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The local electrostatic properties and electronic transport atS5 grain boundaries in donor-doped SrTiO3

bicrystals are examined using a combination of scanning probe microscopy(SPM) techniques and impedance
spectroscopy. A combination of scanning surface potential microscopy(SSPM) and scanning impedance mi-
croscopy is used to determine intrinsic current-voltage and capacitance-voltage characteristics of the interface,
eliminating the bulk and contact contributions. Conductive atomic force microscopy is used to directly image
the depletion barrier associated with the grain boundary. The sign of the grain boundary potential is unam-
biguously determined by SSPM once the mobile charge effect is taken into account. A combination of SPM and
impedance spectroscopy allowed the effect of grain boundary on local static and frequency dependent transport
properties to be established.
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I. INTRODUCTION

The interplay between structure, charge, orbital and spin
degrees of freedom in oxides gives rise to semiconducting,1

dielectric,2 ferroelectric,3,4 superconducting,5 and
magnetoresistive6,7 properties. The majority of experimental
studies and applications of oxides are based on polycrystal-
line bulk or thin film materials characterized by the presence
of a large number of grain boundaries between regions with
dissimilar crystallographic orientation. Grain boundaries
often enable useful behavior, such as low-field
magnetoresistance,8–11grain boundary Josephson junctions,12

positive temperature coefficient of resistivity13,14and varistor
behavior.15 In other cases, interfaces limit the performance of
the material, e.g., critical current density in high temperature
superconductors. Grain boundary transport is usually gov-
erned by the electronic properties of the interface such as
interface charge and depletion width, even though more
subtle effects associated with magnetic disorder, strain and
order parameter mismatch are possible.

Fundamental insights into the physics of grain boundary
phenomena come from structure-property relations at well-
defined coherent interfaces, for which the structure is unique
and electronic, and structural and transport measurements
can be correlated with theoretical studies. The perovskite
SrTiO3 is a prototype oxide in which the presence of inter-
face charge results in grain boundary potential barriers. The
local properties of grain boundaries in SrTiO3 on an atomic
level have been extensively studied by high resolution trans-
mission electron microscopy(HRTEM), scanning transmis-
sion electron microscopy(STEM), electron energy loss spec-
troscopy, electron holography,16–20 and are the subject of
intensive theoretical studies.21,22

Despite extensive effort, little is known about the origin
of the potential barrier at the interface and hence the funda-
mental relationships between the atomic structure of the in-
terface and its electric properties. In several cases, this was
addressed using the combination of high resolution HRTEM
and STEM studies with transport measurements such as

current-voltagesI-Vd, capacitance voltagesC-Vd and imped-
ance spectroscopy, from which the potential barrier height at
the interface, interface charge and depletion width can be
determined.23 In the last several years, a number of ap-
proaches were developed for spatially resolved transport
measurements at electroactive interfaces using electron ho-
lography and scanning probe microscopy. The energy reso-
lution in electron beam based techniques generally does not
exceed 0.5 eV and they are limited to the determination of
static properties of the interfaces and direct current transport.
Thus, scanning probe microscopy techniques that provide the
information on static and frequency dependent transport
properties with high energys,mVd and spatial resolution
complementary to the structural data from HRTEM and
STEM are expected to provide new horizons in our under-
standing of structure-electronic property relationships at
electroactive interfaces.

In the present paper, scanning probe microscopy(SPM) is
used to study the potential barrier and lateral transport at an
electroactiveS5 grain boundary in semiconducting, Nb-
doped SrTiO3. Scanning surface potential microscopy
(SSPM) on a grounded surface is used to localize the grain
boundary. SSPM on the laterally biased surface is used to
determine localI-V characteristics of the interface. Scanning
impedance microscopy(SIM) is used to determine local,
frequency-dependent transport properties and interface resis-
tance and capacitance. A number of models for the analysis
of frequency-dependent interface properties from SIM data
are developed. This allowed the direct measurement of
voltage-dependent, intrinsic grain boundary resistance and
capacitance, excluding the contact and bulk contributions.
Direct insight into the electronic properties of the grain
boundary is obtained using conductive atomic force micros-
copy (c-AFM) to image the depletion barrier associated with
the grain boundary.

