sensor fabricated by the process of present
invention also finds ufifity in many other force measurement applications, such as torque sensors,
load cells and accelerometers.

30 The first step of present invention as shown at Figure 1A and Figure 4 at flow step 31, the
top surface 3 of the substrate 1 is prepared for application of subsequent layers. The top surface 3



For ‘exanple, in a pressure sensor application as shown in Figure 2, the
netal substrate 1 25 covers an aperture 27 to provide a pressure di aphragm
flexing in response to pressure changes in the fluid fRokeptembar 2088ul d be
understood that a sensor fabricated by the process of present invention
also finds utility in many other force neasurenent applications, such as
torque sensors, |oad cells and acceleroneters. 30 The first step of

present i WeAY¥$8H as shown at Figure 1A and Figure 4 at HATHHIY%8H 31, the
top surface 3 of the substrate 1 is prepared for application of subsequent
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cleani N9 PERGRSHy wgg%rﬁﬁﬁ%gerﬁaﬁrﬁﬁfr@xﬁgt%:?@gﬁﬁ;br‘llegh o> and Figure 4 at
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surface 3 of substrate 1. The layer 5 may be fornmed of silicon nitride
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deconposi tﬂldﬂ&mﬂ&ﬁvg&ﬁe | asma enhancenent to deposit thin filns of

sem conduc riral in a controlled manner. The operation of a PECVD
process is well known in the art, as described in U S. Patent 5, 518, 951,

e e N e L
proper t i esieposiiise PESHT). Adimdugloaispatidrator temetywdrown oxide carilsopeasa tigd 111 ustrati on
only a{gd nu%}ao_sﬁ%n &oéegmake%taﬁv%ﬂthget ol? fiermal decomposition due to plasma enhancement to

deposit thin films of semiconductor material in a controlled manner. The operation of a PECVD

process is well known in the art, as described in U.S. Patent 5, 518, 951, the teachings of which

are incorporated herein in their entireties.

20 The parameters of deposition method can be varied according to the desired properties,
uses and configuration of device. For purposes of illustration only and not as a limitation, the
parameters of the deposition process used in each step of this method wilt be provided as a
specific example of the practice. Furthermore, it is understood that any other process compatible
with the diaphragm materiat and suitable for depoi{siting semiconductor material may be substitufe

25  for the process utilized in the preferred embodiment.

To deposit the insulative layer 5 using the preferred process and the preferred material,
namely silicon dioxide, silane (SiH4) and nitrous oxide 1 -2 % are introduced into the chamber. The
chamber is set at a temperature as low as 250° C, preferably about 300° C and a pressure as high

30 as 1000 millitorr, preferably about 360 millitorr. Applied plasma energy at 50 watts with a frequency
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The doped layer 7 is vapor deposited with a PECYD apparatus similar to that used to
20 deposit the insulative Jayer 5. To deposit a baron-doped material having a designed thickness of
0.5 microns utilizing the PECVD system, doped silane is infroduced into the chamber at a flow rate
of 45 SCCM. The chamber is set at a temperature of about 300°C and a pressure of from about
300 to 1000 millitorr. Applied plasma energy at 30 watts with a frequency of 13.5 megaheriz for a
length of time to deposit the desired film thicknessi
25
Next, as shown in Figure 1D and Figure 4 at step 37, one or more piezoresistive sensors
are formed in the doped layer 7 according to the method of the present invention. To create these
one or more piezoresistive sensors, the dopéd layer needs to be selectively activated and made
conductive and piezoresistive through an annealing process. To anneal and form the
30 piezoresistive sensors in the doped layer 7, it is preferred to use a laser beam, for example a YAG

laser or an Argon faser, to trace the one or more individual piezoresistive sensors 21 at specific
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In order to assist in the proper location of the piezoresistive sensors in the doped layer 7, it

is desirable to form an alignment device for registering and retaining the surface of diaphragm in a
fixed location. By doing so, one is always able to register the formation of the various fayers, in
particufar the piezoresistive sensors and the metal pads such that they are in direct conductive

20 communication with each other. One device for accomplishing this is to form a notch 30 in the
edge of surface of the diaphragim as shown in Figure 3. This notch 30 can be designed to fit with a
corresponding abutment in a holder (not shown) so as to maintain the diaphragm in a fixed position
during the formation of thin film sensor device of this invention. Altemnatively, other devices such
as lugs, alignment marks, two or more notches or other such devices may be used to ensure

25 proper afignment and registration of the layers on the surface of the diaphragm.

