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A novel fabrication process of ferroelectric-semiconductor heterostructures based on direct wafer
bonding has been demonstrated. PolycrystallingiBD, ferroelectric thin films were deposited on

3 in. silicon wafers using chemical solution deposition. The films were polished and then directly
bonded to silicon wafers in a micro-cleanroom. After thermal annealing in air at 500 °C for 12 h, the
bonding energy increases up to 1.5 2/idigh resolution transmission electron microscopy shows
the difference between the bonded and reacted interfaces. Obtaining a metal-ferroelectric-silicon
(MFS) structure containing the ferroelectric-Si bonded interface was achieved by polishing down
and etching the handling wafer. The,BizO,, film kept its ferroelectric properties as shown by
C-V measurement. €997 American Institute of PhysidsS0003-695(97)02525-4

In recent years a major effort has taken place to accomsolution depositiofCSD) method as described elsewhéte.
plish integration of ferroelectric materials into semiconduc-BiT thin films were deposited ontp-type 3 in. Si wafers
tor technology. Ferroelectric capacitors have already beefl—10() cm resistivity by spin coating at 2000 rpm for 35 s.
integrated into silicon integrated circuits to produce commer-The metalorganic films were dried at 120 °C for 1 min and
cial nonvolatile memorie$? Due to its simplicity and non-  subsequently pyrolized on a hot plate at 300 °C for 5 min. To
destructive readout, the idea of ferroelectric field effectincrease the film thickness, the whole procedure was re-
transistor as a memory cell remains a goal for peated three times. The amorphous films were etched at the
ferroelectric-Si integration although realization attemptsrim of the wafer in order to eliminate the inherent thickness
were so far not successful. Besides the memory effect, theronuniformity from the spinning process. The etching was
photoelectric and pyroelectric effects in ferroelectric-done using a standard photolithography process and chemi-
semiconductor heterostructéirecould be promising for de- cal etching in buffered hydrofluoric acid. Finally, the BiT
veloping new types of integrated detectors. thin films were crystallized by conventional thermal anneal-
The success of integration basically is determined by théng in air for 30 min at 575 °C. The film thickness measured
quality of the ferroelectric film and the process integration ofpy SEM was 580 nm.
the ferroelectric oxides into the semiconductor technology.  The film surface morphology was analyzed using atomic
The use of volatile, toxic, or undesirable elements as Pb anfbrce microscopy(AFM) (Digital Instruments, D5000 The
Bi in semiconductor technology remains one of the technofilm is polycrystalline with a grain diameter of about 100 nm.
logical and environmental problems. Moreover, high tem-The roughness of the film computed from the AFM image is
peratures that basically are required to obtain ferroelectrigbout 5 nm with a waviness of about 45 nm across a 10
thin films with very good properties have to be avoided sincex 10 um? area.
high processing temperatures would lead to undesirable in-  As the bondability of a wafer depends on the
terface reaction at the semiconductor-ferroelectric interfaceroughneggﬁ and wavinedgs of the surface, the crystallized
One way to avoid reactions is to grow a buffer layer betweenijims were polished for 45 min using a standard tribochemi-
Si and the ferroelectric filri.The present work proposes a cal method with a polishing solution @H 8.5 composed of
new approach for fabricating ferroelectric-semiconductor deSyton, HO and glycerol4:4:1). After polishing, the wafers
vices by direct bonding of ferroelectric thin films to a silicon were u|trasonica”y cleaned fal h in deionized water to
wafer. remove any residue. AFM images of the polished films show
In the last decade, direct wafer bondif@WB)"® has 3 significant decrease of the roughness, and improved rms
drawn attention as a versatile method of fabricating silicon,gjye of about 1.5 nm. The final film thickness was 400 nm.
on silicor? or silicon on insulato(SOI) devices®*as well The BiT/Si wafer which showed a hydrophilic surface
as other materials combinatiotfsThere are some reports on \as then bonded to a silicon wafer, covered with a native
direct bonding of silicon wafers on bulk ferroelectrics®  oyide, by a standard direct wafer bonding process in a micro-
The most difficult point on bonding bulk ferroelectric oxides cleanroom setup’ Figure 1 shows an infrared photograph of
to Siis the large mismatch between thermal expansion coey honded wafer pair where the bonded area appears bright
ficients of the two material$ which limits the annealing ang dark contrast indicates incomplete bonding. It can be
temperature of the bonded pair, and consequently the achie¥ae that in the upper part of the wafers a bubble and an
able bonding energy. In this respect, too, the use of ferroycomplete bonded area are formed. This effect is due to a
electric thin films instead of bulk ferroelectrics offers a prin- macroscopic defect, a radial thickness nonhomogeneity
cipal advantage. o _ _ (stree} in the BIT film caused by a dust particle during the
Bi,TizO4, (BIT) thin films were obtained by chemical spinning process.
The surface energy which characterizes the strength of
dElectronic mail: malexe@mpi-halle.mpg.de the bonding was measured using the crack opening
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FIG. 1. Infrared transmission photograph @ 3 in. Bi,Ti;O;,/Si wafer
bonded to a Si wafer.

