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The crystalline and dielectric properties of sputter deposited PbTiO3 thin films were investigated as
a function of the film thickness and growth temperature. The crystalline quality was found to be
independent of the film thickness from 2.4 to 200 nm. The capacitance of 0.12 mm2

Pt /PbTiO3 /SrRuO3 and Pt /PbTiO3 /Nb:SrTiO3 capacitors was found to deviate from the ideal
parallel plate capacitance for PbTiO3 films thinner than 10 nm. The decrease in capacitance was
consistent with field penetration into the electrodes. The surface Pb content, as determined from
x-ray photoelectron spectroscopy, was found to decrease with increasing growth temperature from
700 to 760 °C. However, no change could be observed in the crystalline quality. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2937251�

I. INTRODUCTION

When ferroelectric and related high dielectric constant
materials are processed in thin film form, the dielectric con-
stant generally decreases with decreasing film thickness.1

The low frequency dielectric constant is commonly mea-
sured via the capacitance of parallel plate type capacitors,
and the observed reduction in the dielectric constant is often
rationalized in terms of an interfacial layer with low dielec-
tric constant in series with the bulk dielectric. Such an inter-
facial layer is found in theoretical models of the polarization,
where the loss of dipole-dipole interactions at the film sur-
face results in a reduced dielectric constant.2,3 In addition,
the series capacitance associated with electric field penetra-
tion into the metal electrodes will also reduce the measured
capacitance from the ideal parallel plate capacitor value.4,5

However, the microstructure of the thin film will affect the
dielectric properties, and it is hard to separate the influence
of thickness dependent variations in the microstructure on
the dielectric constant from intrinsic thickness variations of
the dielectric constant.

In particular, several studies on the dielectric properties
of PbZrxTi1−xO3 �PZT� films have reproduced the general
thickness dependence.6–9 Most of the data reported in litera-
ture, however, derives from polycrystalline films. Fujisawa et
al.10 found less thickness variation of the dielectric constant
for epitaxial compared with polycrystalline PZT films. Re-
cently, Pintilie et al.11 reported dielectric measurements on
epitaxial PZT films. They concluded that the decrease in the
dielectric constant with decreasing film thickness was an ar-
tifact of the traditional analysis in terms of a parallel plate
capacitor. Moreover, in their analysis, the intrinsic dielectric
constant was close to the measured value in fully depleted
thin films, and the increase in the dielectric constant with
increasing film thickness was attributed to a leaky bulk re-
gion of the film.

Furthermore, the ferroelectric properties of PZT are
known to vary with cation stoichiometry. For instance, the

Curie temperature12 and remanent polarization13,14 have both
been found to decrease with decreasing Pb content. With the
use of Pb-enriched sources, however, it is possible to grow
near stoichiometric PZT thin films.15–20

In this paper, we investigate the influence of the film
thickness on the crystalline and dielectric properties of rf-
magnetron sputter deposited PbTiO3 �PTO� thin films. The
growth temperature dependence of the cation stoichiometry
and the consequences for the crystalline quality and dielec-
tric properties are also assessed.

II. EXPERIMENTAL DETAILS

A. Sample growth

The samples investigated in this study were grown on �i�
insulating SrTiO3 �STO� substrates, �ii� conductive Nb-
doped �0.5 wt % � SrTiO3 �Nb:STO� substrates, and �iii�
SrRuO3 �SRO� films deposited in situ on STO substrates. All
substrates were �001� oriented, with a miscut angle of less
than 0.1°. Commercially available annealed �Nb:STO� or
HF-etched and annealed �STO� substrates were used.

The PTO films were grown by off-axis rf-magnetron
sputtering from a nonstoichiometric target with 10% excess
Pb. All samples were grown with an Ar:O2 ratio of 10:4 and
a total pressure of 165 mTorr. The sputtering power was
90 W, which gave a growth rate of �0.2 nm /min. The
samples were allowed to cool to room temperature in the
growth ambient.

