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ABSTRACT

The determination of local electrical, electrostatic, and transport properties of materials by ambient scanning probe microscopy (SPM) is
shown to be strongly affected by the adsorption of charged species. Associated surface screening results in new phenomena including
potential retention above the Curie temperature on ferroelectric surfaces and potential inversion on grain boundary—surface junctions. Implications
of screening for a variety of SPMs including piezoresponse force microscopy and transport measurements in carbon nanotubes and molecular
electronic devices are discussed.

In recent years, scanning probe microscopy techniques such Here we demonstrate that surface adsorption can drastically
as electrostatic force microscopy (EFM) and scanning surfacechange local electrostatic properties on oxide surfaces and
potential microscopy (SSPM), (also known as Kelvin probe give rise to new physical phenomena, including potential
force microscopy (KPFM)) have been extensively used for inversion at grain boundarsurface junctions and on
the imaging and quantification of local electrical properties ferroelectric surfaces. Surface screening not only changes
of materials, including the doping level, grain boundaries, the magnitude of observed potential features but also can
dislocations, and defects in semiconductetéerroelectric change the sign, leading to the potentially erroneous inter-
domains}* and photoinduced? thermall® and transport  pretation of SPM data in terms of materials parameters.
phenomend A significant effort has addressed the imaging |mplications of universal screening are illustrated for three
mechanisms of these techniques including tip shape, feedbaclg|asses of problems, including conductive oxide surfaces,

and cantilever effects, and resolution limits, paving the way grain boundary-surface junctions in polycrystalline oxides,
for the quantitative interpretation of SPM data in terms of .4 ferroelectric surfaces.

local materials properties. In most cases, measured surface
potentials were interpreted directly in terms of the bulk
properties, and little or no attention was paid to the state of

the surface (e.g., the presence of mobile adsorbates that igep05|t|on experiments. It has long been recognized that a

inevitable under ambient conditions). The presence of a metallic tip can be used to deposit charge on an insulating

surface water layer is well known in SPNIjt affects such surfla(t:_e n fahproceises{ cde}]lclred. contacé elictrlflcadtlgn.EE:Ae
diverse phenomena as capillary-tipurface forces and tip- evolution of charge due to ditfusion can be observed by

induced local electrochemical processes such as nanooxida®" SSPM, providing data on the mobility and diffusion

tion.1L12 Despite the fact that the effect of mobile charges coeffic_ient of surface charg_é§17 Figure 1a illustrates the

on EFM imaging was demonstrated as early as 998le potential of charge deposited on a degeneratetjoped

is known of the mechanisms of surface screening and its Sf110s surface by a biased metallic AFM tip. Strikingly, the
implications on electrostatic measurements by SPM becauseSUrface retains local charge even though the material per se
the observation of screening behavior requires dynamic iS metallic (resistivity 0.0 cm). The deposited charges

ature or atmospheré. profile on the time scale of tens of minutes. This surface

charging can be attributed to the difference in conductivity
" : g ; /
: gg'k“;siﬁggd,'\?gﬂgﬁgwégogfg'r'y sergeiz@ornl.gov. between the surface and the bulk or to the presence of mobile
* The University of Pennsylvania. adsorbates. However, the conductive nature of the surface

Conductive SurfacesEvidence for the presence of mobile
charges on oxide surfaces can be inferred from charge
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Figure 1. (a) SSPM image of a conductive SrEi€urface 10 min 0

after contact electrification by an AFM tip &t5-V and—5-V biases ~ =

with a 20-min interval (image is inverted). During the first .
electrification step, the surface was positively charged. Deposited Crystal Air
positive charged diffused laterally with time, and the second | .
electrification step resulted in much sharper negative feature in the

center, resulting in a ringlike structure. This contact electrification/ Normal coordinate, z/d

charge diffusion illustrates the presence of low-mobility surface

charges. (b) Conductive AFM image of the bicrystal surface with Figure 3. Potential distribution above the surface-interface junction

a grain boundary. Nonzero tigsurface current measured far from  for ideal (blue) and real (red) termination. Measured by SSPM are

the grain boundary demonstrates that the surface is conductive. potential values at different tipsurface separations that can be
extrapolated to the value at thetipurface junctiongo, using the

can be confirmed by the conductive atomic force microscopy analytical modet? For ideal termination, the tipsurface junction

