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Abstract: 

Time-resolved Kelvin probe force microscopy (tr-KPFM) was used to map surface potential 

dynamics in LAO/STO under its critical thickness, where it acts as an insulator, as polarizing and 

depolarizing electric fields were applied to planar electrodes in ambient conditions. Two time 

constants, for polarization and relaxation (i.e., depolarization) each, were derived and were shown 

to be independent of the direction of electrical field, revealing the reproducibility and recovery of 

the surfaces. Ambient aging or recent electrical history did not change the surface kinetics as 

determined by tr-KPFM. During polarization, the faster time constant (~3-6s) is likely associated 

with the transport of H+ ions through the full length of the channel. The slower time constant 

(~40-50s), on the other hand, is observed across only half the channel width near the higher-

potential – more positive – electrode, which is likely associated with an electrochemical reaction 

such as the dissociation of water. This slower time constant drops to ~10-20s towards the 

middle of the channel which could represent the transport of OH- ions. During relaxation, the 

fast time constant is consistent with polarization and is correlated with the same mechanism while 

the slower time constant is higher than it was during polarization and may represent the 

reabsorption of moisture from the atmosphere. 

Introduction: 

Since its discovery, LaAlO3/SrTiO3 heterointerfaces that show tunable conductivity have sparked 

tremendous interest both for fundamental understanding of the unique observations, such as the 

tunable conductivity, magnetism and superconductivity at low temperatures, and for its potential 

applicability as a high density, extreme environment transistor.1–4 Fundamentally, in relationship 

to interface conductivity, the observations that needed elucidation were (i) the origin of charges, 

(ii) presence of a critical thickness of the film above which the interface shows conductivity, (iii) 
buildup of dielectric potential across the film thickness, and (iv) the mechanism of tunability 

under an external field across the thickness of the film. Investigations revealed a complicated 

system that requires incorporation of many factors including stoichiometry of the films and 

presence of anti-sites, oxygen vacancies in the substrate as well as in the film (specifically on 

the surface of the film), strontium vacancies in the substrate, intermixing, interfacial strain, 

and changes in the equilibrium positions of the atoms.5–24 More recently, there has been 

significant research demonstrating that the surface defects (i.e., oxygen vacancies) and surface 

adsorbed species are the origins of charges at the hetero-interface.25–35 Identification and control 

of the charge sources



is critical to enable new devices and manipulate their interaction with their surroundings. The 

modulation of the charge carrier density at the hetero-interface was shown to be achieved by 

ferroelectric gating, control through voltage applied via an atomic force microscopy tip, and 

mechanical stress applied using a PFM tip.2,3,36,37 

Almost universally, processed hetero-structures have been exposed to ambient conditions before 

utilization of all types of characterization techniques including the typical Hall measurements, X-

ray photoelectron spectroscopy, and atomic force microscopy except for some work on 

superlattices or capped films.34,38 Attempts have been made to clean the surface of adsorbates 

through ozone cleaning, heating in UHV, and exposing the hetero-structure to a flow of nitrogen 

at elevated temperatures.30 Even though such techniques may result in a change in the surface 

adsorbed species concentrations, they do not necessarily form an adsorbate free surface.30,31 In 

addition, the fast re-saturation of the surface leads to an unknown surface under the uncontrolled 

but fast transfer of the samples from the cleaning atmosphere to the characterization 

instrumentation.31,39 Despite the uncontrolled nature of some of these cleaning techniques, changes 

provided a strong support to the effects of surface adsorbed species on the electrical properties of 

the interface. Therefore, in this work, the focus is on exposed surfaces saturated with ambient 

adsorbed species. 

