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The local electrostatic properties and electronic transpoB5agrain boundaries in donor-doped SrgiO
bicrystals are examined using a combination of scanning probe micros8&dy) techniques and impedance
spectroscopy. A combination of scanning surface potential micros¢®®®M 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 current-voltaggl-V), capacitance voltageC-V) and imped-

The interplay between structure, charge, orbital and spiNce Spectroscopy, from which the potential barrier height at
degrees of freedom in oxides gives rise to semiconduéting,the mtgrface, interface charge and depletion width can be
dielectric2  ferroelectric®  superconducting,  and determined?® In the last several years, a number of ap-
magnetoresistii¥ properties. The majority of experimental Proaches were developed for spatially resolved transport
studies and applications of oxides are based on polycrystajl€asurements at electroactive interfaces using electron ho-
line bulk or thin film materials characterized by the presencd®draphy and scanning probe microscopy. The energy reso-
of a large number of grain boundaries between regions wit tion in electron beam based.te.chnlques generally dqes not
dissimilar crystallographic orientation. Grain boundaries€Xc€€d 0.5 €V and they are limited to the determination of
often enable useful behavior, such as Iow—fieIdStat'C properties of the interfaces and direct current transport.

magnetoresistandelgrain boundary Josephson junctidds. Thus, scanning probe microscopy techniques that provide the

positive temperature coefficient of resistivity*and varistor information on static and frequency dependent transport
: . - roperties with high energgy~mV) an ial resolution
behavior'® In other cases, interfaces limit the performance ofp operties with high energy ) and spatial resolutio

the material, e.g., critical current density in high temperaturConmlemem{jlry o the structural data from HRTEM and

®TEM are expected to provide new horizons in our under-

superconductors. Grain boundary transport is usually goVgianging of structure-electronic property relationships at

erned by the electronic properties of the interface such ag|qctroactive interfaces.

interface charge an.d depletion Width_, even though ‘MOre | the present paper, scanning probe microsa@BM) is
subtle effects associated with magnetic disorder, strain angsed to study the potential barrier and lateral transport at an
order parameter mismatch are possible. electroactiveS5 grain boundary in semiconducting, Nb-
Fundamental insights into the physics of grain boundarydoped SrTiQ. Scanning surface potential microscopy
phenomena come from structure-property relations at well(SSPM on a grounded surface is used to localize the grain
defined coherent interfaces, for which the structure is unique&oundary. SSPM on the laterally biased surface is used to
and electronic, and structural and transport measurementketermine local-V characteristics of the interface. Scanning
can be correlated with theoretical studies. The perovskitémpedance microscopySIM) is used to determine local,
SITiO; is a prototype oxide in which the presence of inter-frequency-dependent transport properties and interface resis-
face charge results in grain boundary potential barriers. Thtéance and capacitance. A number of models for the analysis
local properties of grain boundaries in Srgion an atomic  of frequency-dependent interface properties from SIM data
level have been extensively studied by high resolution transare developed. This allowed the direct measurement of
mission electron microscopfHRTEM), scanning transmis- Vvoltage-dependent, intrinsic grain boundary resistance and
sion electron microscop§S TEM), electron energy loss spec- capacitance, excluding the contact and bulk contributions.
troscopy, electron holograpf$;2° and are the subject of Direct insight into the electronic properties of the grain
intensive theoretical studié&?? boundary is obtained using conductive atomic force micros-
Despite extensive effort, little is known about the origin copy (c-AFM) to image the depletion barrier associated with
of the potential barrier at the interface and hence the fundathe grain boundary.
mental relationships between the atomic structure of the in-
terface and its electric properties. In several cases, this wadl- SPM ANALYSIS OF GRAIN BOUNDARY TRANSPORT
addressed using the combination of high resolution HRTEM Given the early stage of the development of SPM as ap-
and STEM studies with transport measurements such gslied to interface transport, we present the basic principles of
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the technique prior to a discussion of the application to quansistors to prevent accidental current flow to the tip. For such
titative studies of transport behavior. The quantitative basia circuit, shown in Fig. (), the total resistivity of the
of direct current measurements by SSPM is summarized isampleRy is

Sec. Il A; an approach for frequency dependent transport

measurements by SIM and corresponding theoretical analy- Rs = 2R+ Ryy(Vgp), ()

sis are presented in Sec. Il B; and direct imaging of grainyhereV, is the potential across the interfady(Vyy) is the
boundary space charge barrier and transport measuremeRgitage dependent resistivity of the interface, dds the

by conductive AFM are summarized in Sec. Il C. resistivity of the external current-limiting resistors.
The applied bias dependence of the potential drop at the
A. Direct current transport measurements by SSPM interface is directly measured by SSPM and is referred to as

the voltage characteristics of the interface. In the general
case, interface current-voltage characteristigg(Vy,), can
e reconstructed as

Scanning surface potential microscéps? is based on
dual pass imaging. Electrostatic data are collecte
50-100 nm above the surface during secgimierleaved
scan as illustrated in Fig.(d). In SSPM the tip is biased lgn(Vgn) = (V= Vgn)/2R (3)
directly by Vij,=Vyc+VacCodwt), whereV, is referred to as
the driving voltage. The first harmonic of the capacitive force
acting on a tip is

for the known values of the current-limiting resistors. A

variation in the current-limiting resistanc®, can be used to

determine the presence of stray resistances in the circuit
F$22) = CL(Vge— Vo) Vao (1) (e.g., contact and bulk resistangeSiternatively, the current,

