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Abstract — It has been recognized that the interdiffusion of atomic species between a PZT film and the Pt bottom
electrode leads to the gradual degradation of a PZT capacitor. In order to prevent this interdiffusion, experimental stu-
dies on chemical passivation to the bottom electrode surface were carried out by the sulfurization method. It was ob-
served that a sulfur layer was built up on the Pt substrate with small grains, which resulted in a structural change at
the Pt surface. Atomic force microscopy (AFM) showed that the film roughness of the Pt surface was increased by
sulfur treatment. Pb(ZrysTios)Os(PZT) thin films were prepared on a Pt/Ti/SiO,/Si bottom electrode by spin-coating
techniques. The microstructure and the preferred orientation of the PZT films were shown to depend on the sulfur-
treated electrode. The PZT capacitor on a clean Pt electrode was confirmed to be ferroelectric with Pr=17.7 pC/cm’
and Ec=65 kV/cm from the P-E hysteresis curves. The fatigue behavior of a PZT film capacitor prepared on a sulfur-
treated one was observed to be relaxed, but the absolute value of Pr was paid off.
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INTRODUCTION

PZT thin films, which have applications in many fields, have
recently been extensively investigated for use in non-volatile
memories [Chung et al., 1997; Nakamura et al., 1994; Mihara
et al., 1994]. However, several problems, such as ferroelec-
tric fatigue, have remained unsolved for successful applica-
tion to electronic devices. The fatigue behavior of ferroelec-
tric film by repeated polarization switching cycles has been
a central issue in reliability and is currently of much con-
cern [Dormans et al., 1992]. The formation of a PZT capac-
itor requires thermal treatment, which causes interdiffusion
of atomic species between the PZT film and the bottom elec-
trode substrate. Thus, the choice of the bottom electrode is
restricted to suppress the interaction between ferroelectric
and electrode materials under the processing temperatures in-
volved, which might result in the degradation of these films
during polarization reversals. Many attempts have been made
to reduce the degradation properties of PZT thin film capac-
itors. Desu and Yoo [1992] have reported that oxygen va-
cancy plays an important role through the fatigue model bas-
ed on defect chemistry. They have proposed that the fatigue
could be alleviated either by reducing the concentration of
intrinsic defects or by controlling the film interface states.
Scott et al. [1992] showed that PZT layers adjacent to both
the top and the bottom electrodes have an oxygen deficiency
and the fatigue may be from the diffusion of oxygen into the
electrode.

Hence, the interface region where there may exist improper
phase development and a chemical reaction between ferroelec-
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tric and electrode materials should be stabilized. Recently,
chemical and photochemical treatments have been found to
successfully improve the quality of a GaAs surface [Maeda
et al., 1993; Ohno et al., 1993]. In particular, ammonium sul-
fide [(NH,).S] treatments have proven to be effective in sta-
bilizing the surface.

In this work, Pb(Zr,sTios)O; thin films were prepared by
the sol-gel method on Pt/Ti/SiO,/Si substrate obtained using
sputtering and CVD. The microstructural changes and the crys-
tallographic properties of the Pt electrode surfaces treated by
hydrogen sulfide were analyzed by x-ray diffraction (XRD),
scanning electron microscopy (SEM) and atomic force mi-
croscopy (AFM). The influence of sulfur treatment was eva-
luated by studying the electrical properties of a PZT capac-
itor prepared on a sulfur-treated electrode.

EXPERIMENTAL

Sol-gel derived PZT films were prepared from metalorgan-
ic solutions of lead acetate trihydrate, zirconium n-propoxide
and titanium isopropoxide precursors. Each concentration was
controlled to be a ratio of Pb: Zr: Ti=1:0.5:0.5. The Pb-Zz-
Ti solutions were diluted with acetic acid and methoxyeth-
anol to form a 0.4 M PZT precursor solution. PZT films were
finally deposited onto substrates of a Pt (270 nm)/Ti (30 nm)
layer, which were sputter-deposited on a thermally oxidized
Si wafer, using a spin coater operated at 2,500 rpm for 40
second, and subsequently dried on a hot plate at 200°C for 5
min. Multilayer depositions (three coatings) were performed
to increase the film thickness (about 250 nm). These films
were subsequently converted to crystallized Pb(Zi,sTis)O; films
by annealing at 650°C for 30 min. For the measurement of
electrical properties, the Pt top electrodes were sputter-deposit-
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Fig. 1. Schematic diagram of sulfur-treatment system.

1. H,S gas 6. Reactor

2. N, gas 7. Temperature controller
3. Mass flow controller 8. Butterfly valve

4. Pressure gauge 9. Rotary pump

5. Shower-ring

ed using a shadow mask. The area of the Pt top electrode
was about 1x 10™*cm” and the thickness was about 100 nm.