Oxygen vacancies (VO) are described as one of the sources of charge carriers as well as the 

switchable electromechanical response. Two minima were proposed for the presence of VO on the 

surface of the film and at the hetero-interface.25 While migration of VO can lead to some 

observations in PFM data, the response of films processed at higher partial pressures is more 

dependent on the concentration of adsorbed species with Jahn-Teller distortions leading to the 

PFM observations of hysteresis.27,29 The VO concentration at the interface is negligible if the 

deposition atmosphere was at and above 10-4 Torr, which is the processing atmosphere for the 

films characterized in this article.23 In addition, both the films just above and below critical 

thickness showed similar O Kedge EELS patterns near the interface, indicating that the VO content 

was low and only depended on the deposition conditions and not the thickness of the film. Thus, 

the presence of VO near the interface was not a predictor of the interfacial conductivity.23 The 

defect chemistry on the surface and the effects of adsorbed species have frequently been 

investigated as a function of gate field (i.e., voltage applied through a conductive AFM tip) at 

magnitudes that cause modulation of charge carrier density at the hetero-interface (e.g., tuning). 

The presented work here focuses on the characterization of the surface of the films with insulating 

hetero-interfaces. Neither KPFM, nor tr-KPFM includes application of gate voltage that would 

change the interfacial behavior. The film of interest is 3u.c. (unit cell) thick – just below the critical 

thickness – deposited at 750oC under 10-4 Torr O2 atmosphere on a Ti-terminated SrTiO3 substrate. 

Our films exhibited critical thickness at the same point as most in the literature where the 

heterointerface for the 3u.c. thick film is insulating and 4u.c. thick film is conducting. The critical 

thickness can depend on the chemical potential of the oxygen (and hydrogen) and is a function of 



surface defect density. This indicates that the film studied in this work has comparable surface 

defect density as other films studied in the literature. 

The exposed surface of the films contains both carbonaceous species and dissociated water 

molecules.31 There have been reports on adsorbed polar water molecules that align on the surface, 

affecting the interfacial properties, but calculations and other experimental work indicated that 

water is more likely to be dissociated on the surface.40–43 It is this dissociated water molecule, with 

H+ attached to a surface oxygen and OH- attached to a surface cation, that is believed to be a major 

factor in both the origin of charge carriers and the change in their concentration under gate fields 

applied by AFM tip.30,35,40 Calculations show that H+ on the surface results in substantial doping 

of the hetero-interface, and the surface coverage extends between a half to a full monolayer of 

hydrogen on the surface.35,40 However, the carrier density would decrease if other acceptor species 

(such as OH- or other O-, O2
-, O3

- species that may be introduced during plasma cleaning) also 

exist.30 The breaking of the bond at Al-OH or at AlO-H requires very high energies that cannot be 

achieved either by heating up in UHV, even at 1000oC, or by solvent cleaning.30,31 Thus, the 

presence of oxygen species on the surface results in trapping electrons from other donors on the 

surface. Therefore, understanding of the surface adsorbed species kinetics is crucial to control the 

coupled interface conductivity. The relative amount of different adsorbed species, for example H+ 

and OH-, can change based on the surface oxygen vacancies. Thus, the surface oxygen vacancies 

can have an indirect effect on interface conductivity by varying the ratio of donor H+ and acceptor 

OH-. In this indirect effect, the OH- would annihilate the surface oxygen vacancies and act as a 

surface oxygen with H+ attached. Since first principles calculations showed that the formation of 

a conducting interface is due to surface adsorbed species (i.e., H+), it would not have thickness 

dependence and thus would result in metallic interfaces below the critical thickness. However, the 

oxygen vacancy formation energy on the surface of the film decreases with increasing thickness 

due to the dipolar field.44 The imbalance created in H+/OH- ratio due to surface oxygen vacancies 

then can result in the observation of a critical thickness, emphasizing again the motivation for 

investigating surface adsorbed species. Note that the increase in the VBM for a LAO surface with 

adsorbed species coverage may not be high enough to close the gap with the CBM of the STO 

until the critical thickness, providing another path to formation of critical thickness. Surface 

oxygen vacancies were also suggested to have direct contribution to the interface charge carrier 

density as well as its tunability if they diffuse across the thickness of the film under external drives 

such as electric field or mechanical stress.26,36,45 On the other hand, some calculations showed 

lower formation energy for Al-adatoms than surface oxygen vacancies, which can still lead to 

similar interfacial observations where Al donates 3e- per adatom.33 Note that other oxygen sources 

on the surface such as carbonaceous species were found to be less likely to contribute to the 

interfacial behavior and are easier to remove.  