In order to study the impact of film thickness on the
structural and dielectric properties, films with thicknesses
ranging from 2.4 to 200 nm were grown. Two sets of PTO
films were grown at substrate heater temperatures of 725 and
735 °C, respectively. To study the effect of growth tempera-
ture on the crystalline and dielectric properties, films with a
thickness of 20 nm, sufficiently thick to display bulklike
crystalline properties, were grown at substrate heater tem-
peratures from 700 to 760 °C.21

The SRO layer was grown with an Ar:O2 ratio of 10:4,
a total pressure of 100 mTorr, and a sputtering power of
100 W. The layer thickness was 65 nm with a resistivity ofa�Electronic mail: thomas.tybell@iet.ntnu.no.
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�500 �� cm. For measurements of the dielectric properties,
circular Au /Pt contact pads with a diameter of 0.4 mm were
deposited by e-beam evaporation through a stencil mask. The
Nb:STO substrates and SRO films were used as bottom elec-
trodes for the electrical characterization.

B. Structural characterization

The crystalline structure of the thin films was investi-
gated with x-ray diffraction �XRD� using Cu K� ��
=0.154 06 nm� radiation. The out-of-plane lattice constant
and the film thickness were estimated from graphical com-
parisons of experimental and calculated diffraction patterns
of the �001� and �002� diffraction peaks. The diffraction pat-
terns were calculated from an idealized structure of NPTO unit
cells of PTO and NSRO unit cells of SRO on a semi-infinite
STO substrate.22 The structure factor for PTO was calculated
from the bulk structure23 but with the in-plane a-axis lattice
constant set equal to the STO substrate value23 �0.3905 nm�
and the out-of-plane c-axis lattice constant used as a fitting
parameter. The Ti and O displacements were scaled with the
c-axis lattice constant. It has been shown that thin films of
SRO grown on STO are compressively strained.24 Taking
into account the resulting expansion of the bulk orthorhom-
bic unit cell in the out-of-plane �110� direction, a simplified
tetragonal structure with 1 f.u./unit cell was used in the
structure factor calculations for SRO. The in-plane lattice
constant was set equal to the substrate value and the out-of-
plane lattice constant used as a fitting parameter, as was done
for the PTO structure factor.

To evaluate the crystalline quality of the PTO films,
rocking curves were measured around the �001� and �002�
diffraction peaks. In-plane coherence with the substrate was
assessed from reciprocal space maps �RSM� of the �103�
diffraction peak and pole figures of the �103� STO and �113�
PTO diffraction peaks. The pole figures were measured with
a 2� angle corresponding to the �113� PTO peak ��77.0° �,
which is close to the �103� STO peak �2�=77.2° �. The
sample was rotated around the surface normal �the � angle�
and about an axis perpendicular to the surface normal �the �
angle�.

The relative Pb:Ti ratio was measured with x-ray photo-
electron spectroscopy �XPS�. The recorded spectra were
smoothed with a Sawitzky–Golay filter �11 points, fourth or-
der� and fitted to Voigt functions and a Shirley background
using a least squares algorithm. The relative integrated inten-
sities of the XPS peaks were estimated from the fitted curves.

C. Dielectric characterization

Dielectric properties were measured with an Aixacct TF
analyzer 2000. The capacitance was measured on as-grown
films at 2 kHz with a bias voltage of �0.1 V and a small
signal amplitude of 50 mV. The reported capacitances are
average values over the bias range. The polarization was
measured using a variant of the built-in dynamic hysteresis
measurement procedure by the TF analyzer 2000.25 Asym-
metric triangular bipolar voltage pulses were used instead of
the standard symmetric pulses to avoid large leakage currents
at negative bias without decreasing the polarization field for

positive bias. Four pulses were applied, the first two pulses
starting with negative half-periods and the final two pulses
starting with positive half-periods. The positive half-period
of the second pulse and the negative half-period of the fourth
pulse were used to calculate the polarization. The pulse
length was 1 ms with a dwell time of 2 ms between pulses.
The positive and negative amplitudes were set independently,
keeping a constant slew rate for the pulse. The polarization
was calculated by integrating the measured current, includ-
ing possible contributions from the leakage current. The volt-
age was defined as positive when applied to the top elec-
trode.