Fig. 1 shows a schematic diagram of the experimental ap-
paratus for the sulfur-treatment of the Pt electrode substrate.
In this experiment, the sulfur-treatment of the Pt/Ti/SiO,/Si
substrate used above was carried out at 700 K, which is a
decomposition temperature of H,S (hydrogen sulfide 99.5 %)
gas. Sulfur is adsorbed mainly in the molecular form at room
temperature and in dissociated form at higher temperature (700
K). It is therefore highly probable that the molecules are al-
ready dissociated at the surfaces. H,S gas as treatment agent
was supplied to the vertical reactor with N, gas used as di-
lution gas under a pressure of 300 torr.

Crystallization behavior of the films was studied with an X-
ray diffractometer (Model Scintag XDS 2000). The surface
morphology of the films was evaluated by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). The
hysteresis loops in this experiment were measured under an
applied voltage of 5 V using a Radiant Technologies RT-
66A system. The fatigue measurements were carried out by
applying 1 MHz square waves with =5 V.

RESULTS AND DISCUSSION

The crystallinity of the PZT films prepared by the sol-gel
technique under the various parameters was investigated. X-
ray diffraction profiles with the annealing temperatures for
the Pb(Zry5Tiy5)O; films coated onto Pt/Ti/SiO,/Si substrates
are shown in Fig. 2. These films were of the same thickness
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Fig. 2. XRD patterns of Pb(Zr,sTi,s)O; films annealed at (a)
550°C, (b) 650°C, and (c) 750°C.

(250 nm) and were annealed for 30 min. The film annealed
at 550°C shows a pattern of amorphous material, and a sin-
gle phase with the perovskite structure is shown above an a-
nnealing temperature of 650°C. Although the main orientation
(110) of the polycrystalline PZT phase was slightly detected
above 650°C, there was no metastable pyrochlore phase at
this temperature range. The appearance of the (110) peak in
the PZT film is due to the (110) orientation of the Pt nuclei
on the substrate. It is also found that PZT films with Zr: Ti=
50:50 show very weak (110) peaks due to their composition
ratio.

It is also observed from Fig. 3 that the diffraction intensity
of the (100) peak increases relative to the other peaks with
an increase of film thickness as well as annealing tempera-
ture. The results show that the crystalline orientations of the
films strongly depend on their thickness. The thickness of
the PZT film increased with an increase in coating cycles,
but the sequence coating process produced the peeling phenom-
enon of PZT film. The films with 250 nm thickness show typ-
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Fig.3. XRD patterns of Pb(Zr,sTi,s)O; films prepared with
coating cycles.
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Fig. 4. SEM images of surface morphology (a) and cross-sec-
tion (b) of PZT film (250 nm).

ical XRD patterns from the oriented polycrystalline PZT. Fig. 4
shows SEM images of the surface morphology and the cross-
section of 3-coated PZT film (250 nm). The film has a
rosette-like structure and dense uniform structure with a
grain size of about 100 nm. The PY/Ti layer was sputter-de-
posited on the thermally oxidized Si wafer.

For chemical passivation, hydrogen sulfide gas was sup-
plied to the vacuum chamber at 700 K, which is known as
its decomposition temperature. Sulfur-treatment time as pro-
cess variable ranged from 30 sec to 5 min. In order to inves-
tigate the chemical bonding at the electrode surface treated
by hydrogen sulfide, XRD measurements were carried out.
Fig. 5 shows XRD profiles of the Pt electrode surface as a
function of the sulfur-treatment time. The surface of the Pt/
Ti/SiO,/Si substrate treated by hydrogen sulfide exhibits the
XRD peak of the Pt-S bond around 26=26°. This indicates
that the dissociation adsorption of hydrogen sulfide gas in-
duces a surface reconstruction that corresponds to a structural
change at the Pt surface. It can be therefore expected that an
exchange reaction between the Pt electrode and the sulfur atoms
occurs at the Pt surface.

However, assuming that the overlayer of sulfur has a lay-
ered structure, the thickness of sulfur should be roughly con-
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Fig. 5. XRD patterns of Pt electrode substrate with sulfur-treat-
ment: (a) clean Pt, (b) and (c) sulfur-treated one for 2
min and 4 min, respectively.

trolled to be near one or two monolayers [Oigawa et al., 1991].
It is also well known that sulfur-treatment is partially effec-
tive for the reduction of surface defect density [Maeda et al.,
1993]. Nannichi et al. [1990] have presented a simplified mod-
el of the sulfur-treated surface. In the case of Na,S-treatment
on a GaAs surface, the surface is covered with an amorphous
sulfur layer of about 10 nm-thickness (or Na,S). Hence, sul-
fur atoms in a vacuum correspond one to one with the sub-
strate alignment and form any bonding on the surface. It is
therefore inferred that the sulfur-treatment time on the Pt
surface should be reduced to form a thinner sulfur layer be-
cause the thick sulfur layer might act as an insulator against
the Pt electrode.