Herein, we focus on the lateral transport dynamics using Kelvin Probe Force Microscopy (KPFM) 

and time-resolved KPFM (tr-KPFM). In KPFM, the measured contact potential difference (CPD) 

is related to the work function difference between the metal tip and the sample, if metallic. For 



semiconductor/insulating samples, band bending, dopant density, surface charge density and 

density of surface states can all contribute to the measured CPD. Time resolution allows 

determination of the dynamic behavior on the surface which here we apply to understanding the 

surface of LAO/STO heterostructure that is closely coupled with its heterointerface. 

Materials and Experimental Procedure: 

For local transport measurements in this study, two Ni electrodes were deposited laterally on the 

LAO/STO surface with a channel distance of 50 µm (Fig. 1a). Shown in Fig. 1b is an image of 

AFM topography for the grounded device. The film was 3u.c. thick, which is just below the critical 

thickness. Films are grown via Pulsed Laser Deposition following the conditions summarized 

elsewhere.23,24 To study the spatial variation of the potential distribution during application of an 

electric field, KPFM profiling was performed across a single X-scan profile by disabling the Y-

scan motion of the AFM scanner while different biases were applied across the device. The mode 

of KPFM we used was Frequency modulated heterodyne KPFM. This method has recently been 

shown to provide the most quantitative potential measurements on lateral devices. Axt et al. 

showed that FM heterodyne KPFM46 had the best performance, capturing 99% of the potential 

difference across a model lateral device structure and was largely free from crosstalk due to the 

presence of strong stray fields, which hamper many other KPFM modalities (Fig. S1).47 

Each applied bias has a dataset, which is a collection of CPD measurements taken for 256 positions 

along the 60μm system every two seconds. The different electrical bias cases are: (A) -6V, (B) 

+6V, (C) -6V, and (D1) -6V immediately followed (D2) +6V in the same run. For Case D, the 

ground was switched to the opposite pad from Cases A-C. Another important aspect of each case 

is the bias or electrical field direction. Forward bias, electrical field going from position 0 to 

position 60 or left to right, and reverse bias, electrical field going from position 60 to position 0 or 

right to left, denote such directions (Fig. 1c). The orientation and placement of the film do not 

change between cases. For Cases A-C, CPD was measured for 60s after the field was applied (bias-

on or “polarization”) and continuously measured for 238s after the field was removed (bias-off or 

“relaxation”). For Case D1, polarization was 74 seconds while relaxation was 138 seconds. For 

Case D2, polarization was 60 seconds while relaxation was 192 seconds. It will be shown that the 

times allotted for both polarization and relaxation are adequate for the systems to reach full 

stability. The time stamp at which the bias is first applied is defined as t = 0s, and polarization 

measurements are captured for t = 2-60s for Cases A-C. Cases D1-D2 have different time periods 

because of their unique duration of polarization or shift in time due to continuous collection of two 

separate cases. t < 0s indicates data collection prior to the application of bias. 

All KPFM measurements were performed on an Asylum Research MFP3d platform, using as-

received Pt/Ir-coated (Nanosensors, PPP-EFM) AFM probes, with a nominal mechanical 

resonance frequency and spring constant of 75 KHz and 2.8 N/m, respectively. Measurements 

were performed using FM-heterodyne KPFM.46,47 The topography was captured using amplitude 

modulation (AM) on the first cantilever eigenmode and the oscillation amplitude was kept to 



approximately 60 nm operating in attractive regime. For the heterodyne KPFM measurements, we 

used a Zurich Instruments HF2LI for signal demodulation and bias feedback and the nulling bias 

was supplied to the tip. The electrical drive voltage was applied at frequency (ωe) corresponding 

to the first cantilever eigenmode frequency minus the fundamental eigenmode frequency (ωe= ω1- 

ω0). The sideband detection was performed at ω1. 

Results and Discussion 

Changes in the CPD can be due to the changes in work function of the material, chemical dipoles 

on the surface, and surface charging by injected charges, oxygen vacancies, or surface adsorbed 

species, specifically dissociated water.48–51 It is reasonable to suggest that the CPD image for the 

grounded device effectively describes the static potential distribution across the device (Fig. 1b). 