III. RESULTS AND DISCUSSION

A. Influence of film thickness

1. Crystalline properties

Figure 1 shows typical XRD scans measured around the
�001� diffraction peak along with calculated scans for the
idealized structure.

The PTO film thicknesses were �from bottom to top� 7,
14, 24, and 41 nm, respectively. Thickness fringes around
the �001� and �002� diffraction peaks could be readily ob-
served in all but the thickest samples ��100 nm�.

The c-axis lattice constant is plotted versus film thick-
ness in Fig. 2. Four different sample series are shown: films
grown on insulating STO substrates, films grown on conduc-
tive Nb:STO substrates, films grown on SRO films at a
nominal temperature of 725 °C, and films grown on SRO
films at a nominal temperature of 735 °C. As can be seen,
for films thicker than 20 nm the lattice constant is close to
the bulk value of 0.4152 nm.23 Thinner films show a gradual
decrease in the lattice constant that is in agreement with the
previous reports, wherein this decrease was attributed to a
reduction in the spontaneous polarization in thin films.26

Transmission electron microscopy �TEM� images have

FIG. 1. � /2� XRD scans of PTO grown on SRO/STO. The PTO film thick-
ness was �from bottom to top� 7, 14, 24, and 41 nm, respectively. The
diffractograms have been displaced along the intensity axis for clarity. Bold
lines show measured data, while the fine lines are fits obtained from the
idealized structure.

114112-2 Dahl, Grepstad, and Tybell J. Appl. Phys. 103, 114112 �2008�

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



shown a strained layer with a decreased c-axis lattice con-
stant near the film/substrate interface,27 recently observed
also in PZT films for which a similar decrease in the lattice
constant was found at the film/vacuum interface as well.28 To
a certain extent, the reduced c-axis lattice constant for very
thin films, as measured with XRD, will be due to a growing
contribution from the smaller c-axis lattice constant near the
interfaces.

The full width at half maximum �FWHM� of rocking
curves measured around the �001� PTO diffraction peak was
typically twice that of the substrate, and less than 0.04°. In-
plane epitaxy was maintained irrespective of thickness. The
pole figure of the �113� PTO and �103� STO diffraction peaks
in Fig. 3, for a 49 nm thick film grown on SRO/STO, shows
the alignment of the in-plane lattice vectors of PTO and
STO. The �113� PTO diffraction peaks appear at 45° with
respect to the �103� STO diffraction peaks, which testifies to
the cube on cube epitaxy. The reciprocal space map of the

�103� diffraction peak from a thick PTO film �100 nm�
grown on SRO/STO in Fig. 4 shows that the in-plane lattice
constants of SRO and PTO are both constrained to the sub-
strate value.

Atomic force microscopy �AFM� imaging showed sur-
faces with a step-and-terrace structure that gradually disap-
pears with increasing film thickness. The root-mean-square
�rms� roughness on 5	5 �m2 scans was measured at
0.2–0.9 nm. The change from a step-and-terrace structure to
a homogeneous flat surface is illustrated in Fig. 5. The step-
and-terrace structure is clearly seen for the thinner films, i.e.,
for �a� 5 nm, �b� 19 nm, and �c� 32 nm thick films. It de-
grades in the thicker films, �d� 41 nm and �e� 51 nm, and
disappears entirely in �f� a 106 nm thick film. This trend was
seen for films grown on both STO, Nb:STO, and SRO.

