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Abstract 

Tlus paper reports a process for the formation 
of very high quality single-crystal s&on films on 
glass substrates The process utlhzes the electro- 
static bonding of &con and glass wafers, mth 
subsequent etchmg of the &con to form slhcon- 
on-msulator (SOI) films havmg thckncsses con- 
trolled from less than 2 pm to over 20 pm Hrlth 
better than 10% umformlty The use of Corning 
type 1729 glass substrates yields an excellent 
thermal expansion match to the s&on film and 
allows the use of post-bond processing tempera- 
tures as high as 850 “C, permitting the formation 
of both transducer and transistor structures m 
the film after bondmg and etch-back Thus, the 
process offers one means of integrating MOS or 
bipolar clrcmtry mto dnsolved-wafer sensing 
structures MOS devices formed m such films 
show charactenstlcs similar to those m standard 
bulk &con, including n-channel moblhtles of 
640 c&/V s, the hghest ever reported for SO1 on 
glass A vanety of related processes are also pos- 
sible, where some or all of the high-temperature 
&on device processmg IS performed before 
bonding to the glass substrate 

Introduction 

Over the past several years, the deslgn/fabnca- 
tion options for &con sensors have expanded 
conslderably Hrlth the mtroductlon of surface 
mlcromachmmg techniques [l-4] which penrnt 
the realization of a vanety of sensors and actua- 
tors, particularly resonant structures, using later- 
ally-undercut sacnficlal layers These processes 
permit single-sided wafer processmg to be carned 
out and are compatible Hrlth the integration of 
on-chip circuitry [S], however, the control of 
stress m the deposited sensmg films 1s challeng- 
mg, and the structures arc difficult to scale vertl- 
tally Bulk &con transducer processes have also 
broadened considerably Hrlth the use of silicon 
fusion for microstructure formation [6] In addl- 
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tlon, silicon-on-glass p.rocesses based on bonding 
and etch-back (dasolved-wafer processes) [ 7-91 

offer the ablhty to create a vanety of rmcrostruc- 
tures from bulk slhcon using a simple smgle- 
sided process These structures can be scaled 
vertically over a broad range usmg diffused or 
epltaxlal etch-stops and avoid many of the stress- 
controlled problems associated with deposited 
films, however, the monohthlc mtegratlon of ac- 
tive arcmtry m such structures has not yet been 
demonstrated While hybnd clrcultry may be ac- 
ceptable or even preferred for many apphcatlons, 
other apphcatlons reqmre monohthlc slgnal pro- 
cessmg for lead mmmuzatlon, signal amphfica- 
tlon, or cost reduction The use of a substrate 
which is electncally insulating, thermally msulat- 
mg, or optically transparent 1s also often dewr- 
able, and the dissolved-wafer slhcon-on-glass 
process offers obwous advantages for these 
devices 

There are many possible approaches to the 
monohthlc Integration of arcultry Hnth dlssolved- 
wafer processes, and the bulk-slhcon SO1 ap 
preach reported here represents one of them In 
It, etch-stops are first created m the sdlcon wafer 
using diffusion or epltaxy, followed by the use of 
anodlc bonding and etch-back to form a smgle- 
crystal s&on film on the glass support wafer 
Adhtlonal processmg 1s then used to create 
transducers and high-performance clrcultry on 
the monolrthlc chip The process produces better 
quahty ahcon films than do recrystallized SO1 
processes [IO] and has the added advantage of 
allowmg the use of arbltranly thick slhcon films 
It also pernuts the formation of three-dlmen- 
sional structures and devices m the SO1 layer 
Wafer topography penttmg, deuce contacts 
and mterconnects can be routed on top of the 
SO1 film, avoldmg lead transfers and slmpllfymg 
packagmg This approach appears particularly 
attractive for apphcatlons such as active-matnx 
hqmd-crystal displays, large-area tactile lmagers, 
and ultrammlature pressure/flow sensors wluch 
require h&performance on-chip readout elec- 
tromcs and/or dlstnbuted signal processmg 
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Process Descrlptioil 

