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Abstract—In this paper, we present a new wafer-level transfer

ICs on chip level [1], [2]. However, flip-chip bonding involves

bonding technology. The technology can be used to transfer devicesrelatively high costs (e.g., due to chip-level integration) and a

or films from one substrate wafer (sacrificial device wafer) to an-
other substrate wafer (target wafer). The transfer bonding tech-
nology includes only low-temperature processes; thus, it is com-

limited ability to miniaturize the contact bumps and, in turn, the
transducer unit. An alternative thatis related to flip-chip bonding

patible with integrated circuits. The process flow consists of low- IS wafer-to-wafer transfer of microstructures using gold bump
temperature adhesive bonding followed by sacrificially thinning compression bonding [3]. Thin-film layers have been transferred

of the device wafer. The transferred devices/films can be electri- from the original substrate to highly electrically insulating glass

cally interconnected to the target wafer (e.g., a CMOS wafer) if re-
quired. We present three example devices for which we have used
the transfer bonding technology. The examples include two poly-
crystalline silicon structures and a test device for temperature co-
efficient of resistance measurements of thin-film materials. One
of the main advantages of the new transfer bonding technology
is that transducers and integrated circuits can be independently
processed and optimized on different wafers before integrating the
transducers on the integrated circuit wafer. Thus, the transducers
can be made of, e.g., monocrystalline silicon or other high-temper-
ature annealed, high-performance materials. Wafer-level transfer
bonding can be a competitive alternative to flip-chip bonding, espe-

substrates by gluing the two substrates together and subsequently
thinning the original substrate. These techniques use relatively
thick glue layerg> 20 pm) or glue layers that are supplied in

the form of a resin drop, which results in an initially undefined
glue layer thickness [4], [5]. Epoxy glues that require ultraviolet
light for curing have also been used in these techniques [6],
[7]. Thus, one of the two substrates has to be transparent for
ultraviolet light. None of the mentioned techniques includes
electrical interconnections between the transferred films and the
new substrate, as opposed to our technique. A sacrificial wafer

cially for thin-film devices with small feature sizes and when small
electrical interconnections(< 3 x 3 um?) between the devices
and the target wafer are required. [647

Index Terms—Adhesive bonding, benzocyclobutene (BCB), de-
vice transfer, film transfer, integration, transfer bonding.

bonding technique using negative photoresist has been applied
for planarization of deep holes or grooves [8]. A chip-level
polyimide bonding technique has been described with which
I1I-V films can be transferred from a GaAs substrate to a CMOS
chip for integration of photonic and electronic circuits [9].

This paper describes a new, universal IC-compatible transfer
[. INTRODUCTION bonding technology. In contrast to most other hybrid integration

OR MANY applications, including sensor and actuatgiechnologies, transfer bonding can be realized with excellent
systems, radio-frequency devices, optical transducers, éﬁ%ld_ on wafer level, _whlch makes it a cost-effective process.
three-dimensional integrated circuits, transferring devices frofn Wide range of different transparent and nontransparent
the original substrate wafer (sacrificial device wafer) to a neffafer materials can be used. Unlike competing integration

substrate wafer (target wafer) is desired. This can be beneficfgnnologies, transfer bonding allows the transfer of completely

e.g., if devices shall be processed on both the front and b4@k Partly) processed thin-film devices with very small feature

side, if a different substrate material than the original one F2€S (< 2 “mz) and very small electrical interconnections

needed, or if the devices shall be integrated with integratéd 3 > 3 #m") between the devices and the target wafer.

circuits (ICs). In the latter case, electrical interconnectiorid'® Main advantage of transfer bonding is that the sacrificial
between the ICs and the devices must be established. device wafer and the target wafer (e.g., a CMOS wafer) can be