(AFM) image of the same region with the grain boundary potential is direqtly related to Fhe grajn boundary pote.ntial in the
as shown in Figure 1b. The grain boundary is associated withPulk: For the realistic surface with mobile charges, there is no simple
. Lo . - . relationship between potential at the junction and potential in the
a higher resistivity region providing a reference point for
AFM resistivity measurements, but the surface itself is clearly
conductive. Therefore, charge retention and the subsequentlistinct feature of width~700 nm and magnitude20 mV
dissipation of the mobile charge can be explained only by associated with the grain boundary. To determine the intrinsic
the presence of a low-mobility conductive layer on the materials properties from SPM data, a detailed analysis of
nominally metallic surface. the image-formation mechanism was develoffedhe
Grain Boundaries. Evidence for the presence of mobile potential within the crystal is almost constant, decreasing
surface charges can be obtained from the observations ofonly to «/(x + 1) of its bulk value at the surface-interface
the dynamic potential behavior at charged defects such agunction, and decreases rapidly in air (Figure 3). The
grain boundaries. Well-defined grain boundaries in SgTiO quantification of both the EFM and SSPM results leads to a
bicrystal$® were studied using standard AFM and SSPM  depletion width ofdsc ~ 200 nm and a potential @fy, ~ 30
as illustrated in Figure 2. The surface potential exhibits a mV for the grain boundary (i.e., close to the values measured
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Figure 2. (a) Equilibrium surface potential at the SrEiBicrystal grain boundary. The inset shows surface topography. (b) Grain boundary

potential evolution in the turn-off experiment. The arrow indicates the time direction. Charge and potential distributions at (c) pristine and

(d) screened grain boundary surface junctions.
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directly). In comparison, corresponding values for this Heating

interface determined from transport and capacitance mea- |y, my

surements are~0.6 V and ~15 nm?! The discrepancy 304

between SSPM results and conventional measurements was

attributed to the surface damage and charge accumulation 207

at the surface-interface junction and the finite resolution of |

the SSPM, resulting in the widening and lowering of the - -

potential profile. 0———7— ‘i : 5.0 , 6.0 ’\Z.Q/ Sl.o . 9,0 —
However, none of these considerations explains the _10; 2003040 / .

positive sign of the grain boundary potential feature as 1 / Temp. °C

observed by SSPM. In thedoped material, this corresponds  -207

to an accumulation-type grain boundary, which can account ] 3 /

for the small value of the grain boundary potential limited =301 \* /LT

by the separation between the donor levels and the bottom _4¢r ‘——45_ Cooling

of the conduction band. However, using SSPM imaging

under applied bias, we find that the grain boundary is rigyre 4. Temperature dependence of the grain boundary potential
unambiguously associated with a potential barrier as il- in polycrystalline barium strontium titanate on heating (black) and
lustrated in Figure 2b (bottom) and is therefore of the cooling (red) (courtesy of F. Weibel).