II. SPM ANALYSIS OF GRAIN BOUNDARY TRANSPORT

Given the early stage of the development of SPM as ap-
plied to interface transport, we present the basic principles of
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the technique prior to a discussion of the application to quan-
titative studies of transport behavior. The quantitative basis
of direct current measurements by SSPM is summarized in
Sec. II A; an approach for frequency dependent transport
measurements by SIM and corresponding theoretical analy-
sis are presented in Sec. II B; and direct imaging of grain
boundary space charge barrier and transport measurements
by conductive AFM are summarized in Sec. II C.

A. Direct current transport measurements by SSPM

Scanning surface potential microscopy24,25 is based on
dual pass imaging. Electrostatic data are collected
50–100 nm above the surface during second(interleaved)
scan as illustrated in Fig. 1(a). In SSPM the tip is biased
directly by Vtip=Vdc+Vaccossvtd, whereVac is referred to as
the driving voltage. The first harmonic of the capacitive force
acting on a tip is

F1v
capszd = Cz8sVdc − VsdVac, s1d

where Cz8 is the tip-surface capacitance gradient,z is the
tip-surface separation andVs is the surface potential. Feed-
back is used to nullifyF1v

cap by adjusting the dc component of
tip bias, and mapping the nulling potentialVdc yields a sur-
face potential map,Vs=Ve,+DCPD, whereVe, is the elec-
trostatic potential of the surface andDCPD is the contact
potential difference between the tip and the surface.

On the grounded surface, SSPM directly measures the
local work function, DCPD. The presence of localized
charges at the interfaces will result in a potential variation
above the grain boundary, and several SSPM studies of elec-
troactive interfaces on grounded surfaces have been
reported.26,27 It is recognized that SSPM measures the poten-
tial distribution above the surface, rather than in the bulk,
and a numerical procedure to relate the two was suggested by
Kalinin and Bonnell.28 However, surface screening by mo-
bile surface charges29,30 can significantly affect the surface
potential, resulting in a significant lowering of the measured
potential and even an erroneous determination of the sign of
grain boundary charge. Some of these issues are addressed in
Sec. IV A. Despite this, SSPM on grounded surfaces allows
unambiguous localization of the electroactive interface.

In a SSPM transport experiment, a biased interface is con-
nected to a voltage source in series with current-limiting re-

sistors to prevent accidental current flow to the tip. For such
a circuit, shown in Fig. 1(b), the total resistivity of the
sampleRS is

RS = 2R+ RgbsVgbd, s2d

whereVgb is the potential across the interface,RgbsVgbd is the
voltage dependent resistivity of the interface, andR is the
resistivity of the external current-limiting resistors.

The applied bias dependence of the potential drop at the
interface is directly measured by SSPM and is referred to as
the voltage characteristics of the interface. In the general
case, interface current-voltage characteristics,IgbsVgbd, can
be reconstructed as

IgbsVgbd = sV − Vgbd/2R s3d

for the known values of the current-limiting resistors. A
variation in the current-limiting resistance,R, can be used to
determine the presence of stray resistances in the circuit
(e.g., contact and bulk resistances). Alternatively, the current,
Igb, can be measured directly using a current-voltage con-
verter. Thus, SSPM of laterally biased devices is similar to
the conventional four probe resistance measurements, in
which the SPM tip acts as a moving voltage probe providing
the spatially resolved potential data.

SSPM metrology of laterally biased devices is limited by
a significant cantilever contribution to the measured poten-
tial, minimization of which requires imaging at small tip-
surface separations.31 To compensate for potential variations
due to differences in local work function, images under ap-
plied lateral bias are corrected by the surface potential values
measured for the grounded surface.

B. Frequency dependent transport measurements by SIM

Similar to SSPM, scanning impedance microscopy is
based on dual pass imaging. In SIM, the tip is held at con-
stant biasVdc and a lateral biasV,at=Vdc+Vaccossvtd, is ap-
plied across the sample[Fig. 1(c)]. This lateral bias induces
oscillations in the surface potential

Vsurf = Vs + Vacsxdcosfvt + wsxdg, s4d

wherewsxd andVacsxd are the position dependent phase shift
and voltage oscillation amplitude andVs is the dc surface
potential. Oscillations in surface potential induce the me-

FIG. 1. Schematic diagram(a), (c), (e) and
corresponding equivalent circuit(b), (d), (f) of
scanning surface potential microscopy(a), (b),
scanning impedance microscopy(c), (d) and con-
ductive AFM (e), (f).
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chanical vibration of a dc biased tip. Far from the resonant
frequency of the cantilever, the phase lag between the phase
of the surface voltage oscillations and mechanical tip oscil-
lations is position independent, while the mechanical oscil-
lation amplitudeAsvd is proportional to the local voltage
oscillation amplitudeVacsxd. Therefore, variation in the phase
shift (phase image) of cantilever oscillations along the sur-
face is equal to the variation of the voltage phase shift with a
(frequency dependent) offset due to the inertia between the
sample and tip. The tip oscillation amplitude is proportional
to the local voltage oscillation amplitude and constitutes the
SIM amplitude image.