One oftoday’s standard integration technologies is monolitHfocessed and optimized in separate processes. In a subsequent

integration. This means that the devices are directly processed§fgration step, the devices are transferred to the target wafer.
the substrate (e.g., a CMOS circuit). Therefore, the processihgen Fhe deylces are electrically |qterconnected to the. target
of the transducers is limited to temperatures below 260 wafer if requwed_. The transfe_r_b_ondmg technology consists of
and all transducer processing and design must be compatﬁé‘era' steps. First, the sacrificial c_lewce wafer and the target
with the CMOS circuit. Besides leading to more comple¥@fer (€.9., a CMOS wafer) are aligned and bonded to each
processing, many high-performance processes and materier With a specially developed high-yield low-temperature

used to fabricate transducers are excluded. Flip-chip bondingfi€sive bonding technology [10], [11]. Second, the device

another technology commonly used to integrate transducers ¥fgfer is sacrificially etched while the devices remain on the
target wafer. If required, electrical interconnections between the
" - ed N ber 20. 2000 revised June 12. 2001 S b_devices and the target wafer are processed. For 10-cm-diameter
anuscript receive ovember y , revise une y . ou :
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Fig. 1. Process flow for device transfer bonding.

Material

(d)

Fig. 2. Process flow for film transfer bonding.

Il. TRANSFERBONDING moving the sacrificial device wafer, the etch-stop layer is not
1reerquired. The sacrificial device wafer can now be bonded to a

bonding, and a combination of device and film transfer bondin rget wafer (e.g., 8 CMOS wafer) with a low-temperature ad-

Fig. 1 shows a schematic drawing of the process flow for trans fSive _bondln_g technque (s.ee Section II-A). In a next step, the
bonding of devices and Fig. 2 shows a schematic drawing crificial device wafer is thinned down to the etch-stop layer

the process flow for transfer bonding of films, including sub see Section |I-B). After removing the etch-stop layer, the trans-

sequent processing of the transferred films. It is possible fﬁrred film can be patterned. Optionally, through-holes can be

fabricate electrical interconnections between the transferred &qhed in the polymer material, a'.‘d electrical mterconn_e ctions
vices/films and the target wafer. etween the target wafer and the film can be processed in a sub-

For device transfer bonding, the devices are processed oﬁe%uent step (see Section II-C). . .
o transfer bond more complex devices, it may be advanta-

sacrificial device wafer on top of a film, which acts as an etch- S . X :
stop layer during sacrificial etching of the wafer (e.g., Si®the geous to use a combination of device transfer bonding and film

case of Si etching). If the bonding material and the devices thema}nSfer bonding. For example, a sandwich of several patterned

selves can withstand the applied etching procedure, the etch- Bg unpatterned materials can be transferred from the sacrificial
layer is not required. After aligning the sacrificial device wafe evice wafer to the target wafer (see the example device in Sec-

and the target wafer (e.g., a CMOS wafer), the two wafers at'tgn -C).
bonded with a low-temperature polymer bonding technique (see
Section II-A). In a next step, the device wafer is sacrificiallyA. Adhesive Wafer Bonding

thinned down to the etch-stop layer (see Section II-B). After ) o ) ]
removing the etch-stop layer and etching through-holes in theAdhesive bonding is used for the transfer bonding technique

polymer material, electrical interconnections can be procesgd§sented in this paper. The advantages of using adhesive
between the devices and the target wafer (see Section I-C).Ponding are as follows.

For film transfer bonding, a film is deposited on top of an 1) Adhesive bonding is a low-temperature process and thus
etch-stop layer on a sacrificial device wafer. If the film mate- IC compatible.
rial can withstand the applied etching procedure used for re-2) Various wafer substrate materials can be joined.

Authorized licensed use limited to: Perkins Coie LLP. Downloaded on June 04,2024 at 15:41:19 UTC from IEEE Xplore. Restrictions apply.