. . . o lg» CAN be measured directly using a current-voltage con-
where C; is the tip-surface capacitance gradientis the  yerter, Thus, SSPM of laterally biased devices is similar to
tip-surface separation and is the surface potential. Feed- the conventional four probe resistance measurements, in
back is used to nullifyF35” by adjusting the dc component of \hjch the SPM tip acts as a moving voltage probe providing
tip bias, and mapping the nulling potentM). yields a sur-  he spatially resolved potential data.

face potential mapys=Ve,+ACPD, whereV is the elec- SSPM metrology of laterally biased devices is limited by
trostatic potential of the surface anfCPD is the contact 4 significant cantilever contribution to the measured poten-
potential difference between the tip and the surface. tial, minimization of which requires imaging at small tip-

On the grounded surface, SSPM directly measures thgyface separatiofs.To compensate for potential variations
local work function, ACPD. The presence of localized gye to differences in local work function, images under ap-

charges at the interfaces will result in a potential variationyjied |ateral bias are corrected by the surface potential values
above the grain boundary, and several SSPM studies of elegyeasured for the grounded surface.

troactive interfaces on grounded surfaces have been
reportec?®27 It is recognized that SSPM measures the poten-
tial distribution above the surface, rather than in the bulk, o o ) ]
and a numerical procedure to relate the two was suggested by Similar to. SSPM, scanning impedance microscopy is
Kalinin and BonnelP® However, surface screening by mo- based on dual pass imaging. In SIM, the tip is held at con-
bile surface charg@%%® can significantly affect the surface Stant biasvqc and a lateral bia¥a=VactVaccodwt), is ap-
potential, resulting in a significant lowering of the measuredPlied across the samp[€ig. 1(c)]. This lateral bias induces
potential and even an erroneous determination of the sign @iscillations in the surface potential

grain boundary charge. Some of these issues are addressed in _

Sec. IV A. Despite this, SSPM on grounded surfaces allows Veur= Vs + VadX)cog ot + ¢(x)], @
unambiguous localization of the electroactive interface. wherep(x) andV,{X) are the position dependent phase shift
In a SSPM transport experiment, a biased interface is corand voltage oscillation amplitude and, is the dc surface
nected to a voltage source in series with current-limiting repotential. Oscillations in surface potential induce the me-

B. Frequency dependent transport measurements by SIM
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TABLE |. Frequency dependence of interface phase shift and amplitude ratio.

Frequencyw Phase shift, taegp,) Amplitude ratio,A;/ A,
Low frequency limit, ngbRSb/(R+ Rgb) (R+Rgy) /R
w<w,
High frequency limit, 1/ wCyR 1
w<<w,
Crossover frequency, Rgb/zyr’R(R+ Rgb) \ /(R+ Rgb)/R

oy =RyCopV1+Ry/R

chanical vibration of a dc biased tip. Far from the resonanphase shift at the interface is determined by the interface
frequency of the cantilever, the phase lag between the phasapacitance and circuit termination only. Thus, SIM phase
of the surface voltage oscillations and mechanical tip oscilimaging at frequenciesbovethe interface relaxation fre-
lations is position independent, while the mechanical oscilquency,w> wr=R§t1,C;,§, provides a quantitative measure of
lation amplitudeA(w) is proportional to the local voltage interface capacitance. Quantitative determination of the in-
oscillation amplitude/,{(x). Therefore, variation in the phase terfaceC-V curve for a metal-semiconductor interface using
shift (phase imageof cantilever oscillations along the sur- a combination of SIM in the high frequency regime and
face is equal to the variation of the voltage phase shift with 8SPM was reported elsewhéfe.
(frequency dependenbffset due to the inertia between the  Similar to conventional impedance spectroscéityie in-
sample and tip. The tip oscillation amplitude is proportionalterface phase shift and the amplitude ratio are complemen-
to the local voltage oscillation amplitude and constitutes thgary and can be used to determine the interface transport
SIM amplitude image. properties. For frequency independeRy, Cy, (Model 1),

To include the correction for the variation of potential and experimental phase shift frequenfijlodel 1(a)], amplitude
work function across the surface, the voltage amplitude ratigatio frequency{Model 1(b)] or both data setfModel 1(c)]
is calculated from experimental tip oscillation amplitudescan be fitted to Eqg6) and(7), whereCgy, and Ry, are now
and SSPM data acquired at the same dc bias conditions aditting parameters an® is a known circuit termination. For

AL ASTOVE ) models 1a) and (b), the second observable provides inde

- p (5) pendent verification of the results. Alternatively, frequency
Ay AST( tig—vl)’ dependent interface resistance and capacitaRggw),

Cyn(@) (Model 2) can be calculated for each frequency from

right of the interface)M is the dc tip bias during SIM and the experimental phase shift and amplitude ratio. Such data