The basic approach to creatmg the thm slhcon 
film on the glass substrate 1s shown m Fig 1 The 
process begms Hrlth a (100) onented silicon wafer 
having an epitaxlal layer m which the eventual 
devices ~111 be created A slhcon etch-stop 1s 
realized at the epl-substrate Junction using any of 
several techmques Two approaches have been 
used m this research In the first, a heavdy-doped 
(p-type, > lOI9 cmM3) diffused boron buned layer 
is used between the epltaxlal film and a lightly 
doped substrate A boron-concentration-sensitive 
etchant can then be used_ to remove the bulk 
slhcon substrate and stop on the heavily-doped 
boron layer The second approach utihzed a heav- 
ily-doped (n-type or p-type, > lOI8 cmv3) sub- 
strate mth an epltaxlal layer of the desired 
thickness and reslstlvlty grown Qrectly on it Such 
p/p+ or n/n+ CMOS wafers are wdely avallable 
for use m CMOS VLSI These wafers are then 
subjected to a concentration-sensitive etchant that 
removes the bulk substrate and stops on the 
hghtly-doped epltaxlal layer We refer to tins 
method as the CMOS etch-stop (CES) process 
One can also conceive etch-stop processes that 
employ an electrochermcal etch-stop where an 
externally apphed potential IS used to control the 
s&con etch rate at the Junction As with any 
epltaxlal process, the growth conditions should be 
opumlzed to mmumze out-dlffuslon mto the film 
and defects induced by the etch-stop layer 

The &con wafer wth the appropnate etch- 
stops 1s next electrostatically bonded to a glass 
substrate by a standard process [ 111 Both Corn- 
mg type 1729 and Corning type 7740 substrates 
have been used successfully Coming type 1729 
glass has several dlstmct advantages, mcludmg 
thermal expansion coeffiaent, anneal pomt, and 
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on glass 

composition [ 121 Type 1729 glass offers an al- 
most exact match m thermal expansion coefficient 
to slhcon from room temperature to over 800 “C 
The tigh anneal point (853 “C) of this glass per- 
rmts device fabncation after the slhcon film has 
been formed on the glass substrate, because OXI- 
datlon and implanted-dopant activation processes 
become feasible m the 800 “C to 850 “C range 
Type 1729 glass IS also ‘alkali free’, m that sodmm 
and potassmm are not necessary constituents of 
the matenal 

The type of glass used m the process also 
affects the bonding condltlons Figure 2 shows the 
time reqmred to achieve a bonded area of approx- 
imately one square mch for various bonding 
voltages and glass thicknesses A dlstnbuted con- 
tact was used to apply a potential to the s&on 
wafer and a point contact was used to ground the 
glass wafer The pomt contact was used Hrlth the 
glass on top so that one could view the bond as It 
propagated across the interface While the re- 
qulred voltage IS generally higher for the type 
1729 glass than for the type 7740, scahng the type 
1729 glass thickness down to 0 5 mm should re- 
duce the bondmg voltage by nearly a factor of 
two, placing it m a range slmllar to that for the 
7740 glass 

In glasses contammg alkah, such as type 7740, 
the mobile cations (Na+) dnft toward the anode 
(silicon), causmg an Increased fraction of the ap- 
plied potential to be dropped near the slhcon- 
glass bondmg interface This provides a greater 
force to pull the two surfaces together [12] and 
results m lower bond voltages In an alkali-free 
glass such as type 1729, the voltage dlstnbutlon in 
the glass IS more umform [lo], resulting in the 

F:g 2 Bondmg tnnes and voltages -ated w-~th formmg a 
bonded area of one square mch for various glass types and 
thlCklleSSCS 
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need to use higher bonding voltages to achieve the 
same force at the ahcon-glass interface While 
sodium thus plays an important role m determm- 
mg the potential dlstnbutlon m the bonding mate- 
nals, it 1s not thought to contnbute to the 
chemical process of glass-&on bond formatlon 
Oxygen ions generated from defects m the glass, 
particularly E-centers, are thought to dnft to- 
wards the anode, where they form a covalent 
bond mth the slhcon [lo] Due to the high local 
forces generated by the electrostatic field, a 
bonded area coverage of over 99 8% on three mch 
wafers has been typically observed As mth elec- 
trostatic bonds between type 7740 glass and slh- 
con, the type 1729 glass-to-sthcon bond 1s 
stronger than the slhcon itself, Hrlth fracture oc- 
currmg m the bulk of the sdlcon wafer rather than 
at the interface This supports the idea that oxy- 
gen from the glass acts as the bndgmg atom 
between the two bonding surfaces, since the B-O 
bond 1s about 2 5 times stronger than the SI-SI 
bond 