To include the correction for the variation of potential and
work function across the surface, the voltage amplitude ratio
is calculated from experimental tip oscillation amplitudes
and SSPM data acquired at the same dc bias conditions as

A1

A2
=

A1
simsVtip

dc − V2d
A2

simsVtip
dc − V1d

, s5d

whereA1
sim andA2

sim are the amplitude signals to the left and
right of the interface,Vtip

dc is the dc tip bias during SIM and
V1 and V2 are the surface potentials to the left and right of
the interface determined by SSPM.

For a single interface device the analysis of the SIM im-
aging mechanism is similar to that of SSPM. For the equiva-
lent circuit in Fig. 1(d) the total impedance of the circuit,ZS,
is ZS=2R+Zgb, whereZgb is the grain boundary impedance.
The grain boundary equivalent circuit is represented by a
parallelR-C element and the impedance isZgb

−1=Rgb
−1+ ivCgb,

whereRgb andCgb are the voltage dependent interface resis-
tance and capacitance. Experimentally accessible and inde-
pendent of tip properties are the interface phase shift,wgb
=w2−w1, and amplitude ratio,A1/A2, across the interface.
The interface phase shift is calculated from the ratio of im-
pedances from each side of the interface,b=R/ sZgb+Rd, as
tanswgbd=Imsbd /Resbd (impedance divider effect). For the
equivalent circuit in Fig. 1(d)

tanswdd =
vCdRd

2

sR+ Rdd + Rv2Cd
2Rd

2 . s6d

The voltage oscillation amplitude ratio,A1/A2= ubu−1, is

b−2 =
hsR+ Rdd + Rv2Cd

2Rd
2j2 + v2Cd

2Rd
4

R2s1 + v2Cd
2Rd

2d2 . s7d

High and low frequency limiting behavior for Eqs.(6) and
(7) is summarized in Table I. In the high frequency limit, a

phase shift at the interface is determined by the interface
capacitance and circuit termination only. Thus, SIM phase
imaging at frequenciesabove the interface relaxation fre-
quency,v@vr =Rgb

−1Cgb
−1, provides a quantitative measure of

interface capacitance. Quantitative determination of the in-
terfaceC-V curve for a metal-semiconductor interface using
a combination of SIM in the high frequency regime and
SSPM was reported elsewhere.32

Similar to conventional impedance spectroscopy,33 the in-
terface phase shift and the amplitude ratio are complemen-
tary and can be used to determine the interface transport
properties. For frequency independentRgb, Cgb (Model 1),
experimental phase shift frequency[Model 1(a)], amplitude
ratio frequency[Model 1(b)] or both data sets[Model 1(c)]
can be fitted to Eqs.(6) and(7), whereCgb andRgb are now
fitting parameters andR is a known circuit termination. For
models 1(a) and (b), the second observable provides inde-
pendent verification of the results. Alternatively, frequency
dependent interface resistance and capacitanceRgbsvd,
Cgbsvd (Model 2) can be calculated for each frequency from
the experimental phase shift and amplitude ratio. Such data
are expected to be particularly important for the character-
ization of interfaces with a large frequency dispersion in in-
terface transport properties, e.g., due to the interface states or
deep traps at semiconductor grain boundaries34 or to several
relaxation processes in ionic conductors, for which interpre-
tation of conventional impedance spectroscopy results is not
straightforward.

C. Conductive AFM

In conductive AFM, or scanning spreading resistance mi-
croscopy, the dc current through the tip-surface junction un-
der applied bias is measured.35–37Formation of depletion re-
gions in the vicinity of a grain boundary is associated with a
decrease of local carrier concentration and an increase of the
tip-surface spreading resistance,Rsp=1/4sa, wheres is lo-
cal conductivity anda is contact radius. Thus, the grain
boundary is associated with a low conductivity region in the
c-AFM image. However, quantitative interpretation of
c-AFM images in terms of local carrier concentration is not
straightforward, since both tip-surface contact resistance and
spreading resistance depend on carrier concentration in the
material. Additional difficulties arise due to tip-induced band
bending and conductive water layers on the surface.30 Nev-
ertheless, similar to SSPM on grounded surfaces, c-AFM can
be used to localize depletion-type grain boundaries.