Viip g . i i _
V, andV, are the surface potentials to the left and right Offare_expec_ted to be pz_irtlcularly Important for_ the c_har_ac;er
. . ization of interfaces with a large frequency dispersion in in-
the interface determined by SSPM. terface transport properties, e.g., due to the interface states or
For a single interface device the analysis of the SIM im- bort prop €0,

aging mechanism is similar to that of SSPM. For the equiva—deep traps at semiconductor grain bounddfies to several

lent circuit in Fig. 1d) the total impedance of the circully, relaxation processes in ionic conductors, for which interpre-

is Zs = 2R+Z, whereZy, is the grain boundary impedance. tation of conventional impedance spectroscopy results is not

The grain boundary equivalent circuit is represented by g,tralghtforvvard.

parallelR-C element and the impedanceZ§, =R, +iwCyp,

whereAS™ and AS™ are the amplitude signals to the left and

whereRy, andCy, are the voltage dependent interface resis- C. Conductive AFM
tance and capacitance. Experimentally accessible and inde-
pendent of tip properties are the interface phase shiff, In conductive AFM, or scanning spreading resistance mi-

=¢p,— ¢, and amplitude ratioA;/A,, across the interface. croscopy, the dc current through the tip-surface junction un-
The interface phase shift is calculated from the ratio of im-der applied bias is measuréd3’ Formation of depletion re-
pedances from each side of the interfaBe,R/(Zy,+R), as  gions in the vicinity of a grain boundary is associated with a
tan(¢gp) =Im(B)/Re(B) (impedance divider effegt For the decrease of local carrier concentration and an increase of the

equivalent circuit in Fig. @) tip-surface spreading resistané®,=1/40a, whereo is lo-
) cal conductivity anda is contact radius. Thus, the grain
tan(gg) = @CqRy _ (6) boundary is associated with a low conductivity region in the
(R+Ry + RwZCSRg 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
{(R+Ry + RwZC§R§}2+ wZC(Z,Rﬁ spreading re;i.stance. dgpend on carrier co.nc.entration in the
RA(L + 2 CPRD)? : (7)  material. Additional difficulties arise due to tip-induced band
d bending and conductive water layers on the surfddéev-
High and low frequency limiting behavior for Eq§) and  ertheless, similar to SSPM on grounded surfaces, c-AFM can
(7) is summarized in Table I. In the high frequency limit, a be used to localize depletion-type grain boundaries.

The voltage oscillation amplitude ratigy /A,=|8|™%, is

p2=
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An alternative approach to local transport measurementaere soldered by indium to copper contact pads. An addi-
using c-AFM that minimizes contact resistance effects emtional pair of indium contacts was fabricated for four probe
ploys a two-terminal configuration as illustrated in Fig. transport measurements.

1(e).%8 In two-terminal c-AFM, the current on the left con-  The AFM, SSPM, SIM and c-AFM measurements were
tact, I, and the right contact,, induced by currentl, in-  performed on a commercial instrume(iigital Instruments
jected from the biased tip, are measured. From charge cofimension 3000 NS-IllA using a variety of probes. The lift
servation,l,=1,+1,. From the equivalent circuit in Fig.(f),  height for the interleave sceftsn the SSPM and SIM was

for a symmetric crystalR,=R.=R), the currents are usually 100 nm. Measurements were performed using Au
coated cantilevergspring constank=1-5 N/m,NCSC 12
Yy (Rt R) (83 Cr-Au, Micromasch The scan rate varied from 0.5 Hz for
€= Vippa RyRes+ R(Rgp+ 2R large scang~80 um) to 1 Hz for smaller scang-10 um).

The driving voltageV,. in the interleave scan was 5V for

the SSPM and 1 , for the SIM. The scan rate varied from

Vq L_ (8b) 0.2 to 0.5 Hz. To reduce the effect of drift the images were
PR?+ RyyRs + R acquired with the grain boundary oriented along the slow

: scan axis. SSPM images were processed with a constant
For a good tip-surface contad®s<Ry, and Eqs.(88)  packground subtraction. To quantify the dc transport proper-

and (8b) are simplified ad,=V;p/R, and1,=Vyp/(R+Ryp).  ties of the interface, the tip was repeatedly scanned along the

The ratio of currents on the left and right are independent okgme line across the surface and a slewnHz) triangular

tip-surface contact resistance and can be calculated as voltage ramp was applied across the boundary. The resulting

| =

| R image represents potential profiles at different lateral biases,
AP . (9) from which voltage characteristics of the interface can be
lr R+Ry determined.