In device applications, a stress-compensated 
multilayer film of slhcon dioxide, silicon mtnde 
and silicon dloxlde [ 131 is deposited on the silicon 
surface via pyrolytic CVD pnor to bonding to the 
glass Tlus fdm functions as a mohle ion barner, 
preventing sodium ion nugrahon mto the slhcon 
durmg subsequent device processing Electrostatic 
bonding between dlelectncally-coated silicon 
wafers and type 1729 glass has typically been 
performed at 670 “C, and subsequent heating to 
as much as 850 “C has not noticeably altered the 
bond or its strength Fracture studies have 
demonstrated that the bonded interface as well as 
the interface between the ion barner and &con 
are both stronger than the SI-Sl bonds m the 
bulk wafer The back surface of the glass wafer 1s 
typically coated with a layer of slhcon mtnde to 
encapsulate the glass completely, thus mmmuzmg 
the possibility of ionic contammation of the 
silicon 

After bonding, the silicon wafer is subjected to 
an unmasked etch to remove the bulk sthcon 
wafer down to the buned etch-stop With boron 
etch-stop technology, an ethylenedlamme-pyro- 
catechol-water (EDP) solution [ 141 has been 
used The EDP etch rate m s&con effectively 
drops to zero as the boron concentration reaches 
the lOI cme3 range With the CES process, an 
8 3 1 acetic, mtnc, hydrofluonc acid etch has been 
employed [ 151 The 8 3 1 etchant slows by a 
factor of at least 100 when encountenng the 
lightly-doped epltaxlal layer, effectively yleldmg 
an etch-stop as well 

Followmg the removal of the bulk sdlcon, the 
remaining SOI film IS further etched to remove the 
buned layer, if the boron etch-stop IS used tis 

etch 1s also used to reduce the iihn thickness to 
wthm a few nucrons of the desired value The 
SO1 film 1s then completed by polishing the sur- 
face using conventional techmques Tlus results m 
a very high quality SO1 fihn that 1s comparable to 
a bulk ahcon surface In thts work, these etchmg 
processes have allowed high quahty 75 mm SO1 
wafers to be formed The boron etch-stop process 
has yielded shghtly better slhcon film thckness 
umfornuty, while the CES substrates have yielded 
better epitaxlal film quality 

The SO1 film that results from either of these 
processes can then be patterned to form dlelectn- 
tally isolated islands of s&on on the glass sur- 
face Tl~s was typically done by deposltmg a layer 
of low-temperature slhcon dloxlde on the polished 
surface of the sillcon film The oxide was then 
patterned using conventional lithography tech- 
niques and used as a mask for subsequent prefer- 
ential &on etchmg, typzally mth EDP The 
thckness contour plot for an SO1 film formed 
using a 28 pm epltaxlal layer and the boron etch- 
stop process 1s shown m Fig 3 The plot was 
denved by surface profilometry after preferen- 
tially removmg the buned layer mth a chenucal 
etch Over most of the wafer area, the film thick- 
ness 1s umform to wlthm 5%, and some of the 
vanatlon noted is probably due to nonumfornuty 
m the epltaxral and buned-layer thicknesses them- 
selves 

The overall process is capable of producmg 
SO1 films which are uniform m thickness to wtthm 
10% or better (eg, +05j~m on a 5pm final 
film) TINS umfornuty IS adequate for most sens- 
ing applications, and it could be improved with 
tighter process control X-ray diffraction measure- 
ments for the SO1 fihns on glass have shown these 
films to be (100) onented and essentially identical 
to the starting substrate Studies Hnth defect-sensl- 

Fig 3 Measured thwkncss contours for an SO1 tilm on a 
75 mm glass wafer The SO1 film had a mean tluckness of 
26 8 pm aIker removal of the boron etch-stop layer 
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tlve etchants have shown the SO1 films to be of 
slmdar quality to the ongmal epltaxlal layer pnor 
to bonding Hall measurements on 1 2-5 pm 
thick n-type slhcon films produced using the 
boron etch-stop technology on type 1729 glass 
with an ion barrier have produced electron mobll- 
ities of 890 cm2/V s and hole mohhtles of 
350 cm2/v s as compared with values of 1105 and 
342 cm2/V s obtained m the bulk, respectively 

Device Stmetures 

One of the prmclpal advantages of this process 
over other SO1 approaches 1s that hlgh-tempera- 
ture processmg of the s&con IS possible pnor to 
glass substrate attachment, so that a vanety of 
structures can be created using the ability to pro- 
cess both sides of the silicon fdm Figure 4 shows 
an MOS structure reahzed using single-sided pro- 
cessing of the film Both n-channel and p-channel 
MOSFETs have been realized using this process 
The n-channel devices resulted m electron surface 
moblhtles of 640 cm’/V s, the h&est ever re- 
ported for an SO1 transistor on glass [ 161 The 
off-state dram leakage current was less than 
0 1 PA/pm This 1s an exceptionally low value for 
SO1 transistors and compares favorably Hrlth the 
best devices yet reported on glass substrates The 
upper hmlt of 850 “C on post-bond processmg 
temperatures allows relatively standard gate 0x1- 
datlon processes to be used for MOS device fabn- 
cation This temperature range is also sufficient 
for ion-Implanted dopants to be fully activated 
through thermal annealing 