TABLE I. Frequency dependence of interface phase shift and amplitude ratio.

Frequency,v Phase shift, tanswgbd Amplitude ratio,A1/A2

Low frequency limit,
v!vr

vCgbRgb
2 / sR+Rgbd sR+Rgbd/R

High frequency limit,
v!vr

1/vCgbR 1

Crossover frequency,
vr =Rgb

−1Cgb
−1Î1+Rgb/R

Rgb/2ÎRsR+Rgbd ÎsR+Rgbd/R
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An alternative approach to local transport measurements
using c-AFM that minimizes contact resistance effects em-
ploys a two-terminal configuration as illustrated in Fig.
1(e).38 In two-terminal c-AFM, the current on the left con-
tact, I,, and the right contact,Ir, induced by current,I t, in-
jected from the biased tip, are measured. From charge con-
servation,I t= I,+ Ir. From the equivalent circuit in Fig. 1(f),
for a symmetric crystalsR,=Rr =Rd, the currents are

I, = Vtip
sRgb + Rd

R2 + RgbRts + RsRgb + 2Rtsd
, s8ad

Ir = Vtip
R

R2 + RgbRts + R
. s8bd

For a good tip-surface contact,Rts!Rgb, and Eqs.(8a)
and (8b) are simplified asI,=Vtip /R, and I,=Vtip / sR+Rgbd.
The ratio of currents on the left and right are independent of
tip-surface contact resistance and can be calculated as

I,

Ir
=

R

R+ Rgb
. s9d

Thus, Eq.(9) can be used to determine grain boundary
resistance and bulk resistances from two-terminal c-AFM
data. The characteristic width of single- and two-terminal
c-AFM profiles provides an upper estimate on the thickness
of the depletion layers at the interface.

III. EXPERIMENTAL PROCEDURE

In order to relate the grain boundary properties to atomic
configuration, an interface with a known structure was used.
Nb-doped,S5 SrTiO3 bicrystalss1 at. %d were produced by
diffusion bonding. A 1031030.5 mm crystal, dark blue due
to the donor doping, is sectioned such that the grain bound-
ary is perpendicular to the(100) surface. Numerous high
resolution transmission electron microscopy studies on this
and similar bicrystals have shown that the interfaces are
atomically abrupt, with no impurity segregation.39,40 To
study the static and frequency dependent transport, bicrystals

were soldered by indium to copper contact pads. An addi-
tional pair of indium contacts was fabricated for four probe
transport measurements.

The AFM, SSPM, SIM and c-AFM measurements were
performed on a commercial instrument(Digital Instruments
Dimension 3000 NS-IIIA) using a variety of probes. The lift
height for the interleave scans41 in the SSPM and SIM was
usually 100 nm. Measurements were performed using Au
coated cantilevers(spring constantk=1–5 N/m,NCSC 12
Cr-Au, Micromasch). The scan rate varied from 0.5 Hz for
large scanss,80 mmd to 1 Hz for smaller scanss,10 mmd.
The driving voltageVac in the interleave scan was 5 V for
the SSPM and 1 Vpp for the SIM. The scan rate varied from
0.2 to 0.5 Hz. To reduce the effect of drift the images were
acquired with the grain boundary oriented along the slow
scan axis. SSPM images were processed with a constant
background subtraction. To quantify the dc transport proper-
ties of the interface, the tip was repeatedly scanned along the
same line across the surface and a slows,mHzd triangular
voltage ramp was applied across the boundary. The resulting
image represents potential profiles at different lateral biases,
from which voltage characteristics of the interface can be
determined.

For SIM measurements, the microscope was equipped
with a function generator and lock-in amplifier(DS340, SRS
830, Stanford Research Systems) as described elsewhere.32

To quantify the frequency and bias dependence of interface
capacitance, numerous SIM images were collected for vary-
ing lateral biases and driving frequencies. Circuit termination
resistors in SSPM and SIM were varied from
500 V to 1 MV.

To perform single-terminal and two-terminal conductive
AFM measurements, the microscope was additionally
equipped with Ithaco current amplifiers and a custom-built
current-voltage converter(Current Designs, Inc). Measure-
ments were performed using Co-Cr coated cantilevers
(spring constantk=1 N/m, MESP, Digital Instruments);
gold-coated cantilevers were found to produce inferior con-
tact to the surface and the current imaging was unstable.
Collected was tip-surface current(single-terminal measure-
ments) and currents on the left and right contacts(two-
terminal measurements).