In this paper, we present device transfer bonding, film trans



NIKLAUS et al: LOW-TEMPERATURE WAFER-LEVEL TRANSFER BONDING 527

3) Adhesive bonding is capable of bonding wafers with pro- TABLE |
truding structures. MATERIAL PROPERTIES OFCURED BCB HLMS

4) Adhesive bonding is fast, low cost, and easy to apply and

gives a high yield bond interface. Dielectric Constant (1KHz) 2.65

In th|s work, we used .benzocyclobuten-e (BCB): a ponmgr Dissipation Factor (IKHz) _|0.0008
material from Dow Chemical, as the adhesive bonding material.
BCB is a standa_rd ma_terial in the electronics industry and pro- Breakdown Voltage 32106 V/om
duces high-quality void-free bonds [10], [11]. Furthermore, it
can withstand typical metal wet-etching processes, most organic Volume Resistivity 1019 OQ-cm
solvents, and several hours at moderate temperatures in acid and
alkaline baths [12]. BCB can withstand temperatures as high as Coefficient of Thermal 52 ppm/°C
350°C. Chemical and thermal stability of the bonding material
is important to allow subsequent processing of the transferred Expansion
films/structures (e.g., lithography, sputtering, etc.). The min-
imum required curing temperature for BCB is approximately Tensile Modulus 2 GPa
180 °C, and the thickness of the BCB bonding layer can be
chosen to be in the range between 0.8 ang20Table | shows Tensile Strength 85 MPa
the material properties of cured BCB films. —— -

Using BCB as the adhesive bonding material results in a high Poisson’s Ratio 034

yield transfer process and a very high bond strength between the
transferred devices/films and the target wafer [11]. In principle,
other adhesives like negative photoresist can also be usech@s minute, which can significantly reduce the total required
the bonding material for the transfer bonding technology. It ifime for removing the sacrificial device wafer.

important that the bonding results in void-free and low-stress

bond interfaces [11], [13]. A typical bonding procedure using. Electrical Interconnections

BCB as. the adhesive bonding material is given below. To process electrical interconnections between the devices
1) Rinse and dry the wafers. and the target wafer, the intermediate bonding material must
2) Apply the adhesion promoter AP800O to both wafers. e removed on the areas where the interconnections shall be
3) Spin-coat a BCB film on the target wafer. _ processed, as illustrated in Figs. 1(d) and (e) and 2(e) and (f).
4) Pre-cure the BCB film on a hotplate at 88 for Smin. 16 etching of the intermediate BCB bonding material was done
5) Align the two wafers in a bond aligner and join them it reactive ion etching using 90%.Gand 10% Ck as etch

the vacuum environment of a bonder. . gases [15]. Photoresist was used as the mask material.
6) Cure the BCB at 250C for 60 min while applying & = The deposition of metal for the electrical interconnections
pressure of 1.7-2 bar using the bond chuck. between the devices and the target wafer can be realized
Pre-curing is needed to evaporate the solvents from thging sputtering, metal evaporation, electroplating, electroless
polymer before the bonding. The bonding time and temperati§gting, chemical-vapor deposition (CVD) metalization, etc.
arise from the curing requirements of the polymer. The bondingyer interconnections as small as 1+#?2 with aspect ratios

pressure is needed to bring the two wafers in close contact g3¢:1 have been reported in the literature [16], [17].

to press the device structures of the sacrificial device wafer intoyyie have fabricated simple evaporated titanium/gold (Ti/Au)

the polymer material. For the alignment and bonding, we haygerconnections between the top metalization of an example de-

used a commercially available BA6 bond aligner and an SRf:e and the bottom metalization of the target wafer. The thick-
bonder from Karl Suss[14]. The specified alignment accuracyness of the intermediate BCB bonding layer, including the thick-
of the equipment is Zm for 10-cm-diameter wafers. ness of the device layer (step height), is@. We have used

an evaporation process with a tilting and rotating mechanism

for improved step coverage [18]. Then the Ti/Au was patterned
The thinning of the sacrificial device wafer can be done igsing anisotropic wet etching. The resulting interconnections

several ways. In our investigations, we have used deep reags 1.7, m wide, and we have measured a contact resistance
tive ion etching (DRIE) and KOH etching to thin down siliconof approximately &?.

sacrificial device wafers. As an etch-stop layer, we have used a

2-pm-thick SiG, film. After etching the sacrificial device wafer, I1l. EXAMPLES OF TRANSEFERBONDING

the SiG film was removed with a buffered hydrofluoric acid . . .