Figure 5 shows a bipolar transistor structure 
reahzed using double-sided film processing A 
high-temperature dlffuslon was used pnor to elec- 
trostatic bonding to form a highly doped n+ 
buned collector layer on the back surface of the 
SO1 film A mobile ion barner IS then deposlted 
and standard processmg used to form the silicon 
film on glass As with the MOS devices above, 
device islands were formed usmg a selective an- 
lostroplc etch, and deposited oxides were used to 
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Rg 4 An MOS transrstor structure formed in single-crystal 
slhcon on glass 
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Rg 5 A verbcal NPN bpolar transistor structure on glass 
The n+ buned collector IS formed usmg a pre-bond dlffuslon 
from the front of the srhcon wafer 

passlvate the device The p-type base was im- 
planted with boron using an oxide mask and a 
polyslhcon emitter was formed using CVD The 
devices were then annealed and an oxide passlva- 
tlon layer was deposited Contact holes were then 
opened, and alummum was deposited and pat- 
terned to form the interconnect These BJTs are 
still bemg optimized wth regard to the polyslhcon 
emitter technology, however, the entire process 
has been run wrthout other difficulty 

Where islands are etched to provide lateral 
dlelectnc lsolatlon, thicker or more conformal 
resists are required for post-island processmg as 
the film thickness increases This hnuts feature 
size to approximately 5 j4m for our current films 
and hthography technology This mmlmum fea- 
ture size 1s adequate for most sensing apphca- 
tlons, but could probably be reduced by adoptmg 
a multdayer resist technology Nonetheless, pla- 
nanty dlfficultles can hmlt the range of useful film 
thicknesses when lithography 1s required after is- 
land formation 

Figure 6 shows the proposed process [ 17j for 
an ultrammlature pressure sensor Hrlth on-chip 
electromcs A CMOS epitaxlal wafer IS deep 
diffused wth boron to form a nm for the trans- 
ducer, while a shallow, lugh-temperature boron 
dlffuslon 1s used for the recessed diaphragm A 
bamer dlelectnc 1s deposited and the wafer IS 
sealed to the glass, after which the bulk of the 
wafer 1s dissolved to the etch-stop Relatively 
standard device processmg ( < 850 “C) IS then 
used to form readout circuitry m the remalmng 
arcmt islands All of the mdlvldual steps m this 
fabncatlon sequence have been successfully run 
mdlvldually, and the overall combmed process 1s 
now being implemented 

A vanety of other alternative processes could 
also be implemented Hrlth this approach to sensor 
fabncatlon Particularly attractive for some apph- 
cations are those m which most or all of the 
cncmt processing 1s done pnor to glass bonding, 
so that the devices are on the lower surface of the 
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Fig 6 A proposed process for an active capacitive pressure 
sensor 00 glass 

slhcon, next to the glass In this case the electro- 
static bond to the glass 1s accomplished via de 
posited pillars or other elevated areas on the 
slhcon to protect the preformed devices from the 
electrostatic field encountered durmg the bondmg 
process Such structures are more complex than 
the one illustrated m Fig 6, but they avoid the 
necessity of processing the glass wafers When an 
encapsulating layer of CVD slhcon mtnde 1s used 
over the glass, however, no crosscontammation 
problems have been observed, and the ablhty to 
perform double-sided processmg on senuconduct- 
mg SO1 films of almost arbitrary thickness allows 
the formation of a number of structures that are 
lmposslble to reahze using other SO1 or sensor 
technologes 

The use of electrostatic glass-sdlcon bonding, 
epltaxlal and diffused etch-stops, and lmpunty- 
sensitive sAcon etchants can be the basis for the 
creation of a vanety of nucrostructures for sens- 
mg and actuation from the sillcon bulk Where 
on-chip active clrcultry 1s reqmred, the most 
straightforward approach 1s to form ths clrcmtry 
pnor to bonding and etch-back, assummg a sm- 
gle-sided wafer process ts employed The process 
described m this paper extends these posslbWles, 
however, by showmg It 1s possible to perform 
high-temperature device processmg after slhcon- 
glass bonding The resulting device charactenstlcs 
are comparable to those found m normal bulk 
silicon, while the ahhty to perform double-sided 
film processmg pernuts a vanety of novel device 

structures to be formed which are not possible 
using more conventional technologes 
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