FIG. 2. Surface topography(a), surface poten-
tial of the grounded surface(b) and surface po-
tential for forward(c) and reverse(d) bias. The
scale for(b) is 40 mV and for(c), (d) is 400 mV.
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Frequency dependent transport properties were measured
by impedance spectroscopy(HP4282A LCR meter) in the
frequency range 20 Hz–1 MHz with a modulation signal of
20 mV. In addition, variable temperature impedance spec-
troscopy and four probeI-V measurements were performed
as described elsewhere.42

IV. RESULTS AND DISCUSSION

A. Surface potential of the grounded surface

The structural origins of electrical activity of the grain
boundary can be addressed by direct measurement of the
magnitude and sign of local potential on the grounded sur-
face as related to the structure of the grain boundary. The
structure of theS5 boundary viewed in the(100) plane cross
section consists of two alternating pentagonal oxygen struc-
tural units containing two Sr columns and two Ti columns,
respectively.16–19 In both units the cation positions are half
occupied, forming a grain boundary reconstruction.43,44 A
stoichiometric grain boundary is neutral in terms of formal
charge. For an oxygen deficient grain boundary, the Ti will
be partially reduced and the interface carries formal charge
compensated by free carriers in an adjacent space charge
region. Atomically resolved EELS measurements have con-
firmed the presence of Ti3+ cations at the interface.39 How-
ever, the exact occupation of the cation columns cannot be
determined from the STEM data and minute deviations from
exact cation or oxygen stoichiometry can result in large in-
terface charges. These structural resultsper se, therefore,
cannot address the origin and nature of grain boundary states
and the sign of interface charge.

To facilitate the interpretation of SSPM data on the
grounded and biased surfaces, we briefly discuss the relation-
ship between grain boundary potential and electrical proper-
ties. A negatively charged grain boundary in the donor-doped

material is associated with depletion regions, resulting in a
lower carrier concentration in the vicinity of the interface. A
depleted grain boundary is highly resistive, primary transport
mechanisms being thermionic emission and diffusion across
the double Schottky barrier. A positively charged grain
boundary is associated with an accumulation region. The
grain boundary can act as a tunneling barrier due to the dis-
ruption of atomic periodicity at the interface; however, the
grain boundary resistance in this case is significantly lower
than for the depletion-type interface.

The relationship between the atomic structure of the grain
boundary and the electronic properties can be inferred from
the direct measurements of grain boundary potential and
transport properties by SPM. The topography and potential
of the grounded surface are illustrated in Figs. 2(a) and 2(b).
The surface is extremely flat with a rms roughness less then
1 nm. Pores with diameters of,100–200 nm are distributed
nonuniformly along the interface, as also reported by other
groups.45 The surface potential measured 50 nm above the
surface exhibits a sharp protrusion associated with the grain
boundary, Fig. 2(b). The width of the potential feature is
,700 nm and the magnitude is,20 mV. Note that this po-
tential is significantly smaller than expected for typical
SrTiO3 interfacess,0.5 Vd and the width of the observed
grain boundary contrasts,700 nmd is significantly larger
than the bulk depletion width determined from capacitance
measurementss,15 nmd.

Strikingly, the sign of the grain boundary potential feature
as observed by SSPM is positive, indicative of an
accumulation-type grain boundary, which might account for
the small value of grain boundary potential. However, from
SSPM imaging under applied bias, the grain boundary is
unambiguously associated with a potential barrier as illus-
trated in Figs. 2(c) and 2(d) and, therefore, is of the depletion
type, i.e., charged negatively. This discrepancy is due to the

FIG. 3. (a) Interface potential drop as a func-
tion of external lateral bias for different current
limiting resistors and(b) I-V curve reconstruction
from SSPM data compared to two-probeI-V
measurements.

FIG. 4. Potential profile above(a) forward
and(b) reverse biased grain boundary illustrating
the displacement of center of gravity of potential
profile with bias. (c) Bias dependence of grain
boundary position. The inset shows the change of
the grain boundary potential sign to negative after
application of lateral bias due to removal of
screening charges[cf. Fig. 2(b)].
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screening by charged adsorbates at the surface-interface
junction that results in the widening of the grain boundary
potential feature and sign inversion, as reported elsewhere.30

The adsorbates can be removed by the application of strong
lateral electric field across the interface, as illustrated in Fig.
4(c). Similar behavior was observed for ferroelectric sur-
faces, on which the equilibrium surface potential as observed
by SSPM has the sign of the screening charge rather than
polarization charge.31,46 This suggests that surface screening
is a universal feature of oxide surfaces in air and great care
should be taken in the interpretation of the results of ambient
electrostatic SPMs.