(HF) solution. It is also possible to grind down the main part of The foIIowmg examples wil demonstrate the po.tent|al of th_e

the sacrificial device wafer before etching the remaining silicotﬁanSfer bonding technology. We describe three different varia-

thickness using KOH or DRIE etching. The grinding speed ftlrons of the transfer bonding technology, namely, device transfer

10-cm-diameter silicon wafers is typically more than 108 onding, film transfer bonding, and a combination of both. In all
ypically examples, we have used 10-cm-diameter double-sided-polished

1Substrate Bonder SB6, 1996. p-type silicon wafers.

B. Sacrificial Wafer Thinning
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A. Transfer Bonding of Polycrystalline Silicon Structures

To demonstrate device transfer bonding, we have transferred = 3 e 24 pm
arrays of polycrystalline silicon structures from a sacrificial
device wafer to a target wafer. The sacrificial device wafer was
300.m and the target wafer 5Q@m thick. A 2.um SiO, layer Paly Silivos BCR (Target Wafer)
was grown on the sacrificial device wafer using wet oxidation
at 1100°C for 9 h. A 24:m-thick low-pressure chemical-vapor
deposition (LPCVD) polycrystalline silicon layer was deposited
on the sacrificial device wafer and patterned using reactive ion
etching and a standard photoresist mask. The dimensions of At
the resulting structures are shown in Figs. 3 and 4. We bonded 15KY w958 _18pm HD2T
the sacrificial device wafer to the target wafer according to
the previously described bonding procedure. The thicknessgQf 3 sem image of the target wafer with transfer bonded polycrystalline
the adhesive BCB coating was:Mm and the bonding pressuresilicon structures.
was 1.7 bar. After the bonding procedure, the sacrificial device
wafer was removed with DRIE. The required etching time was
150 min. The nonuniform DRIE rate across the wafer caused A ™,

removal of the silicon at the wafer edge after about 110 min 2 pum ""‘-., k"'-1'u|_-. Silicon

of etching, while it took 150 min to completely remove the ) "'"I'hi yed Polv Silicon
silicon in the center of the wafer. When Q.r-thick SiO, BCB Pl -
was used as the etch-stop layer, the S#D the perimeter of

the wafer (a 1.5-cm-wide ring) was etched away. This, in turn, 510,

caused the etching of the underlying transferred structures on

that area. The SiQlayer was removed with buffered HF wet Hulk Silicon (Turget Waler)
etching. Fig. 3 shows a scanning electron micrograph (SEM) 2421 18U ¥3,780 Lorn HD14

image of the transferred polycrystalline silicon structures that
are embedded in the j/m- thick BCB layer and Fig. 4 shows

a cross-sectional SEM image of such a structure. As can g 4. Cross-sectional SEM image of a transfer bonded polycrystalline silicon
seen in Fig. 4, the dicing resulted in some chipping of tiR¥ucture.

polycrystalline silicon structure. We have performed device ) ) )
transfer bonding on two sets of wafers with about 1.5 millioRUS!Y described bonding procedure. The thickness of the adhe-

polycrystalline silicon structures per wafer. No visible damagiveé BCB coating was jm and the bonding pressure was 2 bar.

or delamination of any of the transferred structures has befier the bonding procedure, the sacrificial device wafer was
found. removed using a 30% KOH etch solution at a temperature of