depletion type and must be negatively charged. To rationalize
these observations, we introduce a screening model for thesyrface, and observed potential values are determined by the
surface-interface junction as shown in Figure 2¢ and d. The thermodynamics of the screening process. Additional analysis
accumulation of charged adsorbates at the surface-interfacgs required to establish the relationship with intrinsic materials
junction results in the widening of the grain boundary properties.
potential feature and, most notably, in the sign inversion.  Ferroelectric Materials. In ferroelectric and piezoelectric
To verify this hypothesis, we attempted to remove the materials, the discontinuity of the normal polarization
screening charges. In the first case, the application of lateralcomponent gives rise to a surface charge density, P+n,
bias across the interface results in the high lateral field in \yhereP is the polarization vector anais the unit normal.
the interface region~10" V/m). The electrostatic forces  pojarization charge alters the electrical properties of the
induced by the field swipe the screening charges from the syrface, which can be detected by electrostatic SPMs,
surface-interface junction area. After the bias is switched off, providing an approach for local domain imaging. Similar to
the true sign of the grain boundary is observed, as illustratedgrain boundaries in oxides, the surface potential measured
in Figure 2b (top). This potential distribution is metastable, py SSPM is not only smaller but also has the opposite sign
and the accumulation of screening charges reduces theg that expected from the polarization orientatié®
magnitude of the negative feature with subsequent sign oy first insight into this behavior was obtained from the
reversal. Associated relaxation times are large (30 min t0 hotential measurements on static BaJi6urfaces. The
several hours) and strongly depend on the surface treatmenE]easured potential was found to be uniform within the
prior to the experiment. It can be argued that this effect can domain, with a potential difference between domains of
be attributed to charge trapping at the interface; however, opposite polarity of 150 mV. This potential difference
the retention time is much larger than can be expected forcorresponds to a dipole layer a with 0.2-nm thickness, a
typical interface states, and no such relaxation process wasjielectric constant of = 80, and a charge density of 0.25
observed in the impedance spectroscopy #ata. C/m?, which is consistent with a screening water lasfer.
An additional approach to determining the screening However, because of the large uncertainties associated with
dynamics utilizes temperature variation. In this case, increas-the quantitative interpretation of SPM data and the general
ing the temperature results in an increase of the apparentack of understanding of the fundamental mechanisms of
interface potential in polycrystalline B&n—Oz as illustrated  polarization screening at ferroelectric surfaces, these con-
in Figure 4. On decreasing the temperature, the sign of thesiderations alone are insufficient to validate this picture.
grain boundary potential feature is inverted; the relaxation Similar to the case of grain boundaries, fundamental insight
time to the equilibrium positive value 30 min. into charge behavior on ferroelectric surfaces can be obtained
These results illustrate that ambient screening can affectonly from the observation of dynamic phenomena.
measurements of the grain boundary potential barrier and The temperature dependence of the polarization-related
depletion width. Even though the potential on the surface- surface potential is illustrated in Figure 5. The surface of
interface junction can be determined reliably from the dis- the ferroelectric phase is characterized by corrugations due
tance dependence of the grain boundary potential contrast, ito the lattice mismatch (Figure 5a); the surface potential
is not simply related to the potential of the grain boundary image also exhibits potential variations due to the differences
in the bulk. In fact, even the sign of the potential can be de- in surface charge density betweeh (upward),c™ (down-
termined erroneously. In the case when surface screeningward), anca (in-plane) domains (Figure 5b). Above the Curie
dominates, the depletion width measured by SSPM corre-temperature®. = 130 °C), ferroelectric polarization disap-
sponds to the Debye length of the screening charges on thepears, as indicated by the absence of surface corrugations
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Figure 5. Surface topography (red) and potential distribution (blue) at the BT0D) surface (a, b) before the ferroelectric phase transition
at 25°C, (c, d) 1 min after transition, and (e) after 2.5 h of annealing at°20The scales are (b) 0.1 V, (d) 0.5V, and (e) 0.1 V. (f)
Surface topography and (g) surface potential of the ferroelectric domain structure on the;80)Gurface afl = 110 °C. Surface
potential (h) during cooling from 110 to 9, (i) at 90°C, and (j) after annealing at S for 50 min.
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Figure 6. Charge dynamics on the ferroelectric surface on (a) heating and (b) cooling illustrating the interplay between fast polarization
charge and slow screening charge dynamics as described in the text.
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(Figure 5c). Unexpectedly, this is not the case for the decreases with time, passing through an isopotential point
potential. The morphology of the potential features remains corresponding to zero domain potential contrast (Figure 5i)
essentially the same (cf. Figure 5, parts b and d); however,and finally establishing an equilibrium value (Figure 5j).