B. Direct current transport across the grain boundary

On applying a lateral bias across the surface, a potential
drop develops at the grain boundary, indicating its resistive
nature[Figs. 2(c) and 2(d)]. To quantitatively determine in-
terface transport properties, a slow triangular bias ramp
s2 mHzd is applied across the bicrystal during SSPM imag-
ing. The SSPM image is then the applied bias dependence of
interface potential drop. From these data, both potential drop
across the interface as a function of lateral bias(voltage char-
acteristic) and the actual potential distribution across the in-
terface can be determined. The voltage characteristics of the
interface for different current limiting resistors are shown in
Fig. 3(a). The voltage drop across the interface is almost
linear for small lateral biases and then saturates, illustrating
the decrease of the interface resistance with bias. The maxi-
mum observed potential drop across the interface is,1 V;
application of higher biases or the use of smaller circuit ter-
mination resistors resulted in current flow to the tip and de-
struction of the latter. For a known circuit termination resis-
tor, R, the current-voltage characteristic of the interface can
be reconstructed using Eq.(3) as shown in Fig. 3(b). Recon-
structedI-V curves for different circuit terminations coincide

with each other and with theI-V curve obtained by direct
two probe measurements. This indicates that bulk and con-
tact contributions to the resistance are negligibly small com-
pared to the grain boundary resistance.

Additional information on grain boundary properties can
be obtained from the structure of the potential profile under
applied bias. Biasing the grain boundary is accompanied by
the displacement of the center of mass of the depletion re-
gion as illustrated in Figs. 4(a) and 4(b). This displacement
from negative to positive breakdown voltage is equal to the
depletion width. To analyze the grain boundary position, 256
potential profiles at different biases were extracted and fitted
by the Boltzmann function Vsxd=V0+DVs1+expfsx
−xcd /wgd−1, whereDV is the potential drop at the interface,w
is the width of potential profile andxc is the position of the
profile. Figure 4(c) shows the position of the potential profile
as a function of external bias from which the displacement is
estimated as,130 nm. This value is also very similar to the
depletion width determined from a force gradient-distance
and force-distance analysis28 and must be attributed to the
Debye length of the screening charges rather than the intrin-
sic depletion width. Intrinsic grain boundary potential and
depletion width can be expected to be determined only under
controlled atmosphere or in ultrahigh vacuum environment.

Figures 5(a) and 5(b) show the frequency dependence of
interface phase shift and amplitude ratio for different circuit
terminations determined by SIM. In the first analysis, phase
shift data were fitted by Eq.(6) for a frequency independent
Rgb, Cgb (Model 1); the results are summarized in Table II.
Note that the interface capacitance is virtually independent
of circuit termination resistance, while interface resistance is
smaller for small circuit termination resistances. This behav-
ior is ascribed to the large driving amplitude used in this
experiments1 Vppd, which results in the decrease of effective
interface resistance due to the nonlinearI-V characteristic of
the grain boundary. The effective oscillation amplitude is

FIG. 5. Frequency dependence of(a) grain
boundary phase shift and(b) amplitude ratio in
SrTiO3 bicrystal(Model 1). Solid lines on(a) are
fits for frequency independent grain boundary re-
sistance and capacitance by Eq.(6), on (b)—
calculations by Eq.(13) using data from Table II.
Data are shown for circuit terminations
148 Vsjd, 520VsPd, 1.48 kVsmd, and
4.8 kVs.d.

TABLE II. Grain boundary properties by Model 1.

R, ohm Rgb, ohm Cgb, 10−7 F

148 243.7±3.5 2.14±0.04

520 387.8±4.5 2.15±0.04

1480 510.1±3.0 2.25±0.03

4700 666.3±7.0 2.21±0.04

Impedance
spectroscopy

533±0.4 2.94±0.01
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larger for smallR, resulting in a reduction of effectiveRgb.
This effect can be minimized by imaging in the small signal
regime using cantilevers with higher sensitivity.47 To check
the consistency of interface parameters, the frequency depen-
dence of amplitude ratios for different circuit termination
resistors is calculated using Eq.(7) and data in Table II as
shown in Fig. 6(b). Note the excellent agreement between
the measured and calculated values despite the absence of
free parameters.