2. Dielectric properties

The measured capacitance of the Pt/PTO/SRO and Pt/
PTO/Nb:STO structures is shown as a function of PTO film
thickness in Fig. 6. For film thicknesses greater than 10 nm,
the capacitance is proportional to the inverse thickness. In
thinner films, a deviation from the inverse thickness depen-
dence is seen for films grown with a SRO bottom electrode.
Leakage currents prohibited measurements on films thinner
than 4.5 nm. For films grown on a Nb:STO bottom electrode,
the capacitance saturates at �5 nF for thin films. A dielectric
constant of 
PTO /
0=69 was found from a fit to a linear
thickness dependence of the inverse capacitance. For films
with a Nb:STO bottom electrode, the fit was limited to films
thicker than 10 nm. The clamped and free dielectric con-
stants for PTO are 51 and 126, respectively, in single
crystals.23

It is known that field penetration into the electrodes will
decrease the total capacitance of thin films.4,5 With two metal
electrodes, the total inverse capacitance per unit area for a
film of thickness d is

1

C
= ��Pt


Pt
+

d


PTO
+

�SRO


SRO
� , �1�

where �Pt and �SRO are free electron gas screening lengths
for Pt and SRO in a linear dielectric background with dielec-

FIG. 2. The PTO c-axis lattice constant, as obtained from fits to the XRD
data, plotted vs film thickness. Films thicker than 20 nm show a fixed out-
of-plane lattice constant, close to the bulk value, while thinner films show a
lattice constant which decreases monotonically with the film thickness. No
significant difference is seen for films deposited on different substrates or
grown at different substrate temperatures. The error bars, shown for films
grown on Nb:STO substrates only, indicate the uncertainty in the fitted
values. For films thicker than 10 nm, the error bars are smaller than the
symbols.

FIG. 3. Pole figure of the �113� PTO and �103� STO diffraction peaks for a
49 nm thick sample grown on SRO/STO. The solid circles identify the re-
gion of measurement. The �113� PTO peaks appear at 45° with respect to the
�103� STO peaks, which testifies to the cube on cube epitaxy.

FIG. 4. Reciprocal space map of �103� diffraction peaks for a 100 nm thick
PTO film grown on SRO/STO. The PTO, SRO, and STO peaks all have the
same in-plane lattice constant.
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tric constants 
Pt and 
SRO, respectively.5,29 The screening
lengths were estimated at �Pt=0.06 nm and �SRO=0.11 nm.30

With these values, the expected series capacitance from the
metal electrodes is 0.47 F /m2. A fit to a linear thickness
dependence of the inverse capacitance for films on SRO,
shown in the inset of Fig. 6, actually gives a negative inter-
cept of −3.90�8.09 m2 /F. The negative intercept can be
interpreted in terms of an electrically short-circuited region
with thickness of �2 nm in the films. However, the upper
limit of 4.2 m2 /F gives a minimum experimental interface
capacitance of 0.24 F /m2, which can be interpreted in terms
of an additional interface capacitance. Based on the esti-
mated electrode capacitance, we find that any additional in-
terface capacitance must be at least 0.48 F /m2. The interface
layers with strain normal to the interface, which were ob-
served by TEM, could have a different dielectric constant
from the bulk of the film, giving an additional interface ca-
pacitance. The capacitance from these strained layers can be
expressed as

1

Cinter
= dinter� 1


inter
−

1


PTO
� , �2�

where dinter and 
inter are the total width and dielectric con-
stant of the strained layers, respectively. Assuming that the
strained layer width is �1.8 nm at both the SRO and Pt

interface, as was observed for an Nb:STO interface,27 the
dielectric constant in the strained layer does not decrease by
more than 25% of the bulk value.

For films grown on Nb:STO, the total capacitance can be
estimated from a metal-insulator-semiconductor �MIS�
model,31 including the field-dependent dielectric constant of
STO.32,33 The capacitance of the semiconductor surface is
found following the analysis of Schottky diodes with field-
dependent dielectric constants by Kahng and Wemple.34

Treating the Nb:STO substrate as a nondegenerate semicon-
ductor with bulk electron and hole densities n0 and p0, the
surface capacitance is found in the Appendix to be

Cs = − qn0

p0

n0
�e−��s − 1� − �e��s − 1�

Es��s�
, �3�

where q is the absolute value of the electron charge, �
=q /kBT with kB as Boltzmann’s constant and T as the abso-
lute temperature, and Es��s� and �s are the electric field and
potential at the semiconductor/insulator interface, respec-
tively. The potential is referenced to the bulk of the semicon-
ductor. The interface potential will depend on the insulator
thickness and the polarization, and is found numerically as
described in the Appendix. With the small deviation of the
dielectric constant in the strained interface layers, found for
films with an SRO bottom electrode, the effect on the mea-
sured capacitance can be neglected. The total capacitance
then is

