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Epitaxial lead zirconium titanate �PZT� �001� thin films with a Pt bottom electrode were de-
posited by rf sputtering onto Si�001� single crystal substrates with a Ag buffer layer.
Both PZT�20/80� and PZT�53/47� samples were shown to consist of a single perovskite phase
and to have the �001� orientation. The orientation relationship was determined to be
PZT�001��110� �Pt�001��110� �Ag�001��110� �Si�001��110�. The microstructure of the multilayer
was studied using transmission electron microscopy �TEM�. The electron diffraction pattern
confirmed the epitaxial relationship between each layer. The measured remanent polarization Pr and
coercive field Ec of the PZT�20/80� thin film were 26 �C/cm2 and 110 kV/cm, respectively. For
PZT�53/47�, Pr was 10 �C/cm2 and Ec was 80 kV/cm. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2731515�

The ferroelectric material lead zirconium titanate
�Pb�Zr,Ti�O3 or PZT� is a promising medium for scanning
probe microscopy–based high density data storage.1 Com-
pared with ferromagnetic materials, ferroelectric materials
have the advantages of narrower domain width, fast switch-
ing of polarization, and electrical operation. For probe stor-
age media, large remanent polarization and uniform proper-
ties are desirable. Compared to other ferroelectric materials
such as BaTiO3, PZT has stronger polarization and lower
processing temperature. Therefore, epitaxially grown PZT
thin films with controlled orientation are of interest for probe
storage applications. Though researchers have already ob-
tained good epitaxial PZT thin films on some single crystal
substrates such as SrTiO3, MgO, and LaAlO3 using different
deposition methods �sputtering, pubed laser deposition, and
metal-organic chemical-vapor deposition�,2–4 fabrication on
silicon is preferred for industrial applications, because it is a
much cheaper substrate and also provides the promise that it
can be integrated with a complementary metal-oxide semi-
conductor process. Thus, the epitaxial growth of ferroelectric
thin films on Si using rf sputtering is a goal we want to
reach. Platinum �Pt� is widely used as a bottom electrode
material for ferroelectric thin film capacitors because of its
good electrical conductivity and chemical stability. However,
Pt films grown on titanium buffered Si�001� substrates are
polycrystalline with the �111� orientation.5 In order to grow
epitaxial Pt thin films, suitable buffer layers with good dif-
fusion barrier properties and epitaxy with Si need to be used.

In this work, we investigated the feasibility of using Ag
as a buffer layer for epitaxial growth of PZT films on Si�100�
substrates. Ag is easily grown epitaxially on HF-etched
Si�001� with cube-on-cube orientation relationship, though
the lattice mismatch between Ag �fcc, a=4.09 Å� and Si
�diamond cubic, a=5.43 Å� is about 24.7%.6,7 This is ex-
plained by the domain matching epitaxial model in which
four planes of Ag match three planes of Si very well. The
lattice mismatch between Pt �fcc, a=3.92 Å� and Ag is about
4.15%, while PZT�53/47� �rhombohedral, a=4.07 Å,

c=4.15 Å� has mismatch of 3.8% with respect to Pt. The
schematic plot of the relative orientation is shown in Fig. 1.

Sputtering was used to deposit these epitaxial films on Si
substrates in this work. First, a HF-cleaned Si substrate was
placed into a Leybold-Heraeus Z-400 sputtering system. The
base pressure was about 6�10−7 Torr. Pt and Ag thin films
were then deposited at 300 °C sequentially by rf diode sput-
tering. The Ar sputtering gas pressure was fixed at 10 mTorr,
and the sputtering power density was about 2.3 W/cm2. The
thickness of Ag and Pt were about 100 and 50 nm, respec-
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FIG. 1. �Color online�Orientation relationships between Si�001� /Ag�001�,
Ag�001� /Pt�001�, and Pt�001� /PZT�001� planes.
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tively. During the experiment, it was found that the hydrogen
terminated Si substrates oxidized very slowly in air, so that
epitaxial Ag could still be obtained on Si that was cleaned 1
day before. After the Pt and Ag layers were deposited on the
Si and cooled down to room temperature, the sample was
transferred to a Lesker sputtering system with a 2 in. PZT
composite target installed. Both PZT�20/80� and
PZT�53/47�, 140 and 160 nm, respectively, were sputtered
in 5 mT Ar at room temperature with a power density of
2.5 W/cm2. The as-deposited films were amorphous and
transformed into the perovskite phase after annealing in O2
at 700 °C for 1 min using rapid thermal annealing. Pt
�100 nm�, for the top electrode, was sputtered at room tem-
perature through a shadow mask with different diameters of
0.01, 0.02, and 0.03 in. The orientation and microstructure of
the PZT samples were determined by a Philips x-ray diffrac-
tometer with Cu K� radiation and a JEM 2000 EX II trans-
mission electron microscope �TEM�. The surface roughness
of the PZT films was studied by atomic force microscopy
�AFM�.

