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Effects of Pt diffusion barrier layer on the interface reaction and
electric properties of PZT film/Si(111) sample
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The effects of the Pt diffusion barrier layer on the interface
diffusion and reaction, crystallization, dielectric and ferro-
electric properties of the PZT/Si(111) sample have been stud-
ied using XPS, AES and XRD techniques. The results indicate
that the Pt diffusion barrier layer between the PZT layer and
the Si substrate prohibits the formation of TiC,, TiSi, and
SiO, species in the PZT layer. The Pt barrier layer also com-
pletely interrupts the diffusion of Si from the Si substrate into
the PZT layer and impedes the diffusion of oxygen from air to
the Si substrate greatly. Although the Pt layer can not prevent
completely the diffusion and reaction between oxygen and sili-
con, it can prevent the formation of a stable SiQ, interface
layer on the interface of PZT/Si. The Pt layer reacts with sili-
con to form PiSi, species on the interface of Pt/Si, which can
intensify the chemical binding strength between the Pt layer
and the Si substrate. To play a good role as a diffusion barri-
er layer, the Pt barrier layer must be not thinner than 140
nm. The existence of the Pt layer not only promotes the crys-
tallization of PZT layer to form a perovskite phase but also
improves dielectric and ferroelectric performances of the PZT
layer.
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Introduction

In recent years, much attention has been paid to
using PZT films for high density semiconductor memory
devices and surface acoustic wave devices, pyroelectric

sensors and supersonic wave probes. !> In general,
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PZT thin film is deposited directly on a semiconductor
substrate such as silicon. It is very difficult to obtain a
high quality ferroelectric PZT film on silicon successfully
due to the interface reaction and diffusion between the
PZT layer and the silicon substrate.*S In order to pre-
vent the interface diffusion and reaction between PZT
layer and the silicon substrate, a buffer layer is neces-
sary, which can improve the dielectric and ferroelectric
performances greatly.”® Due to low dielectric constant of
oxide buffer layers such as CeQ,, Mg0Q, Y,0; and lat-
tice mismatch, these buffer layers can not be accepted as
perfect material until now. The study on the SrTiO;
film/Si has revealed that platinum is a good diffusion
barrier layer, and can improve the dielectric constant
significantly.’® The dielectric constant in the PZT film
deposited on the Si substrate is about 13, but the dielec-
tric constant of PZT film deposited on platinum substrate
can reach 1500."" Platinum can be used not only as a
diffusion barrier layer but also as a bottom electrode ma-
terial in PZT films. So far it is still not very clear how
platinum layer improve the performance of PZT film.

In this paper, the effects of Pt as a diffusion barrier
layer on the interface diffusion and reaction have been
studied. The results show that the Pt layer impedes the
diffusion and reaction between Si and the PZT layer
completely. It also decreases the diffusion of oxygen
greatly and prevents the formation of TiC, and TiSi,
species in the PZT layer completely. In addition, the Pt
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barrier layer promotes the formation of PZT perovskite
phase. After the Pt barrier layer is added, the dielectric
properties of PZT film arrive at the level of bulk PZT

materials and the ferroelectric properties are improved
greatly .

Experimental

P-type Si(111) wafer with 2.4 {)/cm resistance
was cleaned using HF solution and used as substrates. A
Pt layer was deposited on the Si(111) wafer by a DC
magnetron sputtering, and the thickness was 50 nm for
PZT/Pt(50)/Si and 140 nm for PZT/Pt(140)/Si sam-
ples, respectively. A PZT precursor film was deposited
on the substrates of Pt/Si (111) using a sol-gel
method.'> The film was coated using the spin-coating
method conducted at 500 rpm for 8 s followed by 4000
rpm for 15 s. The thickness of the PZT layer was about
80 nm. The PZT/Pt/Si samples that were used to mea-
sure the electric properties were coated five times, and
the thickness of PZT layer was about 400 nm. The sam-
ples were dried and calcinated in air. First, the temper-
ature was raised to 400°C with the heating rate of 2°C/
min and maintained for 30 min to promote the decompo-
sition of organic compounds. Then, the temperature was
raised to 800°C with the same heating rate and main-
tained for two hours to form PZT perovskite phase. At
last, the furnace was cooled naturally.

For determination of electrical properties of PZT
films, a Pt layer was used as the base electrode and the
top Au electrodes (1 mm diameter) were deposited to
establish a parallel-plate capacitor geometry. The thick-
ness of the PZT layer was 400 nm, which was measured
by AES depth profile analysis. Dielectric properties of
PZT films were measured by a HP4192A impedance ana-
lyzer at room temperature. Hysteresis loops were mea-
sured to evaluate the ferroelectric properties of PZT films
using a modified Sawyer-Tower circuit with 50 Hz a.c.
current.