We have previously reported bonding of wafers with/5@- 60°C. The total etch_ing time was approximately 12 h. When a
deep and 10@am-wide channels at the wafer surface using 207 KOH étch solution at a temperature of8Dwas used for
5-um-thick intermediate BCB coating [19]. The ;Gn-thick approximately 3.h and 45 min to remove the sacrificial dewce'
BCB coating at the bond interface was squeezed into th@fer, the bonq mt_erface at the wafer edge was de_stroyed.Thls
50-um-deep and 10@m-wide channels and completely fillegcaused delamination of the transfer_red film at a ring of about
them. This indicates that the BCB material can be used f§cm around the wafer edge. The Si€ich-stop layer was re-
transfer bonding of structures with greater aspect ratios th@9ved with buffered HF wet etching. Fig. 5 shows the target
the presented ones and that the BCB will still mold arouniafer with the tran_sferred polycrystalllne silicon film. Fig. 6
the transferred structures. We also have achieved transtBPWS @ cross-sectional SEM image of the transferred film. We
bonding where the structures are completely embedded have performed _f|Im transfer bonding on three sets of wafers.
the BCB using extremely short bonding times of 4 min anghe transferred film of one of the three wafers was damaged on

curing temperatures of 300C. These structures had the sam@n aréa of about 0.4 mThis was due to a void at the bond
dimensions as the previously described structures. interface, which led to local delamination and cracking of the

transferred film. On the other two wafers, the transferred poly-
crystalline silicon films stayed completely intact and crack-free,
as can be seenin Fig. 5. The root mean square surface roughness
For demonstrating film transfer bonding, we have transferred the transferred polycrystalline silicon films was measured to
a polycrystalline silicon film from a sacrificial device wafer tobe i, = 0.35 nm and the average surface roughness was mea-
a target wafer. The sacrificial device wafer was 388 and suredtobe?, = 0.30 nm. These values are on the same order of
the target wafer was 500m thick. A 2-um SiO, layer was magnitude as the surface roughness of standard polished silicon
grown on both wafers using wet oxidation at 11UD for 9 h. wafers. We have calculated the average intrinsic stress of the
Then a 0.7em-thick LPCVD polycrystalline silicon film was 7.7-um-thick transferred polycrystalline silicon (Oufn thick)
deposited on the sacrificial device wafer. The sacrificial devi@nd BCB (7 m thick) sandwich layer on two perpendicular
wafer was bonded to the target wafer according to the preegixes to be 70 and 72 MPa (compressive stress). Therefore, the
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Fig. 7. SEM image of the patterned polycrystalline silicon film.

sides of the devices must be processed. First, two titanium/plat-
Fig. 5. Target wafer with transfer bonded polycrystalline silicon film Withouln'jjm_(TI/Pt) el_ectroc_jes are dePc_)Slte_d O_n the front side of the
any visible cracks or voids at the bond interface. thin-film material. Since a metalization is also needed on the
back side of the thin-film material, transfer bonding is needed
and allows a molybdenum silicide (MoSi) film to be deposited
on the back side of the thin-film material. Thus, the two metal
electrodes can be probed and the TCR value of the thin-film
material can be measured through the thickness of the thin-film
material over the MoSi and back through the thin-film material.
To fabricate the devices, we have used a combination of device
transfer bonding and film transfer bonding, as illustrated in
tlk Silicon { Vargel Waler) Fig. 8.

The sacrificial device wafer was 3Q0n and the target wafer
was 50Q:m thick. A 2-um SiO; layer was grown on both wafers
using wet oxidation at 1100C for 9 h. A 0.7um-thick LPCVD
polycrystalline silicon film was deposited on the sacrificial de-
Fig. 6. Cross-sectional SEM image of the transfer bonded polycrystallivéce wafer. Then a 0.01/0.0pm-thick Ti/Pt film was evaporated
silicon film. on the polycrystalline silicon film and patterned with a standard
liftoff process. Finally, the wafer surface was covered with