: . For SIM measurements, the microscope was equipped
Thus, Eq.(9) can be used to determine grain boundary . . ' . g

resistance and bulk resistances from two-terminal c-AF étg asftl;?]?g?dn gzg:g‘;g}r gggtg)n(;glg:::ﬁgg%aiﬁst%vt?gg
data. The pharacterlstlc width of smgle- and two-tgrmmalTo qguantify the frequency and bias dependence of interface
C-AFM proﬂlt_as provides an upper estimate on the thICknes%apacitance, numerous SIM images were collected for vary-
of the depletion layers at the interface. ing lateral biases and driving frequencies. Circuit termination
resistors in SSPM and SIM were varied from
I1l. EXPERIMENTAL PROCEDURE 500 to 1 MQ).
To perform single-terminal and two-terminal conductive

f i interf ith a k truct FM measurements, the microscope was additionally
configuration, an Interfacé with a known structuré was usedg,jinned with Ithaco current amplifiers and a custom-buiit

N.b-dc.)ped25 _SrTiQ bicrystals(1 at. %) were produced by current-voltage convertgiCurrent Designs, Inc Measure-
diffusion bonding. A 10<10x 0.5 mm crystal, dark blue due ments were performed using Co-Cr coated cantilevers
to the donor doping, is sectioned such that the grain bounctspring constantk=1 N/m, MESP, Digital Instrumen}s

ary is perpendicular to th€100) surface. Numerous high gold-coated cantilevers were found to produce inferior con-
resolution transmission electron microscopy studies on thigact to the surface and the current imaging was unstable.
and similar bicrystals have shown that the interfaces ar€ollected was tip-surface curregingle-terminal measure-
atomically abrupt, with no impurity segregatiéh’® To  menty and currents on the left and right contagtsvo-
study the static and frequency dependent transport, bicrystaterminal measurements

In order to relate the grain boundary properties to atomic

3 =
~% . S
g |
=i e
~ >
- (=
= =
.20 =
> =
= =

=)
o

FIG. 2. Surface topographw), surface poten-
tial of the grounded surfacgh) and surface po-
tential for forward(c) and reversed) bias. The
scale for(b) is 40 mV and for(c), (d) is 400 mV.

Potential (mV)
40
400

Potential (mV
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Frequency dependent transport properties were measuredaterial is associated with depletion regions, resulting in a
by impedance spectroscogiiP4282ALCR metep in the lower carrier concentration in the vicinity of the interface. A
frequency range 20 Hz—1 MHz with a modulation signal ofdepleted grain boundary is highly resistive, primary transport
20 mV. In addition, variable temperature impedance specmechanisms being thermionic emission and diffusion across
troscopy and four prob&V measurements were performed the double Schottky barrier. A positively charged grain

as described elsewhete. boundary is associated with an accumulation region. The
grain boundary can act as a tunneling barrier due to the dis-
IV. RESULTS AND DISCUSSION 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 structural origins of electrical activity of the grain  The relationship between the atomic structure of the grain
boundary can be addressed by direct measurement of tiundary and the electronic properties can be inferred from
magnitude and sign of local potential on the grounded surthe direct measurements of grain boundary potential and
face as related to the structure of the grain boundary. Th&ransport properties by SPM. The topography and potential
structure of th&&5 boundary viewed in thel00) plane cross of the grounded surface are illustrated in Fige) 2nd 2b).
section consists of two alternating pentagonal oxygen strucFhe surface is extremely flat with a rms roughness less then
tural units containing two Sr columns and two Ti columns,1 nm. Pores with diameters ef100—200 nm are distributed
respectively}-19 In both units the cation positions are half nonuniformly along the interface, as also reported by other
occupied, forming a grain boundary reconstructidft A groups®® The surface potential measured 50 nm above the
stoichiometric grain boundary is neutral in terms of formalsurface exhibits a sharp protrusion associated with the grain
charge. For an oxygen deficient grain boundary, the Ti willboundary, Fig. &). The width of the potential feature is
be partially reduced and the interface carries formal charge-700 nm and the magnitude {20 mV. Note that this po-
compensated by free carriers in an adjacent space charggntial is significantly smaller than expected for typical
region. Atomically resolved EELS measurements have conSrTiO; interfaces(~0.5 V) and the width of the observed
firmed the presence of Yi cations at the interfac®.How-  grain boundary contrast~700 nnj is significantly larger
ever, the exact occupation of the cation columns cannot bthan the bulk depletion width determined from capacitance
determined from the STEM data and minute deviations fronmeasurementé~15 nm.
exact cation or oxygen stoichiometry can result in large in-  Strikingly, the sign of the grain boundary potential feature
terface charges. These structural resyplés se therefore, as observed by SSPM is positive, indicative of an
cannot address the origin and nature of grain boundary stategcumulation-type grain boundary, which might account for
and the sign of interface charge. the small value of grain boundary potential. However, from

To facilitate the interpretation of SSPM data on the SSPM imaging under applied bias, the grain boundary is
grounded and biased surfaces, we briefly discuss the relatioanambiguously associated with a potential barrier as illus-
ship between grain boundary potential and electrical propertrated in Figs. &) and 2d) and, therefore, is of the depletion
ties. A negatively charged grain boundary in the donor-dopedype, i.e., charged negatively. This discrepancy is due to the

——I—— 2450
2400+

A. Surface potential of the grounded surface

o ® FIG. 4. Potential profile abové¢a) forward
oloe 2350 il *—— Time and (b) reverse biased grain boundary illustrating
Forward the displacement of center of gravity of potential

(a) 23004 130 nm profile with bias.(c) Bias dependence of grain
2250 boundary position. The inset shows the change of

—\_ — = the grain boundary potential sign to negative after
CIE)E] 2200- Py ;;ﬁ application of lateral bias due to removal of

GB position (nm)