The XPS spectra were measured in a PHI 5300 ES-
CA system. Mg K, X-ray beam was used, and the power
was set at 250 W. A hemispherical analyzer with a posi-
tion sensitive detector at a pass energy of 37.75 eV was
used. The base vacuumof chamber was maintained at 2
x 107 Pa during XPS analysis. During ion sputtering,
the energy and the current of Ar ion beam were set at
3.0 keV and 20 pA, respectively. The beam was fo-

cused to a spot of 8 mm x 8 mm. The sputtering rate was
about 2.0 nm/min for a thermal oxidized Si0O, thin film.

The AES spectra were measured in a PHI 610 SAM
system. The coaxial electron gun with a single pass
cylindrical mirror analyzer (CMA) was used. The energy
resolution of the CMA was set at 0.3% . The beam en-
ergy and the beam current were 3.0 keV and 0.5 pA,
respectively. The electron beam was incident at an angle
of 60° with respect to the specimen surface. During sput-
tering of Ar ion beam, the beam energy and current of
Ar ion beam were 3.0 keV and 6 pA, respectively. The
beam was focused to a spot of 1 mm x 1 mm, and the
sputtering rate was about 40.0 nm/min for a thermal ox-
idized SiO, thin film.

Results and discussion

Effects of Pt diffusion barrier layer on the formation of
PZT species

After PZT/Si sample was annealed at 800°C for 1
h, TiSi, and TiC, species were formed in the PZT lay-
er.® Fig. 1 showed the Ti 2p spectra in the PZT layer
of PZT/Pt (140)/Si samples. The peak shape of Ti
2p3,, in PZT/Pt(140)/Si is narrow and symmetric. The
binding energy is 458.7 eV, which can be attributed to
PZT species. Compared with the results of PZT/Si sam-
ple, there is only one kind of Ti species in the PZT layer
after a Pt diffusion barrier layer was inserted. Fig. 2 and
3 show the C 15 and Si 2p spectra in PZT/Si and PZT/
Pt(140)/Si samples. In PZT/Si sample, two peaks ap-
pear on the C 1 s spectra . The binding energies are
285.0 eV and 280.8 eV, which can be attributed to
carbonized carbon and carbide, respectively. After a Pt
layer is inserted, only a single peak appears on the C 1s
spectrum and the binding energy is 285.0 eV. The dis-
appearing of shoulder peak at 280. 8 €V implies that
there is not any TiC, species in the PZT layer of PZT/Pt
(140)/Si sample. In PZT/Si sample, the Si 2p spectra
show that there are two kinds of silicon species in PZT
layer. The binding energies are 103.2 and 98.0 eV,
which can be attributed to SiO, and silicide species, re-
spectively. Si can not be detected in PZT layer using
AES after the Pt barrier layer was added, indicating that
Pt layer stopped the diffusion of Si from substrate into
the PZT layer completely.

The above results indicate that the Pt diffusion bar-



330 Pt diffusion barrier layer

ZHU et al.

rier layer prevents the by-reaction of Ti element with car-
bon and silicon. The main cause is that the Pt layer pre-
vents the diffusion of silicon into the PZT layer and curbs
the reaction between silicon and Ti element. Moreover,
the Pt layer also impedes the diffusion of oxygen into in-
terface and increases the concentration of oxygen in the
PZT layer, which causes the residual carbon to be oxi-
dized, and prevents the reaction of carbon and Ti ele-
ment. The existence of the Pt layer reduces the by-reac-
tion in the PZT layer and promotes the formation of PZT

species.
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Fig. 1 Ti 2p spectra of PZT layer in PZT/Si and PZT/Pt
(140 nm)/Si film sample.
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Fig. 2 C 1s spectra of PZT layer in PZT/Si and PZT/Pt
(140 nm)/Si film sample.
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Fig. 3 Si 2p spectra of PZT layer in PZT/Si and PZI/Pt
(140 nm)/Si film sample.