The x-ray diffraction �XRD� �-2� spectrum for the
sample PZT�53/47� /Pt/Ag/Si is shown in Fig. 2�a�. Only
strong �002� diffraction peaks are seen for Ag and Pt films.
No Ag�111� or Pt �111� peaks were observed. The � scan of
�110� planes of Si, Ag, and Pt is shown in Fig. 2�b�. The four
sharp peaks of the different films at the same position indi-
cate cube-on-cube epitaxial relations between each layer. The
PZT layer is a single phase perovskite with the �001� orien-
tation. The PZT�002� peak was hidden by Ag�002� and
Pt�002� peaks because of the strong intensity of the metal
peaks. The � scans of �110� planes were performed for Pt
and PZT layers as shown in Fig. 2�c�. The fourfold symmetry
peaks indicate that the PZT layer is also highly oriented in
the plane and has good cube-on-cube alignment with Pt. The
XRD �-2� spectrum of PZT�20/80� /Pt/Ag/Si is shown in
Fig. 2�d�. A strong PZT�001� peak was obtained on the epi-
taxial Pt layer. The � scans of �110� planes for the Pt and
PZT layers are shown in Fig. 2�e�. The fourfold symmetry
peaks indicate that PZT�20/80� also grows epitaxially on Si
substrates with a cube-on-cube relationship. X-ray rocking
curve measurements were performed to evaluate the crystal-
line quality of the films. The full width at half maximum
�FWHM� of the rocking curve for PZT�53/47� �001� is 2.5°,
FWHM of PZT�20/80� �001� is 3.8°, FWHM of Pt�002� is
1.08°, and FWHM of Ag�002� is 0.95°. The surface rough-
ness of the PZT films was studied by AFM. The best root-
mean-square roughness obtained for Ag was 2 nm, for Pt
was 1.5 nm, and for PZT was 0.9 nm before annealing and
2 nm after annealing. The increase of roughness of PZT
films was caused by the formation of crystal grains.

Plane-view and cross-sectional TEM specimens were
prepared using a standard preparation technique involving
mechanical thinning, dimpling, and Ar ion milling.
Figures 3�a� and 3�b� show a plane-view TEM image and a
selected aperture diffraction �SAD� pattern of the
PZT�53/47� samples. The plane-view TEM image shows
that low angle grain boundaries exist in the PZT�53/47�
films with a large distribution of grain sizes from
300 to 700 nm. The SAD pattern confirms that the PZT film
was a �001�-oriented single crystal. Figures 3�c�–3�e� show a
cross-sectional TEM image and SAD patterns of the
PZT�20/80� /Pt/Ag/Si film. No oxide layer was observed

between Ag and Si. The surface smoothness of the Si sub-
strate was disturbed in some areas due to the HF etching. The
interface between Si and Ag was improved when shorter
etching time was used. The SAD patterns were taken along
the Si�110� and PZT�110� zone axis. Figures 3�d� and 3�e�
display the SAD pattern of the Pt/Ag/Si structure and the
SAD pattern of the PZT layer, respectively. The alignment of
diffraction spots in three directions confirms the epitaxial
relation between the various layers.

The P-E hysteresis loop was measured by a Sawyer-
Tower circuit.8 The P-E hysteresis loops are shown in
Figs. 4�a� and 4�b�. The measured remanent polarization Pr
and coercive field Ec of the PZT�20/80� thin film were
26 �C/cm2 and 110 kV/cm. For PZT�53/47�, Pr was
10 �C/cm2 and Ec was 80 kV/cm. The leakage current den-
sities for both PZT�20/80� and PZT�53/47� were around

FIG. 2. �Color online� �a� XRD spectra of PZT�53/47�Pt/Ag/HF–Si films.
�b� � scans of �110� planes of Pt, Ag, and Si layers. �c� � scans of �110�
planes of PZT�53/47� and Pt layers. �d� XRD spectra of
PZT�20/80�Pt/Ag/HF–Si films. �e� � scans of �110� planes of PZT�20/80�
and Pt layers.
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2.4�10−7 A/cm2 at 5 V. The PZT�20/80� sample shows
stronger remanent polarization than the PZT�53/47� sample
because the polar axis for PZT�20/80� is along the �001�
direction while that of PZT�53/47� is along the �111� direc-
tion. Since both films are �001� oriented, for PZT�53/47�, the
measured polarization component along the �001� direction
will be a factor of 1 /�3 of the polarization along the �111�
direction. As expected, the hysteresis loop is more square for
PZT�20/80� than PZT�53/47�, because the voltage was ap-
plied along the polar axis of PZT�20/80��001� while it was
applied at an angle relative to �111� polar axis of
PZT�53/47� sample. However, the epitaxial PZT�20/80�
films still show lower polarization values than the PZT films
on oxide single crystal substrates, because Si substrates ap-
ply a tensile stress to the PZT films during the cooling pro-
cess due to different thermal expansion coefficients between
the substrates and the films.9 The tensile stress causes “a”
domains �polar axis in plane� to form, which reduces
the total remanent polarization value along the out-of-plane
direction.

In summary, we have successfully deposited epitaxial
�001�-oriented PZT�20/80� and PZT�53/47� thin films on
HF-etched Si�001� substrates with Ag templates by rf sput-
tering. The epitaxial orientation relationship of the various
layers was cube on cube without relative rotation. The
PZT�20/80� samples show a remanent polarization of
26 �C/cm2 and a coercive field of 110 kV/cm. The
PZT�53/47� films show reasonable electrical properties with
a remanent polarization of 10 �C/cm2 and a coercive field
of 80 kV/cm. Therefore, integration of epitaxial PZT films
with Si could be achieved using a single buffer layer of Ag.
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FIG. 3. �Color online� �a� Plane-view TEM image of the sample
PZT�53/47� /Pt/Ag/Si. �b� Selected electron diffraction pattern of the
PZT�53/47� film along the �001� zone axis. �c� Cross-sectional TEM image
of the PZT�20/80� /Pt/Ag/Si sample. �d� Selected electron diffraction pat-
tern of the Pt/Ag/Si structure along the S�110� zone axis. �e� Selected
electron diffraction pattern of the PZT�20/80� layer along the PZT�110�
zone axis.

FIG. 4. P-E hysteresis loops of PZT capacitors using Pt top electrodes; �a�
PZT�53/47� and �b� PZT�20/80�.
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