Further influences due to the water layer, surface contaminants etc. can also influence the absolute 

measured CPD. For example, other KPFM CPD results in the literature demonstrated an increase 

in work function when a conducting interface was converted to an insulating one through a surface 

plasma treatment that introduced electron getters even for films above the critical thickness.30 The 

drop in work function under applied voltage modifying the interface from an insulating one to a 

conducting one is a function of the atmosphere, for example, CPD increased moving from air to 

oxygen (with H2/N2 to oxygen also providing similar changes). Such atmosphere dependence 

indicates complicated contributions from adsorbed species, redox reactions, and electrochemical 

components. 

Our measurements show large CPD values for the films with thickness below tc and exposed to 

ambient air at room temperature (~20°C) and 30-40% relative humidity, consistent with 

observation of higher CPD with higher resistivity of the interface (Fig. 1d). The CPD was 

measured before every run and did not show any significant change between Cases A-D (Fig. S2). 

A potential barrier was observed at the interfaces with electrodes. Note that this is not the potential 

barrier between the electrode and the film but the barrier on the surface. Similar electrode schemes 

on films that are above the critical thickness (5u.c.) showed ohmic contacts during the 

measurement of interface conductivity. Topological analysis shows electrode edges that are not 

perfectly sharp, indicating some diffusion underneath the mask during evaporation. A very narrow 

surface artifact, a possible dust particle on the surface, was observed and removed from further 

analysis (Fig. S3) The rest of the surface profile of the channel was smooth. A small change in 

CPD, approximately 43mV, was observed around the 30μm point (Fig. 1d), but further inspection 

shows there are no topographical discrepancies associated with this area (Fig. S4).  

Fig. 2a shows both the polarization and relaxation results for Case A, when bias (-6V) was applied 

on a saturated surface (i.e., aged in ambient atmosphere). The measured CPD profile at 0V was 

used to normalize the potential profiles (i.e., V=Vcpd(Vbias)-Vcpd(0)), effectively removing offsets 

due to the work function difference between the tip and sample, such as influences due to water 

layer/adsorbates in the original surface, and the work function difference between the electrode 



and the channel and, thus, isolating changes associated with the applied source-drain voltage (Fig. 

2a). We note, at the biased electrode, the normalized potential matches the applied device bias, 

thus validating the CPD correction procedure to solely analyze changes in surface voltage (V). The 

largest potential drop was observed at the higher-potential, more positive-electrode (>5V). The 

potential was seen to be almost uniform across the channel.  

In order to investigate relaxation mechanisms, the data is converted to surface voltage versus time 

for each position for polarization (Fig. 2b). There is relatively smooth polarization/relaxation for 

positions in the middle of the device, which represent the channel. Conversely, positions on the 

end, where the electrodes are, show little to no polarization/relaxation, as expected. To analyze the 

film, boundaries between film and electrode must be defined, but these exact boundaries are not 

immediately obvious. As mentioned before, topological analysis shows electrode edges that are 

not perfectly sharp, indicating some diffusion underneath the mask during evaporation (Fig. 1d). 

However, a sharp potential drop occurs at this interface (Fig. 2a) during polarization. Therefore, 

the position with maximum electric field (Efield = dV /dX) is interpreted as the interface (Fig. 3). 

As the potential drop mainly occurs at the higher-potential electrode, to determine both interfaces, 

both the forward (Case A, electric field moving from position 0 to position 60 or left to right) and 

reverse bias (Case B, electric field moving from position 60 to position 0 or right to left) cases 

were used (Fig. 3a). This approach uses the surface voltage as a function of position for a given 

time (here 60s is used because the system is fully stable), and the positions of interfaces were 

determined to be 14.01μm and 44.82μm. 

To support this interpretation, a clustering approach was also employed on the time polarization 

curves, which essentially used the time dependence of surface voltage at different positions during 

polarization. The curves were all normalized to start at zero so they could be clustered based on 

their profile rather than on their absolute values. The elbow method and silhouette method were 

used to determine the optimal number of clusters for each dataset. The elbow method finds the 

“elbow” on the graph after the fviz_nbclust() function (package “factoextra” version 1.0.7) in R is 

used with the method “total within sum of square”. The silhouette method directly determines the 

optimal number of clusters with the same function but with method “silhouette”. Both approaches 

identified two clusters as the optimal amount for all datasets. The k-means clustering was 

conducted with the kmeans() function in R (package “stats” version 4.0.2) seeding two centers. 