Effects of Pt layer on the interface diffusion and reaction

After PZT/Si sample was annealed at 800°C for 1
h, the interface diffusion and oxidation were very seri-
ous.'® A Si0, interface layer was formed on the interface
of PZT/Si. The distribution of Pb, Zr, Ti elements in
the PZT layer is not homogenous with depth. Fig. 4
showed the depth profile spectrum of PZT/Pt(140)/Si-
(111) samples annealed at 800°C for 1 h. After a Pt
barrier layer was inserted, the distribution of Pb, Zr and
Ti elements in the PZT layer becomes homogenous with
depth. XPS and AES analyses also indicate that no de-
tectable silicon was not found in the PZT layer. These
results imply that the diffusion of silicon in the PZT layer
is stopped completely. Although the Pt layer can not im-
pede the diffusion of oxygen completely, the diffusion
degree decreases greatly. Only a little oxygen can pene-
trate the Pt layer and diffuse into the Pt/Si interface to
form a Gauss distribution. A stable SiO, interface layer
can not be formed although oxygen reacts with silicon
and forms SiO, species on interface of Pt/Si. The Pt lay-
er also prevents the diffusion of PZT species into the Pt
layer. Some diffusion and reaction existing on the inter-
face of Pt/Si can improve the binding strength between
Pt layer and the silicon substrate. In addition, the con-
centration of oxygen in the PZT layer of PZT/Pt(140)/
Si sample is 70% , and is much higher than that of
PZT/Si sample (50%) .5
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The Pt barrier layer prevents the diffusion of silicon
from substrate to the PZT layer completely, and impedes
the diffusion of oxygen from air to the interface of Pt/Si
greatly. Due to the decrease of oxygen diffusion, the Pt
layer impedes the formation of a stable SiO, interface
layer. This will improve the dielectric properties of PZT/
Pt/Si sample greatly. It suggests that the Pt layer is a
good diffusion barrier layer for PZT/Si sample.
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Fig. 4 AES depth profile of PZT/Pt (140 nm)/Si film sam-
ple treated at 800°C for 1 h in air.

Effects of Pt diffusion barrier layer on the interface reac-
tion and species on Pt/Si interface

The interface diffusion and reaction between a Pt
layer and a Si substrate were studied here. The AES line
shapes of Si LVV and Pt NVV are shown in Figs. 5 and
6. Fig. 5 indicates that there are two peaks of Si LVV
near the interface of Pt layer and Si substrate. The ki-
netic energy is 72.5 and 88.5 eV, respectively. The
former results from a SiO, species and the latter is a
broaden peak which may be attributed to pure silicon and
PtSi, species. When the depth is approaching the Si
substrate, the peak at 72.5 eV disappears gradually.
PtSi, species can be neglected due to a little Pt. The ki-
netic energy of the main peak is 88.5 eV corresponding
to a pure silicon substrate. The SiO, species are formed
by the oxidation between diffused oxygen and the silicon
substrate, and the PtSi, species are produced by the re-
action between the Pt layer and the silicon substrate. It
can be found from Fig. 6 that the kinetic energy of Pt
NVV is 60.1 and 58.1 eV in PZT/Pt interface, respec-
tively, and it is 58.1 €V in the interface of Pt/Si. The

peak at 60.1 and 58.1 eV can be attributed to pure Pt
and PiSi, species, respectively."® This result implies
that the Pt layer reacts with the silicon substrate to form
PtSi, species on the interface of Pt layer/silicon sub-
strate. It can be concluded that the Pt layer reacts with
silicon substrate to form PtSi, species, which can en-
hance the binding strength between the Pt bottom elec-
trode and the Si substrate.
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Fig. 5 Si LVV specira in various depth of PZT/Pt (140
nm)/Si sample treated at 800°C for 1 h in air.
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Fig. 6 Pt NVV spectra in various depth of PZT/Pt (140
nm)/Si sample treated at 800°C for 1 h in air.

Effects of Pt diffusion barrier layer thickness on interface

reaction

The effect of the thickness of Pt barrier layer on the
interface diffusion and reaction is also studied here.
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Fig. 7 shows the AES depth profile result of PZT/Pt
(50)/Si(111) film sample. Here, the thickness of Pt
diffusion barrier layer is as small as S0 nm. The concen-
tration of oxygen in the PZT layer decreases from 65% to
40% when the thickness of Pt layer decreases from 140
to 50 nm. Silicon penetrates the Pt diffusion barrier lay-
er and diffuses into the PZT layer. This result means
that the thin Pt layer can not stop the diffusion of silicon
completely. Oxygen diffuses into the silicon substrate
and reacts with silicon to form SiO, species in the inner
part of Pt layer. The kinetic energy of O KLL in the Pt
layer is 502.3 eV, which indicates that oxygen in the Pt
layer exists as SiO, species. The line shape of Si LVV
also indicates that silicon exists as Si0O, and PtSi,, species
in the Pt layer. However, the Pt layer can not impede
the diffusion of oxygen into the silicon substrate. The
diffused oxygen reacts with silicon to form a SiO, layer in
the Pt layer. Meanwhile, the PZT species also diffuses
into the Pt layer. When a Pt layer is deposited on the Si
substrate, the Pt layer is constructed in Pt islands be-
cause it is formed at a Stranski-Krastanov mode not by
layer-by-layer mode. As the thickness of Pt layer is less
than 100 nm, there are many defects in the Pt thin lay-
er.!> These defects act as the diffusion channel of silicon
and oxygen atoms. Thus, the thin Pt layer can not inter-
rupt the diffusion and reaction between silicon and oxy-
gen. The Pt layer that can play the role of a diffusion
barrier layer must not be thinner than 140 nm.
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AES depth profile of PZT/Pt(50 nm)/Si film sample
treated at 800°C for 1 h in air.