Three-dimensional AFM measurements were performed to
examine the surface morphologies of the Pt electrode treated
by hydrogen sulfide. Fig. 6 shows AFM surface images of a
clean Pt surface and a sulfur-treated one for 2 min. In order
to quantitatively compare the surface morphologies, the average
root-mean-squares roughness was calculated directly from the
AFM images. The roughness for the clean Pt surface and the
sulfur-treated one is 1.2 nm and 2.8 nm, respectively. It is
seen that the surface flatness decreases with an increase of
sulfur-treatment time.

An important issue that is mentioned in this work is the
interaction of the ferroelectric film with the electrode substrate
during growth or further processing. This interaction can take
the diffusion form of a film species into the substrate. Fig. 7
shows the effects of sulfur-treatment on the crystallization
of PZT films. The preferred orientation of as-deposited PZT
films on the sulfur-treated electrode shows some dependence
on the surface treatment. The preferred crystal growth process
on a clean Pt electrode results in the (111) oriented PZT crys-
tals, while the (100) peak intensity of as-deposited PZT film
on a sulfur-treated electrode increases more than that of PZT
on a clean one. It is here very likely that even though the sul-
fur-treated surface as a nucleation site for the perovskite phase
gives rise to a rough morphology in terms of AFM surface
images, Pt (100) hillocks are not exhibited. It is therefore
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Fig. 8. Hysteresis loops depicting initial states and fatigued
states of PZT (50/50) films grown on a clean electrode
and a sulfur-treated one at 10° polarization switching
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cause for the diffusion of PZT film species into the bottom
electrode, might be suppressed by a sulfur layer. Spierings
et al. [1991] explained that the (100)-oriented growth might
be the natural growth behavior of lead perovskite on smooth
unannealed-Pt electrodes.

Fig. 8 shows hysteresis curves of PZT thin films grown on
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Fig. 9. Fatigue behavior of PZT film capacitor prepared on
clean electrode and suifur-treated one.

a clean electrode surface and a sulfur-treated one. The initial on a clean electrode are 17.7 uC/cm” and 65 kV/cm, respec-
state before fatigue and the fatigued states after 10° switching tively. Also, the initial states of the PZT film capacitor prepar-
cycles with pulse height were compared. The remnant po- ed on the sulfur-treated electrode had a well-saturated hys-

larization, Pr, and the coercive field, Ec, of a PZT capacitor teresis loop, which exhibited a slight difference due to the ef-
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fects of sulfur-treatment on P-E hysteresis properties. However,
the fatigue behavior does not change appreciably in compar-
ison with films on the sulfur-treated electrode.

The fatigue behavior of PZT thin films grown on a clean
electrode and a sulfur-treated one is shown in Fig. 9(a). The
difference between switched and unswitched polarizations (2 Pr)
drops to a low level above 10° cycles. The initial 2 Pr values
of as-deposited PZT film on a sulfur-treated electrode are less
than that of PZT film on a clean one. After fatigue of 10°
cycles, the 2 Pr is saturated to about 5 pC/cm’, which is about
16 % of the initial value. It can be found from the normalized
data (Fig. 9b) that the degradation rate of PZT film grown on
a sulfur-treated electrode is slightly relaxed with switching cy-
cles compared with that on a clean one. An important em-
phasis is the relaxation of degradation rate by preventing
the interaction of PZT/Pt interface regions. The normalized
data [Fig. 9(b)] indicates that the degradation rate of PZT
film on a clean electrode is higher than that of PZT film on
a 2 min-treated one. However, 2 Pr decreases with an increase
in sulfur-treatment time. It is therefore expected that the thick
sulfur layer might form an interface region between the PZT
film and the Pt electrode. New interface regions through thick
sulfur layers can also form space charge layers along the PZT/
Pt interface. This results in an increase of the interfacial resist-
ance and a decrease of the interfacial capacitance.

CONCLUSIONS

PZT (50/50) thin films were prepared by the sol-gel techni-
que, and the effects of sulfur-treatment on the surface of the
PY/Ti/SiO,/Si substrate were experimentally investigated. It was
also found from X-ray diffraction measurements that sulfur
adsorption on a Pt surface induces a structural change at the
surface. The surface morphologies as well as the preferred ori-
entation of the PZT films were affected by the sulfur-treat-
ment on a Pt electrode surface. The remnant polarization, Pr,
and the coercive field, Ec, of the PZT capacitor are 17.7 uC/
cm’® and 65 kV/cm, respectively. The experimental observa-
tion that sulfur-treatment of the Pt electrode surface can play
a positive role as a diffusion barrier in integration of the fer-
roelectric film into devices was presented.
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