The use of k-means clustering defined boundaries between film and electrode and produced results 

that are close to or exactly the same as the maximum electric field positions when applied to the 

same interface for forward (14.24μm) and reverse bias (44.82μm) (Fig. 3b). Therefore, both the 

potential drop as a function of position and the time dependence of surface voltage change 

provided interface positions that are supportive of each other, and from here on, the positions with 

the maximum in electric field will be used as the position of the electrode/channel interface, and 

analysis on the time relaxation curves will focus on the channel area as defined by these borders. 

On the side with lower potential, for both forward and reverse bias, some of the channel is clustered 



with electrodes, indicating that the applied bias does not significantly affect polarization curves in 

that region of the channel. 

A polarization/relaxation time constant (τ) can be determined as a function of position from each 

of the curves in Fig. 2b using 𝑓(𝑡) = 𝐴 + 𝐵𝑒
−𝑡

𝜏⁄ . In the case of more than one mechanism present, 

a second time constant can be introduced via 𝑓(𝑡) = 𝐴 + 𝐵𝑒
−𝑡

𝜏1
⁄ + 𝐶𝑒

−𝑡
𝜏2

⁄ . The parameter A is 

the vertical offset in the surface voltage, which represents the equilibrium potential after 

polarization or relaxation is complete. The pre-exponential parameters B and C represent the 

maximum drop in potential for each species over the polarization and relaxation periods. The time 

constant (τ) is the mean lifetime of charge transport and is inversely proportional to the diffusion 

constant.52 The τ for the one-term model captures the mean lifetime of all mobile species while the 

τ’s for the two-term capture fast- and slow-moving species separately. 

In certain positions, at greater times, polarization or relaxation was completed before the end of 

data collection, and a plateau was observed (i.e., no statistically discernable change in surface 

voltage). These plateaus were filtered away as they do not contribute to the polarization or 

relaxation mechanism (Fig. S5), and this process increased the quality of time constant analysis 

(Fig. S6).  

Using the nls() function in R (package “stats” version 4.0.2), polarization and relaxation curves 

with a single and double time constant were fit with R estimating all three (𝐴, 𝐵, 𝑎𝑛𝑑 𝜏) and five 

(𝐴, 𝐵, 𝐶, 𝜏1, 𝑎𝑛𝑑 𝜏2) parameters, respectively. Since the two exponential term model is more 

complex, it converges only on a narrower range of data; hence, it fits to fewer curves than its 

simpler one-term counterpart. 

The physical interpretations of the fitting parameters agree with the original data. The A parameters 

align with the equilibrium potential (t = 60s, shown in Fig. S7) while A+B or A+B+C, depending 

on which model is being considered, represent the surface voltage at t = 0+. The data on which the 

models were fit started at t = 2s, and the sum of the parameters plotted with surface voltage at t = 

2s and 4s as a function of position show even spacing between lines, suggesting that the sum of 

the parameters is an accurate simulation of the surface voltage at the instant bias is applied (Fig. 

S8). In addition, the sign and profile differences of A show the distinction between forward and 

reverse bias as well as the value of the applied bias. For example, reverse bias (Case B) and forward 

bias (Case D2) have the same sign for parameter A because the applied bias is the same for both 

(+6V) but applied to opposite electrodes (Fig. S9).  

After fitting one- and two-term models to all cases for polarization and relaxation, it was found 

that results were consistent for a given applied bias or bias direction. This indicates that a sample 

aged in atmospheric conditions (Case A) behaves no different than one with a recent electrical 

history (Cases B-D) and that forward and reverse biases lead to symmetric results. The discussion 

will focus on the results for Cases D1 and D2 because they had the cleanest data and produced 



accurate models for a wider range of positions along the channel than Cases A-C but still closely 

represented the behavior for all these cases.  