Effects of Pt diffusion barrier layer on the structure and
properties of PZT film sample

XRD patterns of PZT/Si(111) and PZT/Pt(140)/
Si(111) samples (Fig. 8) show that no characteristic
diffraction peaks of PZT perovskite phase exist in the
PZT/Si(111) sample. Several peaks of PZT perovskite
phase appeared in the PZT/Pt(140 nm)/Si(111) sam-
ple after the sample annealed at 800°C for 1 h. This re-
sult indicates that the Pt layer can promote the formation
of perovskite phase in the PZT layer because the Pt layer
impedes the existence and motion of silicon in the PZT

layer.
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Fig. 8 XRD spectra of PZT/Si and PZT/Pt(140 nm)/Si film

sample.

The Pt layer improves the dielectric properties of
PZT thin film significantly. Figs. 9a and 9b show the
comparison of PZT film and bulk PZT material in dielec-
tric constant and dissipation factor. The dielectric con-
stant of PZT film/Si(111) sample is 13 due to the for-
mation of a SiO, layer on interface. After the Pt barrier
layer is inserted, the dielectric constant can reach 620,
which is close to that of bulk PZT material. The dissipa-
tion factor of PZT film is about 0.06 which is also close
to that of bulk material. In addition, the ferroelectric
properties are improved greatly after the Pt layer is in-
serted. A hysteresis loop can be observed in annealed
PZT/Pt(140)/Si(111) sample as shown in Fig. 10.
The remnant polarization P, and coercive field E_ are es-
timated to be 28 C/cm* and 65 kV/cm, respectively,
but the PZT/Si(111) sample does not show the hystere-
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sis loop because perovskite structure of PZT layer can not
be formed.
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Fig. 9a Dielectric constant of bulk PZT ceramic and PZT/Pt
(140 nm)/Si thin film sample.
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Fig. 9b Dissipation factor of bulk PZT ceramic and PZT/Pt

(140 nm)/Si film sample.

In the PZT/Si semple, a SiO, interface layer is
formed after being treated at 800°C for 1 h. The forma-
tion of the SiO, layer between a PZT layer and a silicon
substrate makes the PZT layer connect itself with the
Si0, layer as a serial circuit. This serial connection
causes great decrease of dielectric constant in the PZT/
Si sample because the dielectric constant of SiQ, is as
low as about 10. After the Pt barrier layer was added,
the diffusion and reaction between silicon and oxygen is
curbed and the SiO, layer is not formed. As a result,
only the PZT layer govems the dielectric properties of
PZT/Pt/Si sample. Because the Pt layer can promote
the crystallization of perovskite PZT phase and curb the

by-reaction, the excellent ferroelectric properties can be
obtained in PZT/Pt(140)/Si sample. It can be conclud-
ed that the insertion of the Pt barrier layer greatly im-
proves the properties of PZT film/Si sample.
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Fig. 10 Hysteresis loop of PZT/Pt(140 nm)/Si film sample.

Conclusion

1. The Pt diffusion barrier layer curbs the formation
of TiC, and TiSi, species in the PZT layer and promotes
the formation of PZT species.

2. The Pt layer prevents the diffusion of silicon
from substrate to the PZT layer completely and impedes
the diffusion of oxygen from air to the silicon substrate
significantly. A stable SiO, interface layer is not formed
at the interface, and silicon can neither exist nor diffuse
into the PZT layer.

3. The Pt layer promotes the crystallization of PZT
perovskite phase and improves the dielectric properties of
PZT/Pt(140)/Si(111) film sample to be close to those
of bulk PZT material. The existence of Pt layer results in
a good ferroelectric property of the PZT/Pt(140 nm)/Si
film sample.

4. To interrupt the diffusion and reaction between
oxygen and the silicon substrate, the thickness of Pt bar-
rier layer must be not less than 140 nm. The Pt layer
can react with silicon substrate to form PtSi, species and
improve the binding strength between Pt layer and sub-
strate.
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