CIC)S) 2150 . screening chargdsf. Fig. Ab)].
Reverse 4 R 0 > 4
(b) (c) Lateral bias (V)
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10°- 2.59 FIG. 5. Frequency dependence @ grain
° boundary phase shift ang) amplitude ratio in
T 2.0 SrTiOs bicrystal(Model 1). Solid lines on(a) are
;a- 10™4 ) fi_ts for frequency indgpendent grain boundary re-
5 v,«""\\ % 15 sistance and capacitance by E@), on (b)—
£ calculations by Eq(13) using data from Table II.
1073 taa < Data are shown for circuit terminations
' BERALTARNNN R i ' ' 1480(mW), 5200(®), 1.48 K)(A), and
@ 10° 10* 10° 1) 10° 10 10° 4.8 K)(V).
Frequency (Hz) Frequency (Hz)

screening by charged adsorbates at the surface-interfagdth each other and with théV curve obtained by direct
junction that results in the widening of the grain boundarytwo probe measurements. This indicates that bulk and con-
potential feature and sign inversion, as reported elsewNere.tact contributions to the resistance are negligibly small com-
The adsorbates can be removed by the application of stroriggred to the grain boundary resistance.

lateral electric field across the interface, as illustrated in Fig. Additional information on grain boundary properties can
4(c). Similar behavior was observed for ferroelectric sur-be obtained from the structure of the potential profile under
faces, on which the equilibrium surface potential as observe@Pplied bias. Biasing the grain boundary is accompanied by
by SSPM has the sign of the screening charge rather thaf€ displacement of the center of mass of the depletion re-
polarization charg&-46 This suggests that surface screeningdion as illustrated in Figs.(4) and 4b). This displacement

is a universal feature of oxide surfaces in air and great carfOM negative to positive breakdown voltage is equal to the

should be taken in the interpretation of the results of ambienf€P!€tion width. To analyze the grain boundary position, 256
electrostatic SPMs. potential profiles at different biases were extracted and fitted

by the Boltzmann function V(x)=Vy+AV(1+exq(x
-x.)/w])™%, whereAV is the potential drop at the interface,
is the width of potential profile ang. is the position of the
On applying a lateral bias across the surface, a potentigirofile. Figure 4c) shows the position of the potential profile
drop develops at the grain boundary, indicating its resistiveas a function of external bias from which the displacement is
nature[Figs. 2c) and 2d)]. To quantitatively determine in- estimated as-130 nm. This value is also very similar to the
terface transport properties, a slow triangular bias ramplepletion width determined from a force gradient-distance
(2 mH2) is applied across the bicrystal during SSPM imag-and force-distance analy$isand must be attributed to the
ing. The SSPM image is then the applied bias dependence @febye length of the screening charges rather than the intrin-
interface potential drop. From these data, both potential dropic depletion width. Intrinsic grain boundary potential and
across the interface as a function of lateral ljiadtage char-  depletion width can be expected to be determined only under
acteristig and the actual potential distribution across the in-controlled atmosphere or in ultrahigh vacuum environment.
terface can be determined. The voltage characteristics of the Figures %a) and §b) show the frequency dependence of
interface for different current limiting resistors are shown ininterface phase shift and amplitude ratio for different circuit
Fig. 3@. The voltage drop across the interface is almosterminations determined by SIM. In the first analysis, phase
linear for small lateral biases and then saturates, illustratinghift data were fitted by Eq6) for a frequency independent
the decrease of the interface resistance with bias. The maxRy, Cy, (Model 1); the results are summarized in Table II.
mum observed potential drop across the interface 1sV; Note that the interface capacitance is virtually independent
application of higher biases or the use of smaller circuit ter-of circuit termination resistance, while interface resistance is
mination resistors resulted in current flow to the tip and de-smaller for small circuit termination resistances. This behav-
struction of the latter. For a known circuit termination resis-ior is ascribed to the large driving amplitude used in this
tor, R, the current-voltage characteristic of the interface carexperiment1 V), which results in the decrease of effective
be reconstructed using E() as shown in Fig. @). Recon- interface resistance due to the nonlineaf characteristic of
structed!-V curves for different circuit terminations coincide the grain boundary. The effective oscillation amplitude is

B. Direct current transport across the grain boundary

TABLE Il. Grain boundary properties by Model 1.

R, ohm Ry ohm Cybr 107 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 533+0.4 2.94+0.01
spectroscopy
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4 10%3 high frequency regime using Model 1 for phase data and
R DL, known values for circuit termination resistances.
E&:;,.-. poose s ot i, The SIM capacitance-voltage behavior is illustrated in
PR T LR TS R Fig. 7. Here, the phase and amplitude are measured as a
2 hoe, 818 ‘e function of tip bias at 5 kHz, i.e., in the region where the
© N . . :, reliable determination oRy, Cgy, is possible. The phase
4 . . shift-bias dependence is symmetric as a function of bias as
o . . r 10 illustrated in Fig. 7a). For the amplitude data, the correction
04 05 10 3 o pr) . . . . I .
® 10’ F ! L) 10 10! 10 for tip bias and surface bias variation is introduced according
requency (Hz) Frequency (Hz)

to Eqg.(5). The symmetric shape of the amplitude-bias curve

FIG. 6. Frequency dependent interface capacitaagand re- N Fig. 7(b) with respect to tip bias is indicative of the ad-

sistance(b) calculated from Eqs(6) and (7) (Model 2). Data are ~ €quate po'FentiaI correction. The grain boundary_ resistanpe
shown for circuit terminations 14Q(H), 520 (@), 1.48 k)(A),  and capacitance calculated from these data for different cir-

and 4.8 K)(V). cuit terminationgModel 2) are shown in Figs.(€) and qd).