After formation of the sensor, the surface of the doped fayer 7 should be cleaned in order
to ensure that there is an adequate bond between the doped layer 7 and the metal pads 11. This is
shown in Figure 4 at step 39. Several different methods may be used i.e. plasma cleaning, RF

30  cleaning or wet chemical efching.
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Referring to Figure 3, a Wheatstone Bridge circuil 25 having 4 resistors is shown in

broken lines defined in the amorphous/polycrystalline layer 7. Each resistor in the circuit é5 acts

20 as a piezoresistive sensor element. Metal contacts 11 enable electronic resistive measuring
equipment to be coupled to the circuit 25. The parts of doped layer 7 that were untouched by the
laser remain essentially highly resistive and that in conjunction with the insulative layer below act
as insulators between the resistors and the diaphragm and between individual adjacent resistors.
Thus, expensive phololithography steps are not riequired to form or remove areas of layer as was

25 required in the prior art. Even though a Wheatstone Bridge sensor circuit is disclosed, it is
understood that the method of present invention may be used to form any type of piezoresistive
sensor element or circuit design in the doped layer 7. '

Although a preferred embodiment of present method and apparatus of present invention
30  has been illustrated in the drawings and detailed description abave, it is understood that the



| ayer 15 may either be vapor deposited or manual ly applied over the doped
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7. Although a preferred enbodi nent of present method and apparatus of
present invention 30 has been illustrated in the drawi ngs and detail ed
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00/ 62030 PCTI USOQO' 09858 invention is not limted to the disclosed _
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the scope of the invention. 5 9 25 Septenber 2003 WO 00/ 62030

PCTI US00/ 09858 dCd ains 1) A nethod of formng a piezoresistive

sem conduct or sensor gauge conprising the steps of: preparing at |east a
first surface of a substrate having two opposed surfaces;



depositing a dielectric insulative layer on the first surface of the
substrate; 5 depositing a doped sem conductor |ayer on top of the
dielectric insulated | ayer, said sem conductor |ayer ha¥%iSeptembgrg@03
resistivity as deposited; annealing the doped sem conductor |ayer in one or
nore selected regions to lower resistivity of the sem conductor layer in
the one or _nore selected regions and define therein one or nore sensor
gauges conp?P¥®P%f the anneal ed semi conductor nateri al ;PERUTHASHA ng
surface oxieglgt,son and/ or contam nants caused by the anneal | ng step; and
applying electirical contacts adjacent to anneal ed sem conductor materi al,

said contacts Wpkerthyd ofdoraing b pisgtesitive 8srhitaBuct séBbrda@RREAbRMg %me nduct or
material. 2) The method of claim 1l wherein the substrate has an al gnrrent

feature fornmed in at least 15 one of its surfaces. 3) The nethod of claim

1 wherein the mﬁtlmgﬁét&abt@ﬂrﬁ@u@cbBf‘m%trét@ﬁém b BATELh LBl | east  one of
its surfaces argjg ossﬂ anl ca evi ce formed from
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the group consiSti f ORed 5 ELTe ﬁﬁ”lf%c % thesybsiiate; met hod of cl ai m
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gri ndi ng, washi ng and drying at |east the first surface. 5) The
net hod " ofseE’Fgfidl"fa?”Wéﬁa‘@'i‘Qrﬁ highaesisfivly aperadigdsi ting a diel ectric insul ated

llayer 25 conpr 'aﬁtfé‘é!mb IR dBpcAReiEorMAIRR Ty SRR 'of g sél%e(ag%@ to'% ma enhanced

chem cal vapor, osition process an insulative of a materi al
sel ect ed ff?%%‘ﬁ"bfﬁfé "C&'@Wd@)@t in fig o orgorg S@bﬁed fepions aﬂéﬂefme [hetemlmneiorom de and
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appl ying a passivation |ayer rlcal contacts and doped

| ayer ®Wrter fofwm@wrfécfe%tﬁ@xoa;a@dqrmrwlnan@nata@wthelamn@mngaam ember 2003 WO
00/ 62030 PCTI U OPOQ 7) The nethod of claim1l wherein the step of a
doped seni cond PYER g5 7l 3l CnganWj%fent to annealed semiconductor material, said

contacts overlying at least a portion of said annealed semiconductor material.

2) The method of claim 1 wherein the subsirate has an alignment feature formed in at least
15 one of its surfaces.

3) The method of claim 1 wherein the substrate has an alignment feature formed in at least
one of its surfaces and said alignment feature is a mechanical device formed from the group
consisting of notches, lugs and marks.