bow of the substrate wafer was measured with and without the 0-7um-thick plasma-enhanced chemical-vapor-deposited
transferred film sandwich on top. The average stress level HR§ECVD) silicon nitride(SisNy4) layer. The fully processed
then been calculated using the wafer stress app"cation Optﬁﬂfzrm(ﬂal device wafer consists of silicon bulk material; a§IO
of a Tencor P-10 profilometer. In the calculations, we have us@tgh-stop layer; and a sandwich of a polycrystalline silicon
7.7 um for the film sandwich thickness and 1.8a%' Pa for film, patterned Ti/Pt, and a @\, film [Fig. 8(a)]. For transfer
the elastic constant of the silicon substrate wafer. bonding, the sacrificial device wafer was bonded to the target
After the film transfer bonding, the polycrystalline siliconwafer according to the previously described bonding procedure
film can be processed using a variety of standard IC procesd&4d- 8(b)]. The thickness of the adhesive BCB coating was?2
We have demonstrated the patterning of the polycrystalline siod the bonding pressure was 2 bar. After the bonding procedure,
icon film with a photoresist mask and reactive ion etching. Fig.the sacrificial device wafer was removed using a 30% KOH etch
shows a SEM image of the resulting silicon structures on t§@lution at a temperature of 6C. The total etching time was
of the BCB film. No visible damage or delamination of the re@Pproximately 12 h. The Sietch-stop layer was removed with
Su'ting structures has been found. buffered HF wet etching while the &4/PUT|/S|I|CO” films
remained on the target wafer [Fig. 8(c)]. In a subsequent step,
we have sputtered a conductive MoSi film onto the top polycrys-
talline silicon film [Fig. 8(d)]. The resulting film sandwich was
patterned with a photoresist mask and reactive ion etching. The
patterned Ti/Pt works as a masking material for the underlying
In the following section, we describe the transfer bondingisN, and BCB films [Fig. 8(e)]. Fig. 9 shows a SEM image
of test devices for TCR measurements of thin-film matef a transfer bonded and fully processed device on the target
rials. These devices are used for material characterizationvedfer. We have transfer bonded two sets of wafers containing
thermistor materials, which can be used in uncooled infraregproximately 260 test devices per wafer. No visible damage or
bolometers. The devices are fabricated with the transféelamination of the devices was found. Thirty devices have been
bonding technology because the back sides as well as the frevdluated and all of them were working.
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C. Transfer Bonding of Test Devices for Temperature
Coefficient of Resistance (TCR) Measurements of Thin-Film
Materials
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(d) T (e)

350 °C. If higher temperatures are needed, an intermediate
bonding material, which can withstand these temperatures,
must be used. Given the presented specifications, wafer-level
transfer bonding can be a competitive alternative to flip-chip
bonding, especially for thin-film devices that require small
electrical interconnections and have small feature sizes.

Sandw j:l'h TP V. CONCLUSION

2 _ ShN/BCB- The presented transfer bonding technology is a low-temper-
Farget Waler Sandwich ature process for transferring devices or films from a sacrifi-

LBk Y708 1oFm HOI@ cial device wafer to a target wafer. We have demonstrated the

transfer bonding technology for different thin-film polycrys-
_ _ _ ~talline silicon devices with feature sizes as small ag.tb We
Fig. 9. SEM image of a transfer bonded and etched multilayer test device f‘i’éve not observed any problems with cracking of the transferred
TCR measurements of thin film materials as illustrated in Fig. 8(e). . . . . .
devices/films as reported for other integration technologies [7].
The technology results in excellent yield and is IC compatible.
IV. POTENTIALS AND LIMITATIONS OF THE TRANSFER Furthermore, we have demonstrated the processing of simple
BONDING TECHNOLOGY electrical interconnections between the device metalization and

Low-temperature transfer bonding opens new opportunitid® metalization of the target wafer by using evaporated Ti and
specifically in integrating transducers and ICs. The transducéid. The presented wafer-level transfer bonding technology can
and the IC fabrication can be optimized independently dif & competitive alternative to flip-chip bonding, especially for
different wafers with cost-efficient processes. This allowie integration of thin-film devices with small feature sizes and
monocrystalline silicon or other high-temperature annealetihen small electrical interconnectiofis 3 x 3 um?) between
high-performance materials to be used in the transducers. Lat@¢, devices and the target wafer are required.
the transducers are transferred and integrated on the IC wafer.
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