Note that the bias dependence of the interface resistance is
larger for smallR, resulting in a reduction of effectivBy,, ~ not sensitive to circuit termination, but is well below the
This effect can be minimized by imaging in the small signalcorresponding value determined from th& curve due to
regime using cantilevers with higher sensitiifyTo check the large driving amplitude effect. The interface capacitance
the consistency of interface parameters, the frequency depeaxhibits a weak bias dependence, which is attributed to the
dence of amplitude ratios for different circuit termination errors in the experimentally measured amplitude ratio. For
resistors is calculated using E() and data in Table Il as comparison, the bias and frequency dependence of interface
shown in Fig. b). Note the excellent agreement betweencapacitance from convention@V measurements using the
the measured and calculated values despite the absence saime oscillation amplitude is shown in Figag SIM data
free parameters. for R=520() and 5 kHz(matched resistanceandC-V data

In the second analysis we consider the frequency deperier 10 kHz are compared in Fig.(#®), illustrating the good
dence of interface resistance and capacitance. In this cassgreement between the two in the large modulation signal
Egs.(6) and(7) are solved at each frequency Ry, Cyoand  regime. This demonstrates that extrapolation of SIM for
the resulting values are plotted in Fig. 6. Thus determinedmall signal amplitudes will allow precise determination of
capacitance values are relatively frequency independeninterface parameters.
while the interface resistance rapidly decreases in the high These results illustrate that application of the SSPM and
frequency region. This behavior is because the amplitud&IM for the quantification of the interface transport proper-
ratio is close to unity for high frequencies and small errors inties is remarkably similar to convention&-V and four
the amplitude ratio and surface potential required for biagprobe impedance spectroscopy measurements. In both cases,
correction[Eqg. (5)] result in large errors in calculated resis- care must be taken to minimize the amplitude of the probing
tance and capacitance. To summarize, interface resistangeltage to minimize its effect on measured properties. Con-
can be most reliably determined in the low frequency rewentional current-based transport measurements allow sig-
gime, whereas interface capacitance can be determined batificantly higher sensitivity and precision and are capable of
in the low frequency regiméModels 1 and 2 and in the measurements in the largét mHz—100 MHz range. In
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25] 24-
O =’-‘-‘=‘-7-'-‘-‘.".-?;':5;z;~.‘:_\ — 22 FIG. 8. (a) Bias dependence of interface ca-
5 20 i XN pacitance at 1 kHzsolid line), 3 kHz (dashed
§15_ T2 20 line), 10 kHz (dotted ling, and 20 kHz(dash-
5 ’ g 18] . dot). (b) Bias dependence of interface capaci-
5 10; 8 - . tance from C-V measurements at 10 kHz and
2 § 1.6 . SIM measurements at 5 kHz and circuit termina-
© 05 8 . tion of 520(Q). The frequency and circuit termi-
0.0 . . . , 141 * nation values inC-V and SIM experiments are
0.0 0.1 0.2 0.3 04 y y matched.
(@ Interface bias (V) M) 00 ,mg;fm bias (\/)0'4

SIM, the frequency range is limited by the bandwidth of thewhich can be associated with a depletion-type space charge
optical detector to~2—3 MHz; better performance can be layer at the negatively charged grain boundary and a tunnel-
expected using alternative detection schemes. Using the caliag barrier due to the disruption of atomic periodicity at the
bration and correction procedures described above, SIM angccumulation-type grain boundary. To obtain additional in-
SSPM can provide transport information with10% —20%  formation on the interface properties and to establish the ori-
error (primarily due to the cantilever contribution to the sig- gins of the resistive behavior of the interface, we used the
nal). The advantage of SIM and SSPM is that these techsingle- and two-terminal variants of conductive AFM as dis-
niques allow spatial localization of microstructural elementscussed in Sec. Il C.

with resistive and capacitive behavior, which can be then Single-terminal c-AFM current image of the grounded bi-
compared to AFM, optical or electron microscopy images.crystal surface and the corresponding profile perpendicular to
SIM/SSPM will provide the best results in conjunction with the grain boundary are shown in Figgapand 9b). The
traditional current based transport measurements, so that tiggain boundary is clearly associated with a low conductivity
global frequency dependent impedance of the system angkgion, in agreement with the SIM/SSPM transport data. The
local behavior of the individual structural element are deterwidth of the profile in c-AFM is determined by the depletion

mined simultaneously. width of the grain boundary and imaging conditions such as
_ _ - the rise time of the current amplifier and tip-surface contact
C. Conductive AFM studies of SrTiO; interface area. The average tip-surface current far from the grain