In the second analysis we consider the frequency depen-
dence of interface resistance and capacitance. In this case,
Eqs.(6) and(7) are solved at each frequency forRgb, Cgb and
the resulting values are plotted in Fig. 6. Thus determined
capacitance values are relatively frequency independent,
while the interface resistance rapidly decreases in the high
frequency region. This behavior is because the amplitude
ratio is close to unity for high frequencies and small errors in
the amplitude ratio and surface potential required for bias
correction[Eq. (5)] result in large errors in calculated resis-
tance and capacitance. To summarize, interface resistance
can be most reliably determined in the low frequency re-
gime, whereas interface capacitance can be determined both
in the low frequency regime(Models 1 and 2) and in the

high frequency regime using Model 1 for phase data and
known values for circuit termination resistances.

The SIM capacitance-voltage behavior is illustrated in
Fig. 7. Here, the phase and amplitude are measured as a
function of tip bias at 5 kHz, i.e., in the region where the
reliable determination ofRgb, Cgb is possible. The phase
shift-bias dependence is symmetric as a function of bias as
illustrated in Fig. 7(a). For the amplitude data, the correction
for tip bias and surface bias variation is introduced according
to Eq. (5). The symmetric shape of the amplitude-bias curve
in Fig. 7(b) with respect to tip bias is indicative of the ad-
equate potential correction. The grain boundary resistance
and capacitance calculated from these data for different cir-
cuit terminations(Model 2) are shown in Figs. 7(c) and 7(d).
Note that the bias dependence of the interface resistance is
not sensitive to circuit termination, but is well below the
corresponding value determined from theI-V curve due to
the large driving amplitude effect. The interface capacitance
exhibits a weak bias dependence, which is attributed to the
errors in the experimentally measured amplitude ratio. For
comparison, the bias and frequency dependence of interface
capacitance from conventionalC-V measurements using the
same oscillation amplitude is shown in Fig. 8(a). SIM data
for R=520V and 5 kHz(matched resistances) andC-V data
for 10 kHz are compared in Fig. 8(b), illustrating the good
agreement between the two in the large modulation signal
regime. This demonstrates that extrapolation of SIM for
small signal amplitudes will allow precise determination of
interface parameters.

These results illustrate that application of the SSPM and
SIM for the quantification of the interface transport proper-
ties is remarkably similar to conventionalC-V and four
probe impedance spectroscopy measurements. In both cases,
care must be taken to minimize the amplitude of the probing
voltage to minimize its effect on measured properties. Con-
ventional current-based transport measurements allow sig-
nificantly higher sensitivity and precision and are capable of
measurements in the largers1 mHz–100 MHzd range. In

FIG. 6. Frequency dependent interface capacitance(a) and re-
sistance(b) calculated from Eqs.(6) and (7) (Model 2). Data are
shown for circuit terminations 148Vsjd, 520VsPd, 1.48 kVsmd,
and 4.8 kVs.d.

FIG. 7. Lateral bias dependence of(a) inter-
face phase angle and(b) amplitude ratio mea-
sured at 5 kHz. Grain boundary bias dependence
of (c) grain boundary resistance and(d) capaci-
tance. Solid line on(c) is grain boundary resis-
tance fromI-V measurements. Data are shown for
circuit terminations 148Vsjd, 520VsPd,
1.48 kVsmd, and 4.8 kVs.d.
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SIM, the frequency range is limited by the bandwidth of the
optical detector to,2–3 MHz; better performance can be
expected using alternative detection schemes. Using the cali-
bration and correction procedures described above, SIM and
SSPM can provide transport information with,10% –20%
error (primarily due to the cantilever contribution to the sig-
nal). The advantage of SIM and SSPM is that these tech-
niques allow spatial localization of microstructural elements
with resistive and capacitive behavior, which can be then
compared to AFM, optical or electron microscopy images.
SIM/SSPM will provide the best results in conjunction with
traditional current based transport measurements, so that the
global frequency dependent impedance of the system and
local behavior of the individual structural element are deter-
mined simultaneously.

C. Conductive AFM studies of SrTiO3 interface

SSPM measurements under applied bias unambiguously
associate the grain boundary with a high-resistance region

which can be associated with a depletion-type space charge
layer at the negatively charged grain boundary and a tunnel-
ing barrier due to the disruption of atomic periodicity at the
accumulation-type grain boundary. To obtain additional in-
formation on the interface properties and to establish the ori-
gins of the resistive behavior of the interface, we used the
single- and two-terminal variants of conductive AFM as dis-
cussed in Sec. II C.