20

4) The method of claim 1 wherein the step of preparing the substrate comprises the steps

of grinding, lapping, washing and drying at least the first surface.

5} The method of claim 1 wherein the steﬁof deposiling a dielectric insulated fayer
25  comprises the step o_f vapor depositing through a plasma enhanced chemical vapor deposition
process an insulative layer formed of a material selected from the group consisting of silicon
nitride, silicon dioxide and blehds thereof.

6) The method of ctaim 1 further comprising a step of applying a passivation fayer onto the
30 electrical contacts and doped layer after formation of the electrical contacts.

10



dielectric insulated | ayer conprises the step of vapor depositing through a
pl asma enhanced chem cal vapor deposition process a Iaég of

armor phous/ pol ycrystal line silicon material which has roapiaseler 2008) The
met hod of claiml wherein the vapor depositing is by a plasma enhanced
chem cal vapor deposition process. 9) The nmethod of one wherein the step of
anneal i ng portions of the sem conductor |ayer 10 conprises the step of
irradiati 8B nore selected portions of the |ayer WHSH'S8P%&r beamto
anneal the doped sem conductor |ayer into high conductivity so as to form
t he sensors. 10) A piezoresistive sensor conprising a flexible substrate,
sai d substrat e 7} Sheandting gtxrbimapﬁgrbiul‘rﬁ,stegaﬁa(ﬂop@mehhtﬁrﬁiu%@ﬂa%rdnf!opfdf ui gl f
conmuni cat a, medi sal subst r at eing 15 capable o
flexing in 'ﬁe&gﬁgﬁ@%teq 'Syeé“"é’li?a?%@“{? @@P%ﬁmogflngtfhg 95@&9?@%9@6%@. ng an .

al i gnnment dtiemical @apor deposition plosdss 8taper bBamonRoR/pbiytrfdtalne slico® maRAal wkE pee. the
fi-rst surface, ha |ng an insulative dielectric |ayer fornmed upon it, said

dielectrid® P%?Pé? ‘having a highly resistive doped sem conductor nateri al

| ayer istegrally bonded to the upper surface of the dielectric layer, said
sem conductor material |ayer having one or nore portions which are

anneal ed so a§)to f Brermeatiod diakim ¢ ehepeie the vapsi depositing By a plasma enhargad d sensor s

havi ng a ‘?apgl'dglﬁ"%ﬁ&gif}gﬁegld a nmetal contact bonded to the surface of

the sem con ayer so as to overlay the first and second ends .
of sensors respectlvely and an el ectrical connector between the nmet al

contacts and an lefdifddoPdne WRSER ih'eéféP Hpaﬁ%éﬁligg%morgs :{@g ge’iwiéo% ciof @y Tt

claim 10 wherein the sensor IS use noni Enti al 25
and whi¥r eiamarisesitheblan @frrraﬂlamoeeowaaetemed poetiogs offe Iay@n&ihsi!asl@g:e@afn tgas and

liquids. XRheali®d the diielectric |layer and the
seni conductor ma (g)@ %%00 éa”f?@k re ?‘émn@&’ﬁwwé"@% & mﬁ@ﬁS’%ﬁ °Bi on process. 30
13) The sensor of claim 10 further conprising a passivation | ayer appl i ed

over the sem ¢gndugbREodRie"sbRbr do¥iing ANkt G SRlAlai QPG AR S covenng an
aperture, said aperture being in fluid communication with a media, sald flexible substrate being
16 capable of flexing in response fo a change in the media, the substrate having an alignment device,
said substrate having a first and second surface, the first surface having an insulative dielectric
layer formed upon it, said dielectric layer having a highly resistive doped semiconductor material
layer integrally bonded to the upper surface of the dielectric layer, said semiconductor material
layer having one or more portions which are annealed so as to forni conductive piezoresistive
20 sensors, said sensors having a first and a second end, a metal contact bonded to the surface of
the sermiconductor material layer so as to overlay the first and second ends of sensors respectively
and an electrical connector between the metal contacts and an electrical resistive measuring
device.
11) The sensor of claim 10 wherein the sensor s used to monitor a pressure differential
25  and wherein said media is selected from the group consisting of gas and liquids.

12) The sensor of claim 10 wherein the dielectric layer and the semiconductor material
layer are formed by a vapor deposition process.

30 13) The sensor of claim 10 further comprising a passivation fayér applied over the
semiconductor material layer and the metal contacts.
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