Residual standard error (RSE) in Case D2, under forward bias at +6V, indicates that two time-

constants enhance the characterization of the polarization mechanisms, one with faster kinetics (τ2 

in the range of 4-6s) and the other with slower kinetics (Fig. 4). The single polarization fit captures 

the faster kinetics with a slight increase in the relaxation times (i.e., around 6-8s) and greater RSE 

as it tries to accommodate for the slow relaxation at higher times. The fitting of two polarization 

mechanisms converged over most of the channel, but the RSEs of one- or two-time constant fits 

started to merge around 32μm just as the one-term τ started to merge with τ2, indicating that the 

slower mechanism was no longer active, and polarization could be explained simply with one term 

beyond this point. This supports the theory that the area of the channel away from the higher-

potential electrode is not affected by this second polarization mechanism. While the faster 

mechanism did not show any significant dependence on the position along the channel, the slower 

mechanism had significant change in polarization time with position, maximizing near the 

interface and furthest from the interface (in the discernable range). The increase in polarization 

time near the interface indicates a reaction beyond diffusion of surface species. The increase in 

time constant for the slower mechanism towards the center of the channel is likely a result of the 

model fitting process trying to mathematically create a second term where there is little happening 

in the physical system. The associated pre-exponential parameter for the slower term, B, rapidly 

decreases in magnitude as τ2 increases, meaning the entire term is being driven towards zero and 

is no longer significant (Fig. S10a). The slower time constant, τ1, only represents a legitimate 

mechanism or reaction between the higher-potential electrode and the position in the middle of the 

channel when its values begin to spike while the faster time constant, τ2, is valid for nearly the 

entire channel. 

Under reverse bias for -6V (Case D1), defining two polarization mechanisms improved the RSE 

mainly close to the electrode with higher potential (Fig. 5). All polarization behavior was similar 

to what is observed for forward bias. For the two-term model, the fast polarization time (τ2 ≈ 3-6s) 

merged with that of single polarization curve fit away from the higher-potential electrode into the 

channel as the RSEs also merged. The slower polarization showed a similar maximum near the 

higher-potential electrode and deepest into the channel where the fits still converged for two 

polarization times. Again, this second maximum towards the center of the channel is no longer 

mathematically significant, as shown by its associated pre-exponential parameter B (Fig. S10b). It 

is interesting to note that the fit for two polarization times stopped converging or became nearly 

identical to the one-term model near 30μm, which is approximately the center of the channel. This 

demonstrates the symmetry of the physical system, which is further supported by results from 

Cases A-C (Figs. S11-S13). 

Based on these results we can conclude that: (i) There are two diffusion processes, where the fast 

one covers the whole channel with polarization time of τ2 ≈ 3-6s. (ii) The slow diffusion process 



(τ1 ≈ 10-20s), further slowing (τ1 ≈ 40-50s) near the higher-potential electrode, covers a limited 

area of the channel extending from said electrode. 

The clustering techniques described earlier identify an “active area” in the film closer to the higher-

potential electrode where there is significant charge mobility.53 The one-term model fits for 

positions outside of this region for some samples where it is likely that only the fast-moving species 

are active. This is supported by the fact that the one-term τ decreases outside of the active area to 

values in the range of the lower τ for the two-term models. Regardless of bias direction or which 

electrode is grounded, the active area, as defined by the clustering or approximately where the one- 

and two-term models begin to merge, is consistently around 21-25μm in length. This consistency 

is expected for constant bias magnitude as only ambient conditions like relative humidity and 

temperature affect the size of this region.53 

The fast-moving species has a polarization time consistent with those found for similar studies of 

ceria (CeO2)
54, LiNbO3

55, and Ca-substituted BiFeO3
52, which all identified protons, hydroxyl 

groups and/or electrons from dissociated water molecules as the charge carriers for the conditions 

used in this study (room temperature). The diffusivity D can be determined by the time constant τ 

and distances covered by the mobile species d, which can be approximated as the channel width 

for the fast-moving species, using the equation 𝐷 =  𝑑2

𝜏⁄ .52 For the fast-moving species, D = ~2-

3 x 10-10m/s2, which approaches the diffusivity of protons in water at room temperature at ~10-

8m/s2.43,52 The H+ ions would be moving in the same direction of the electric field from higher to 

lower potential. 