at the transition, the potential amplitudes grow by almost 2  This behavior implies that the sign and magnitude of the
orders of magnitude. As can be seen from Figure 5d (the measured surface potential are not determined only by the
image was acquired from bottom to top 4 min after the polarization charge. A more complex picture for surface
transition; total acquisition time, 11 min), the potential potential behavior emerges, as illustrated in Figure 6a and
amplitude decays with time. The surface potential amplitude b. The surface potential has the sign of the screening charges
after annealing at 140C for 2.5 h is very small £2—5 and is the reverse of that expected from the polarization
mV), and the potential distribution is almost random. orientation (i.e.c™ domains are negative ad domains are
Reciprocal behavior is observed on decreasing the tem-positive on the SSPM image). Increasing the temperature
perature (Figure 5fj). After a temperature decrease from results in a decrease in polarization bound charge, leaving
110 to 90°C, the topographic structure does not change some of the screening charge uncompensated, thus increasing
significantly (Figure 5f), but the domain contrast inverts the effective surface potential. In the limit of a ferroelectric
(Figure 5g and h) (i.e., a positive domain becomes phase transition, polarization charge disappears, leaving the
negative). The potential difference between the domains screening charge completely uncompensated (Figure 6a).
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This potential distribution is unstable and relaxes with time to resolution. Similar considerations apply to transport in other
a new equilibrium surface potentidl (< T,) or a featureless  systems, such as carbon nanotube transistors and molecular
potential distribution T > T.).?2 On decreasing the temper- wires in which the presence of a water layer affects the
ature, spontaneous polarization increases, and for a short periochacroscopic characteristics of the devit€orrespondingly,
of time, the domain’s potential sign is determined by the the presence of a conductive water layer and associated
polarization charge rather than the screening charge (temperaalternative current paths will render transport measurements
ture-induced domain potential inversion) (Figure &d)nder on CN-FET less reliable. In this case, mobile charge effects
isothermal conditions, polarization and screening chargescan be minimized using the variants of ac-Eflgr scanning
equilibrate, and the potential establishes an equilibrium value.impedance microscopy,in which ac transport at relatively
Noteworthy is that the characteristic time for surface poten- high frequencies (3100 kHz) is measured. Because the
tial relaxation on the ferroelectric surface30 min) is close  oscillation period €10 us—1 ms) is significantly smaller
to the relaxation time of the grain boundary potentials for the than the relaxation time of the mobile chargesl{-1000
SITiO; surface, suggesting a similarity between the mobile Min), the charge-redistribution effects are minimized.
charge dynamics and screening phenomena on oxide surfaces. Summary. The grain boundary potential measured by
Implications. These examples illustrate that surface po- SSPM is significantly smaller and opposite in sign to the
tential measurements on oxide surfaces, as diverse as ferrodrain boundary potential in the bulk. This behavior is shown
electrics, grain boundary, or charging phenomena, are strongly!® P€ due to screening at a surface-interface junction by
affected and in some cases are governed by the surface watdPbile adsorbates. SPM-based dc and ac current measure-
layer and mobile charges. This layer significantly affects ments were s'hown to be relatively insensitive to the presence
mechanical and electric properties of the-iurface junction, of the screening _charge be_cause of the large relaxation tln_1es
providing higher effective conductivity and a larger effective of the latter. Slmll_ar behavior was observed for ferroe_lectrlc
contact area compared with those of the clean surface. ThisSUrfaces, on which the equilibrium surface potential, as
will affect the imaging mechanism and measured contrast ©PSeérved by SSPM, has the sign of the screening charge
in scanning probe techniques based on current or electro-rather than that of the poIarlz.at|o_n charge. These observathns
mechanical detection (e.g., conductive AFM and scanning suggest that surface screening is a universal feature of oxide

spreading resistance microscopy, piezoresponse force mi_surfaces in air, and great care should be taken in the direct
croscopy, etc.) The anomalous behavior of PFM contrast INterpretation of the results of ambient electrostatic force-

under vacuum conditions reported by Zheng é¢aan be sensitive SPMs and SPM transport measurements.
rationalized by the elimination of the conductive surface layer
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rise to completely different thermal behavior).

The mobile charge effects are even more pronounced for
the noncontact electrostatic SPM techniques. In this case,
the adsorption of the charge species from the ambient
significantly affects the intrinsic potential distribution on the
surface. Examples above illustrate that for several oxide
systems the surface potential is inverse in sign to the
corresponding bulk value because of specific adsorption. In
other cases, the formation of a conductive water layer will
reduce the measured potential amplitude and result in the
broadening of features. The general approach to avoid this
complication is the use of hydrophobic surfaces or measure-
ments under controlled atmospheric conditions or in vacuum.

Finally, mobile charge effects are also important for the
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