1

C
= ��Pt


Pt
+

d


PTO
+

1

Cs
� . �4�

The result from the numerical calculations is shown as the
dot-dash line in Fig. 6. It was assumed that the work function
for Pt is q�m=5.5 eV,35 the electron affinity for STO is
q
s=4.0 eV,36 the bandgap of STO is Eg=3.2 eV,37 and the

FIG. 6. Measured capacitance of Pt/PTO/Nb:STO capacitors �filled circles�
and Pt/PTO/SRO capacitors �open circles� with 0.12 mm2 area. The error
bars are the standard deviations of measurements on different capacitors.
The solid line is a fit to the data for films thicker than 10 nm, imposing an
inverse thickness dependence. The dotted line is the capacitance calculated
for an MIM model and the dash-dotted line is the capacitance calculated for
an MIS model. The inset shows the inverse capacitance for films with an
SRO bottom electrode vs. film thickness. The linear fit gives a negative
intercept corresponding to −3.9�8.1 m2 /F.

FIG. 5. AFM images of PTO films grown on SRO/STO. The film thick-
nesses were �a� 5 nm, �b� 19 nm, �c� 32 nm, �d� 41 nm, �e� 51 nm, and �f�
106 nm. The z-range of the linear grayscale is �1 nm for all images. Clear
step-and-terrace structures are observed for the thinnest films, gradually dis-
appearing for thicker films.
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electron effective mass in STO is m* /me=10.38 The bulk
electron density was assumed equal to the donor density
Nd=2	1020 cm−3 in the Nb:STO substrate, in accordance
with carrier densities derived from transport measurements
on similar substrates.39 The polarization in the PTO film was
assumed to be −65�C /cm2, the direction in agreement with
our pyroelectric measurements, and the magnitude in reason-
able agreement with the polarization measurements. As can
be seen, the predicted capacitance is close to the ideal paral-
lel plate value for thick films and significantly reduced for
films thinner than �10 nm. For thick films, the large nega-
tive polarization induces an inversion layer in the substrate
surface, giving a large series capacitance. In thinner films,
the potential difference of the electrodes opposes the forma-
tion of the inversion layer, and the small depletion layer ca-
pacitance dominates the total capacitance.

The film thickness at which this transition occurs can be
estimated from a simplified model. Ignoring the free carrier
density in depletion and weak inversion, the potential at the
interface is33

�s = −
�ab
0

qNd
	cosh�qNd

b
0
w� − 1
 , �5�

where a=1.64	1015 �V/m�2, b=1.42	1010 V/m, and w is
the depletion layer width. Furthermore, �s=−Eg /q at strong
inversion, so the depletion width is

wc =
b
0

qNd
arcosh� NdEg

�ab
0

+ 1� . �6�

The transition occurs for the film thickness where the deple-
tion layer just reaches this width, and this film thickness is
found from the continuity of the displacement field at the
interface as

dc =

i��m − 
s − Eg/q − �qNd�Pt/
Pt�wc�

Pr + qNdwc
. �7�

This thickness depends critically on the polarization. For a
polarization between −60 and −70 �C /cm2, which are plau-
sible values for PTO, the critical thickness varies from
10 to 5 nm, in agreement with the experimental data.