method!® The surface energy shows a drastic increase from
as low as 20 mJ/fafter room-temperature bonding to about

1.5 J/nt after thermal annealing around 500 °C for 12 h. The
surface energy of the room-temperature bonded wafer is VeryiG. 2. High resolution TEM pictures of Bii;0;,-Si for (a) the reacted
low for a hydrophilic bonding. The reason for this low sur- interface, andb) the bonded interface, after heating for 12 h at 500 °C.
face energy could be associated with the polycrystalline na-

t}Jre Of. the f|Im_. Dug to the intergranular regions Wh'Ch aCtBiT—Si bonded interface and MFS structure with transferred
like microscopic voids, the actual bonded area is smallebi.r films

than the entire surface. . . . .
: . . In summary, direct bonding of large area,BikO;> thin
Due fo the h'gh bon_dlng energy, cross sections COUIC.’ b Ims on silicon was demonstrated. Annealing of the room-
prepargd _by wire - sawing and polishing. High resomtlontemperature bonded wafers at 500 °C for 12 h drastically
tran§m|s§|on electrpn mlcroscomleTEM) of these cross increased the bonding energy without leading to undesirable
feCtIOI’IS”IS §hown_|n Fig. 2 where Fig(ap rgpresents _the interface reactions. Transferring of a ferroelectric thin film
reacted” BiT—Si interface formed by the film deposition on a silicon wafer employing direct bonding coupled with

on the handling wafer and crystallization annealing at 575 °C, . _ . : L
for 1 h, while Fig. 2b) shows the bonded BiT—Si interfaceqmnnmg down the handling wafer and the fabrication of a

after a thermal annealing at 500 °C for 12 h. From the two
pictures it can be seen that the Si and Sadthe handling T ' ' " ' ' ' ‘ T
wafer are affected by growing and annealing of the BiT film. 0.14 - .
In contrast, the silicon at the bonded interface remains unaf-
fected even after annealing at 500 °C for 12 h. It can be seer g2}  “*izre 4
that after bonding the native silicon oxide is acting like a
very thin buffer layer for the ferroelectric thin film.

(b)

For obtaining a metal-ferroelectric-silicqiMFS) struc- % 010 |
ture with a ferroelectric-Si bonded interface, the handling Ej_ _
wafer with the reacted interface was polished down to 50 e 0.08 T
wm, and subsequently etched away in KOH at 80 °C. Circu- 9 1
lar dots with a 0.3 mm diameter area were formed by Al film & 0.06} .
evaporation on top of the BiT film trough a metallic mask. 'g

The bottom electrode of the structure was an evaporated Al g 0.04 |
film. Prior to Al deposition for the bottom electrode, the
native silicon oxide was etched away in buffered hydrofluo- 002l 1
ric acid. The capacitance—voltage curve for the MFS struc- ' —
ture with the bonded interface was measured at 10 kHz using i
a Hewlett-Packard HP4192 impedance analyzer. Thé/ 0.00— R s
measurements presented in Fig. 3 reveal a clockwise hyster Applied bias (V)

esis which is due to a real ferroelectric switching and con-

firms that the BiT film is still ferroelectric’ Further mea-  rig. 3. Capacitance—voltage curve for a MFS structure WitTBO,Si
surements are now in progress in order to characterize thended interface measured at 10 kHz.
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