SSPM measurements under applied bias unambiguouslyoundary is strongly tip and bias polarity dependent and, for
associate the grain boundary with a high-resistance regiotihe probe used, was 1.34 mA at a tip bias of 1 V. Using the

R | ]
Total current \/
(b)
0 1 2 3 4
Distance (um)
Current 1
FIG. 9. Current imagesa), (¢), (e) and cur-
Current 1 Current 2 — N\ rent profiles(b), (d), (f) across the SrTi@grain
\/——«\/ boundary in the single termingh), (b) and two-
terminal measurement®)—(f). Insets show the
d) schematic of single-termingéh) and two-terminal
0 5 10 15 (c) setups.
Distance (uLm)
Current 2

r—f-’—’\,—/
L
U

0 5 10 15
Distance (Lm)
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specific resistance valugp=0.017Q cm for Nb-doped contact area on the order of 3—10 nm, and is thus signifi-
SrTiO; (also Ref. 48, the contact radius can be estimated ascantly better than that of SSPM under lateral bias
18 nm. The width of the grain boundary feature~i400 nm,  (30—300 nn.

so the conductivity is suppressed 5y18% compared to the

bulk value. The observed interface width and magnitude are

a weighted average of interface and bulk due to the instru- V. CONCLUSIONS

mental broadening. If the conductance in the grain boundary The combination of SSPM and SIM can completely de-

region is much smaller than in the bulk and the interfac ermine local static and dynamic transport properties of in-
current is zero, the intrinsic depletion width can be estimate?% o i ynar port prop
erfaces; in this case a5 grain boundary in a Nb-doped

as ~18 nm. This is close to the estimation from the mea—S TiO. bi tal. Grain bound tential 4 b
sured grain boundary capacitan@=22 nn). At the same rits bicrystal. fsrain boundary potential measured: by
HSPM is significantly smaller and opposite in sign to the

time, this value is significantly higher than can be expecte

for a tunneling barrier formed, e.g., at an accumulation-typdd"@in boundary potential in the bulk due to screening at a
grain boundary. surface-interface junction by mobile adsorbates. In contrast

The results of two-terminal measurements of the samé& SSPM on the grounded surface, frequency dependent cur-
interface are illustrated in Fig(©—9(f). Note the formation ~rent measurements are relatively insensitive to the presence
of a sharp current step when the tip traverses the graiﬁf the screening charge. The combination of SSPM on later-
boundary. The magnitude of the current step is determineélly biased surfaces and SIM yields lodaV/ andC-V char-
by the voltage divider ratio formed by the grain boundaryacteristics, interface resistance and capacitance, distinguish-
resistance and circuit termination resistance, B). The ing the contributions of the interface from bulk and contacts.
relative current drop at the interface agrees well with thatSeveral models for the quantitative analysis of SIM data
expected from the ratio of grain boundary resistance and theere suggested and the results were in a good agreement
total resistancg0.81 for current 1, 0.73 for current 2, 0.76 with conventional transport measurements. Finally, conduc-
expected folR,,=600() andR=1480(}). tive AFM was used to directly image the depletion barrier

These results illustrate the huge potential of the c-AFMassociated with the grain boundary and determine grain
for interface characterization. The surface screening chargeoundary resistance. The SPM results directly verify the ori-
effect on the measurements is minimal; therefore, interfacg@ins of temperature and frequency dependent electronic
properties can be characterized reliably. These measuremeiitgnsport across atomically abrupt SrEiQrain boundaries
are complicated by the nature of the tip-surface contactgdue to the negatively biased depletion regions at the grain
which, until now, has limited the number of successful ex-boundaries?
periments. Nevertheless, from these results the grain bound-
ary is shown to be associated with a brqae20 nm) low-
conductivity region and thus is unambiguously depletion
type. Also, the spatial resolution of two-terminal c-AFM for ~ D.A.B. acknowledges financial support from MRSEC
transport measurements is ultimately limited by a tip-surfacé&rant No. NSF DMRO0O0-79909.

ACKNOWLEDGMENT

1L. L. Hench and J. K. WestPrinciples of Electronic Ceramics 12H. Hilgenkamp and J. Mannhart, Rev. Mod. Phy&4, 485

(Wiley, New York, 1990. (2002.

2Ceramic Materials for Electronics: Processing, Properties, and ®B. Huybrechts, K. Ishizaki, and M. Takata, J. Mater. S8D,
Applications edited by R. C. BuchanatDekker, New York, 2463(1995.
1991). 1A, Amin and R. E. Newnham, Key Eng. Mate66, 67 339

3M. E. Lines and A. M. GlassPrinciples and Applications of (1992.
Ferroelectric and Related Material@xford University Press, 1°S. B. Desu, Key Eng. Matei66, 67 375(1992.

Oxford, 1977. 16M. M. McGibbon, N. D. Browning, A. J. McGibbon, and S. J.

4G. H. Haertling, J. Am. Ceram. So®&2, 797 (1999. Pennycook, Philos. Mag. A3, 625(1996.

5J. G. Bednorz and K. A. Muller, Z. Phys. B: Condens. Masdy  1’N. D. Browning, H. O. Moltaji, and J. P. Buban, Phys. Rev5B
189(1986. 8289(1998.