Several mechanisms have been proposed to explain the water dissociation on oxide films under an 

applied electric field with some centered around reactions happening at or near a triple-phase 

boundary (TPB) of film, electrode, and atmosphere.53,54 The rapid increase in τ1, the slower time 

constant, near the higher-potential electrode at the edge of the channel may be a product of such a 

reaction at the TPB. Similar increases in τ at the edge of the channel were observed by Strelcov et 

al. for a Ca-substituted BiFeO3 thin film.52 

The slower-moving species (τ1 ≈ 10-20s or τ1 ≈ 40-50s) are likely hydroxide molecules moving in 

the opposite direction of the electric field with the higher time constant range capturing a reaction 

at the TPB. The possibility that this higher time constant represents other surface adsorbed species 

also exists. While the charge transport through oxygen vacancies is possible, it is unlikely that they 

would make a significant contribution at room temperature and a relatively low applied bias.52 The 

more likely role of oxygen vacancies in these conditions is acting as a catalyst in water splitting 

reactions.53 The contributions of the fast- and slow-moving species to the potential drop can be 

compared by their pre-exponential terms (parameters B and C). The ratio of parameter C (fast) to 

parameter B (slow) during polarization is within the range of ~1-3:1 in the active region, with 

Cases A, C, and D1 (all -6V) staying consistently >2:1 in the active region (Fig. S14a). This 

demonstrates the dominance of the fast-moving species in charge redistribution.  



When the bias is removed in each case, there is a relaxation observed. The change in CDP is <2V, 

so the modeling results are a little noisier compared to the corresponding polarization cases. When 

the same approach is applied to the bias-off or relaxation data, in Case D2 (forward bias), two 

relaxation times provided a better fit than one relaxation term for nearly the entire channel, but 

time constants begin to increase outside of the active areas seen in polarization (Fig. 6). The fast 

relaxation time (≈ 3-6s in the active area) is consistent with fast polarization. The slow relaxation 

time is higher for relaxation than polarization, and while it smoothly increases moving away from 

the higher-potential electrode, it does not have any sudden spikes like it did during polarization. 

Further, the one-term model stays consistently between the fast and slow time constants without 

merging with either, indicating that one relaxation mechanism does not begin to dominate the 

other.  

Similar results for relaxation were found for the other cases with the models converging for larger 

areas, the fast time constants agreeing with those during polarization, and the slow time constants 

being greater than those of polarization while steadily increasing moving away from the higher-

potential electrode rather than spiking (Figs. S15-18). It was similarly found that the slower time 

constant represents a significant process for most of the channel. This is further supported by the 

ratio of parameter C to parameter B for relaxation, which is consistently lower than it was during 

polarization (Fig. S14b). The similarity between the fast time constants for polarization and 

relaxation indicates that proton movement is what is being captured. While during polarization the 

slow time constant is likely associated with a reaction near the higher-potential electrode and 

movement of hydroxide ions, during relaxation it is probably something different; a redistribution 

of hydroxide ions that is happening slower than it did during polarization is possible, but there 

could be other processes as well. The main mechanism behind the slower time constant may be 

the reabsorption/re-saturation of moisture on the surface from the atmosphere. Since the slower 

time constant is significant along most of the channel and does not spike at all, it may be the same 

process happening everywhere on the film. The steady increase in this time constant moving away 

from the higher-potential electrode could represent the same reaction happening at slightly 

different rates with that rate being controlled by the magnitude of the potential drop at each position 

along the film. 

Conclusions: 

Surface of LAO/STO heterostructures were investigated with tr-KPFM under a bias across the 

surface. Time dependence of the changes associated with polarization (bias-on) and relaxation 

(bias-off) have been observed and were shown to be dependent on the position within the channel. 

Aging or electrical history was shown to not affect the observations, indicating fast stabilization 

of the surface within the environment. The time constants that were derived from the surface 

voltage measurements were consistent between cases for a given bias state (polarization or 

relaxation). The value of the applied bias (±6V) and bias direction (forward or reverse) also did 

not change results and were symmetric about the center of the channel. During polarization, it was 



found that in the active area near the higher-potential electrode, there were two diffusion processes. 