B. Influence of growth temperature

1. Crystalline properties

The c-axis lattice constant was found to decrease with
increasing growth temperature. Figure 7 shows a similar de-
crease for films grown on both Nb:STO and SRO. RSMs of
the �103� diffraction peak showed no relaxation of the in-
plane lattice constant, regardless of the growth temperature.
Furthermore, the crystalline quality, as judged by the FWHM
of the �001� rocking curve �less than 0.03°�, was unaffected
by the growth temperature. Figure 8 shows a � /2� scan of a
53 nm thick film grown on Nb:STO at 735 °C. The predomi-
nant peaks in this diffractogram are the PTO and STO �00l�
diffraction peaks. In addition, a minor diffraction peak at
2�=45° is attributed to an unidentified impurity phase. This
peak was found in diffractograms recorded for 20 nm thick
samples as well. The relative peak intensity of the impurity
phase to the PTO �002� diffraction peak did not change with

the growth temperature or with film thickness, suggesting
that the volume fraction of the impurity phase is constant.
The PTO film surfaces were flat, with a step-and-terrace
structure. Rms values for the roughness, measured by AFM
on 5	5 �m2 scans, varied from 0.2 to 0.7 nm.

Quantitative XPS measurements of the Pb 4f and Ti 2p
emission showed that the growth temperature affects the ma-
terial composition. Figure 9 shows the Pb:Ti intensity ratio
from measurements made on films grown on Nb:STO. It
appears that the Pb:Ti ratio decreases with increasing growth
temperature. The concomitant decrease in the lattice constant
is consistent with the earlier reports.12,40

2. Dielectric properties

Capacitance measurements on PTO films with SRO bot-
tom electrodes gave a relative dielectric constant of 91�13,
independent of the growth temperature, and in agreement
with the dielectric constant found for the thickness series.
The films were all ferroelectric irrespective of the growth
temperature. Polarization hysteresis loops are shown in Fig.

FIG. 7. The c-axis lattice constant for 20 nm thick films grown on Nb:STO
�filled circles� and SRO �open circles� as a function of growth temperature.
The error bars, shown for films grown on Nb:STO substrates only, indicate
the uncertainty in the fitted values.

FIG. 8. � /2� scan of a 53 nm thick PTO film grown on Nb:STO substrate at
735 °C. The �00l� peaks from PTO and STO is seen along with an uniden-
tified impurity phase at 2��45°.
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10, together with the switching currents. All samples showed
asymmetric hysteresis loops shifted toward a positive field.
The maximum applied field was limited by an exponentially
increasing leakage current with applied bias voltage. For a
negative bias, this limiting field was 440–600 kV /cm, while
positive bias permitted an applied field of 780–930 kV /cm.
The negative field limit was found to decrease with increas-
ing growth temperature. These upper and lower bounds on
the bias voltage lead to unsaturated polarization loops.
Samples grown at low temperatures, 700 °C �a� and 710 °C
�b�, showed a saturated polarization for negative fields and
unsaturated polarization for positive fields. At higher growth
temperatures, the polarization is unsaturated for both positive

and negative fields. Moreover, the switching currents de-
creased in amplitude for samples grown at high tempera-
tures. It remains unclear as to whether this is due to unsatur-
ated polarization or derives from a decrease in spontaneous
polarization.

The switchable polarization, defined as half the sum of
the negative and positive polarization at zero field, is shown
as a function of growth temperature in Fig. 11. Averaged
over three to six contacts on each sample, the polarization
varied from 51�7 �C /cm2 for a sample grown at
700 °C to 17�6 �C /cm2 for a sample grown at 750 °C.
These polarization values are smaller than those estimated
from the capacitance measurements on films with Nb:STO
electrodes. This is attributed to the difference between the
remanent polarization and the switchable polarization. For
these unsaturated hysteresis loops, the switchable polariza-
tion can be less than the actual remanent polarization in the
initial negative polarization state. The coercive field, defined
as half the sum of the applied field at the switching current
peaks, also decreased with growth temperature, from
474�35 to 366�55 kV /cm. The increase in leakage cur-
rent with increasing growth temperature, which in PTO is
often associated with Pb vacancies,41 is in agreement with
the decreasing Pb content found from the XPS data.

IV. CONCLUSIONS

Good quality PTO films were grown with thicknesses
from 2 to 200 nm. The crystalline quality was unaffected by
the growth temperature from 700 to 760 °C. Films grown at
high temperature appeared to be Pb deficient, as seen from
unsaturated hysteresis loops, a reduced c-axis lattice con-
stant, and a reduced Pb 4f to Ti 2p intensity ratio in XPS
measurements.