6J. M. D. Coey, M. Viret, and S. Von Molnar, Adv. Phyds, 167  8F. Ernst, O. Kienzle, and M. Ruhle, J. Eur. Ceram. Sb@, 665
(1999. (1999.

M. B. Salamon and M. Jaime, Rev. Mod. Phy&3, 583(2001). 19N. D. Browning and S. J. Pennycook, J. Phys2B) 1779(1996.
8A. P. Sutton and R. A. Ballufinterfaces in Crystalline Materials 207, Zhang, W. Sigle, W. Kurtz, and M. Ruhle, Phys. Rev.6B,

(Oxford University Press, Oxford, 1995 214112(2002.
L. L. Balcells, J. Fontcuberta, B. Martinez, and X. Obradors, J.2'G. Duscher, J. P. Buban, N. D. Browning, M. F. Chisholm, S. J.
Phys. C10, 1883(1998. Pennycookunpublishegl
10M. Ziese, Rep. Prog. Phys5, 143(2002. 225.-D. Mo, W. Y. Ching, M. F. Chisholm, and G. Duscher, Phys.
113. 7. Sun and A. Gupta, Annu. Rev. Mater. SBB, 45 (1998 Rev. B 60, 2416(1999.

235304-9



S. V. KALININ AND D. A. BONNELL PHYSICAL REVIEW B 70, 235304(2004)

23R. A. De Souza, J. Fleig, J. Maier, O. Kienzle, Z. Zhang, W.  niques for Semiconductor Materials and Devices, edited by D.
Sigle, and M. Ruhle, J. Am. Ceram. So86, 922 (2003. K. Shroder, J. L. Benton, and P. Rai-ChoudhqEectrochem.
24scanning Probe Microscopy and Spectroscopy: Theory, Tech- Soc., Pennington, NJ, 1994p. 78—96.
nigues and Applicationsedited by D. A. Bonnel(Wiley, New 37p. De Wolf, M. Geva, T. Hantschel, W. Vandervorst, and R. B.

York, 2000. Bylsma, Appl. Phys. Lett73, 2155(1998.
25M. Nonnenmacher, M. P. O'Boyle, and H. K. Wickramasinghe, 38S. V. Kalinin, Ph.D. Thesis, University of Pennsylvania, Philadel-
Appl. Phys. Lett.58, 2921(1991). phia, 2002.
26p, M. Bridger, Z. Z. Bandic, E. C. Piquette, and T. C. McGill, 3°S. V. Kalinin, G. Duscher, and D. A. Bonnglinpublishedl
Appl. Phys. Lett.74, 3522(1999. 40N, D. Browning, J. P. Buban, H. O. Moltaji, S. J. Pennycook, G.
27Q. Xu and J. W. P. Hsu, J. Appl. Phy85, 2465(1999. Duscher, K. D. Johnson, R. P. Rodrigues, and V. P. Dravid,
283, V. Kalinin and D. A. Bonnell, Phys. Rev. B2, 10 419(2000). Appl. Phys. Lett. 74, 2638(1999.
29K, Domansky, Y. Leng, C. C. Williams, J. Janata, and D. Pete-**Command Reference Manu&igital Instruments, Santa Barbara,
lenz, Appl. Phys. Lett63, 1513(1993. CA, 2002.
30s. V. Kalinin and D. A. Bonnell, Nano Lett4, 555 (2004). 42D, A. Bonnell and S. V. Kalinin, Z. Metallkd94, 188 (2003.
81s. V. Kalinin and D. A. Bonnell, Phys. Rev. B3, 125411(2001). 43N. D. Browning, S. J. Pennycook, M. F. Chisholm, M. M.
323, V. Kalinin and D. A. Bonnell, J. Appl. Phy€91, 832(2002. McGibbon, and A. J. McGibbon, Interface Sd, 397 (1995.
33Impedance Microscopy: Emphasizing Solid Materials and Sys#*R. Feidenhans'l, A. Kazimirov, D. M. Smilgies, Q. Jiang, and J.
tems edited by J. R. Macdonal@Viley, New York, 1987. Zegenhagen, Philos. Mag. Leff8, 51 (1998.
34G. Blatter and F. Greuter, Phys. Rev. 3, 3952(1986). 45E. B. McDaniel, S. C. McClain, and J. W. P. Hsu, Appl. OBT,

35p, De Wolf, J. Snauwaert, L. Hellemans, T. Clarysse, W. Vander- 84 (1998.
vorst, M. D'Olieslaeger, and D. Quaeyhaegens, J. Vac. Sci?6S. V. Kalinin, C. Y. Johnson, and D. A. Bonnell, J. Appl. Phys.
Technol. A 13, 1699(1995. 91, 3816(2002.

36A. C. Diebold, M. Kump, J. J. Kopanski, and D. G. Seilehar- 473, Shin, V. Meunier, A. P. Baddorf, and S. V. Kalinin, Appl. Phys.
acterization of two-dimensional dopant profiles: status and re- Lett. (to be published
view, in Proceedings of the Symposium on Diagnostic Tech-*8K. D. Johnson and V. P. Dravid, Interface S&i. 189 (2000).

235304-10