Single-terminal c-AFM current image of the grounded bi-
crystal surface and the corresponding profile perpendicular to
the grain boundary are shown in Figs. 9(a) and 9(b). The
grain boundary is clearly associated with a low conductivity
region, in agreement with the SIM/SSPM transport data. The
width of the profile in c-AFM is determined by the depletion
width of the grain boundary and imaging conditions such as
the rise time of the current amplifier and tip-surface contact
area. The average tip-surface current far from the grain
boundary is strongly tip and bias polarity dependent and, for
the probe used, was 1.34 mA at a tip bias of 1 V. Using the

FIG. 8. (a) Bias dependence of interface ca-
pacitance at 1 kHz(solid line), 3 kHz (dashed
line), 10 kHz (dotted line), and 20 kHz(dash-
dot). (b) Bias dependence of interface capaci-
tance from C-V measurements at 10 kHz and
SIM measurements at 5 kHz and circuit termina-
tion of 520V. The frequency and circuit termi-
nation values inC-V and SIM experiments are
matched.

FIG. 9. Current images(a), (c), (e) and cur-
rent profiles(b), (d), (f) across the SrTiO3 grain
boundary in the single terminal(a), (b) and two-
terminal measurements(c)–(f). Insets show the
schematic of single-terminal(a) and two-terminal
(c) setups.
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specific resistance valuer=0.017V cm for Nb-doped
SrTiO3 (also Ref. 48), the contact radius can be estimated as
18 nm. The width of the grain boundary feature is,100 nm,
so the conductivity is suppressed by,18% compared to the
bulk value. The observed interface width and magnitude are
a weighted average of interface and bulk due to the instru-
mental broadening. If the conductance in the grain boundary
region is much smaller than in the bulk and the interface
current is zero, the intrinsic depletion width can be estimated
as ,18 nm. This is close to the estimation from the mea-
sured grain boundary capacitancesd=22 nmd. At the same
time, this value is significantly higher than can be expected
for a tunneling barrier formed, e.g., at an accumulation-type
grain boundary.

The results of two-terminal measurements of the same
interface are illustrated in Fig. 9(c)–9(f). Note the formation
of a sharp current step when the tip traverses the grain
boundary. The magnitude of the current step is determined
by the voltage divider ratio formed by the grain boundary
resistance and circuit termination resistance, Eq.(9). The
relative current drop at the interface agrees well with that
expected from the ratio of grain boundary resistance and the
total resistance(0.81 for current 1, 0.73 for current 2, 0.76
expected forRgb=600V andR=1480V).

These results illustrate the huge potential of the c-AFM
for interface characterization. The surface screening charge
effect on the measurements is minimal; therefore, interface
properties can be characterized reliably. These measurements
are complicated by the nature of the tip-surface contact,
which, until now, has limited the number of successful ex-
periments. Nevertheless, from these results the grain bound-
ary is shown to be associated with a broads,20 nmd low-
conductivity region and thus is unambiguously depletion
type. Also, the spatial resolution of two-terminal c-AFM for
transport measurements is ultimately limited by a tip-surface

contact area on the order of 3–10 nm, and is thus signifi-
cantly better than that of SSPM under lateral bias
s30–300 nmd.

V. CONCLUSIONS

The combination of SSPM and SIM can completely de-
termine local static and dynamic transport properties of in-
terfaces; in this case aS5 grain boundary in a Nb-doped
SrTiO3 bicrystal. Grain boundary potential measured by
SSPM is significantly smaller and opposite in sign to the
grain boundary potential in the bulk due to screening at a
surface-interface junction by mobile adsorbates. In contrast
to SSPM on the grounded surface, frequency dependent cur-
rent measurements are relatively insensitive to the presence
of the screening charge. The combination of SSPM on later-
ally biased surfaces and SIM yields localI-V andC-V char-
acteristics, interface resistance and capacitance, distinguish-
ing the contributions of the interface from bulk and contacts.
Several models for the quantitative analysis of SIM data
were suggested and the results were in a good agreement
with conventional transport measurements. Finally, conduc-
tive AFM was used to directly image the depletion barrier
associated with the grain boundary and determine grain
boundary resistance. The SPM results directly verify the ori-
gins of temperature and frequency dependent electronic
transport across atomically abrupt SrTiO3 grain boundaries
due to the negatively biased depletion regions at the grain
boundaries.42
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