Capacitance measurements were consistent with a thick-
ness independent dielectric constant. The dielectric constant
in the strained layer at the film/substrate interface previously
observed in TEM images is not reduced by more than 25%
compared with the bulk of the film.

FIG. 9. Peak intensity ratio of the Pb 4f and Ti 2p emission from XPS
measurements on PTO films on Nb:STO substrates, as a function of growth
temperature. The relative Pb content is seen to decrease with increasing
temperature.

FIG. 10. Hysteresis loops �thick lines� and switching currents �thin lines�
measured on PTO films with SRO bottom electrodes. The film growth tem-
peratures were �a� 700 °C, �b� 710 °C, �c� 720 °C, �d� 730 °C, �e� 740 °C,
and �f� 750 °C.

FIG. 11. Switchable polarization as a function of film growth temperature. A
marked decrease in the polarization is seen with increasing growth tempera-
ture. The error bars are the standard deviations of measurements on different
capacitors.
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APPENDIX: SURFACE CAPACITANCE OF
SEMICONDUCTING ELECTRODE

The potential �s, at the semiconductor/insulator interface
in the MIS model is found numerically from the continuity
of the displacement field,


iEi��s� + Pr = Ds��s� , �A1�

where 
i is the linear dielectric constant of the insulator,
Ei��s� is the electric field in the insulator �which, under the
assumption of no free charge, is constant throughout the
film�, Pr is the remanent polarization in the insulator, and
Ds��s� is the displacement field in the semiconductor at the
interface. The electric field in the insulator is

Ei��s� = −
1

d
��m − 
s − �m��s� + �s� , �A2�

where d is the insulator thickness, q�m is the metal work
function, q
s is the semiconductor electron affinity, and
�m��s� is the potential at the metal-insulator interface refer-
enced to the bulk of the semiconductor. It is assumed that the
electron affinity is equal to the semiconductor work function.
With an applied voltage V,

�m��s� = −
�m


m
Ds��s� + V , �A3�

where �m is the screening length and 
m the dielectric con-
stant of the metal. With the field-dependent dielectric con-
stant of Nb:STO as found by Yamamoto et al.33


STO�E� =
b
0

�a + E2
, �A4�

where the constants a and b are 1.64	1015 �V/m�2 and
1.42	1010 V /m, respectively, the displacement field at the
interface is

Ds��s� = �
0

Es


STOdE = b
0 ln�Es + �a + Es
2

�a
� , �A5�

where Es=Es��s� is the electric field in the semiconductor at
the interface. The electric field is found using the standard
textbook derivation,31 assuming nondegenerate carrier statis-
tics, but allowing for a field dependent dielectric constant.
The electric field is found as

Es��� = �� 1

b2� kBT

qL0
�4

F4��� + 2
�a

b
� kBT

qL0
�2

F2��� .

�A6�

The field is positive for positive � and negative when � is
negative. The Debye-type length L0 and the function F���
are31

L0 =� 
0

qn0�
�A7�

and

F2��� =
p0

n0
�e−�� + �� − 1� + �e�� − �� − 1� . �A8�

The assumption of nondegenerate carrier statistics for the
0.5 wt % Nb doped STO substrates is generally not appli-
cable. However, the major effect of the film thickness and
polarization dependence of the surface capacitance is from
the depletion region, where the carrier density is described
by nondegenerate statistics.

The capacitance of the surface layer is Cs=�Ds /��s, and
is found from the the displacement field expressed as a func-
tion of surface potential �s,

Ds��s� = − qn0�
0

�s 	 p0

n0
�e−�� − 1� − �e�� − 1�
E−1���d� .

�A9�

Thus, the capacitance is

Cs =
�Ds

��s
= − qn0

p0

n0
�e−��s − 1� − �e��s − 1�

Es��s�
. �A10�

The flat-band capacitance is found from an expansion of the
charge density and electric field for small �s to be

lim
�s→0

Cs =

qn0�p0

n0
+ 1

��a

b
� kBT

qL0
� . �A11�
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