The faster one, having a time constant of ~3-6s, is likely correlated to the transport of H+ ions and 

happened over nearly the entire film. The slower term is ~40-50s close to the higher-potential 

electrode and may indicate a reaction, such as the dissociation of water, happening at a TPB. This 

slower term then decreases to ~10-20s moving towards the middle of the film where it may 

represent the transport of OH- ions, and it does not contribute to the time-dependent changes 

outside of the active area. During relaxation, similarly, there were two processes happening. The 

faster relaxation term was similar to that of the faster polarization term and was related to the 

movement of H+ ions. The slower relaxation term was different than the slower polarization term 

in that it covered the whole channel and exhibited a gradual increase moving away from the higher-

potential electrode. Further, it had larger values. The slower process during relaxation is different 

than that during polarization, and during relaxation, it could represent a slower diffusion of OH- 

ions or the reabsorption/re-saturation of moisture from the environment. 
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Figures: 

 

Fig. 1. (a) Schematic of the measurement set up. (b) AFM topography for the grounded device 

with the red line indicating the path of CPD and height measurements. (c) Schematic of Cases A, 

B, C, D1, D2. The electrode on the left corresponds to ~0-15μm while the electrode on the right 

corresponds to ~45-60μm. Forward bias occurs when the electric field flows towards the right, 

and reverse bias is the opposite. Note that forward and reverse bias are determined by the 

direction of the electric field and not the value of applied electrical bias. (d) Height profile and 

average initial CPD before any electrical bias is applied over line on which measurements are 

taken, shown in red on (b). 



  

Fig. 2. (a) Surface voltage as a function of positon with each line representing a different time for 

polarization and relaxation. The brown arrow indicates increasing time for polarization while the 

green arrow indicates increasing time for relaxation, which occurs immediately after 

polarization. The red lines for t < 0s are covered by the blue lines for t > 400s, which are all 

constant at 0V. (b) Surface voltage as a function of time with each line representing a different 

position during polarization. Positions ~0-15μm (red lines) and ~45-60μm (blue lines) 

correspond to electrodes, and the surface voltage of these regions shows no change over time as 

expected. 

 



 

Fig. 3. Determination of boundaries between film and electrode using (a) maximum electric field 

and (b) k-means clustering on the profile of polarization curves for both forward and reverse 

bias. These two methods yield agreeing results, and the electric field boundaries will be 

universally used in this study. 

 

Fig. 4. (a) Time constants, τ, for one- and two-term models and (b) the associated RSE for each 

model. These models are for Case D2 (+6V forward bias) polarization. Here, the addition of a 



second time polarization term in modeling improves the fit, suggesting there are multiple, 

distinct polarization mechanisms. The blue vertical lines indicate the boundary between film and 

electrode as determined by the maximum electric field. The green vertical lines indicate the 

clusting boundaries determined specifically for Case D2, which tend to capture the active region 

of charge movement but seem to have extended beyond that for this situation. The active region 

generally ends where the one- and two-term models begin to converge. 

 

Fig. 5. (a) Time constants, τ, for one- and two-term models and (b) the associated RSE for each 

model. These models are for Case D1 (-6V reverse bias) polarization. Here, the addition of a 

second time polarization term in modeling improves the fit only for a smaller area than for Case 

D2, but the slower term is significant for an approximately equal area. The blue vertical lines 

indicate the boundary between film and electrode as determined by the maximum electric field. 

The green vertical lines indicate the the clusting boundaries determined specifically for Case D1, 

which capture the active region of charge movement. 



 

Fig. 6. (a) Time constants, τ, for one- and two-term models and (b) the associated RSE for each 

model. These models are for Case D2 (+6V forward bias) relaxation. Here, the addition of a 

second time relaxation term in modeling improves the fit, showing that different relaxation 

mechanisms are reproducibly observed. The blue vertical lines indicate the boundary between 

film and electrode as determined by the maximum electric field. The green vertical lines indicate 

the the clusting boundaries determined specifically for Case D2. 

 

 

 


