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Abstract 

Measurement of the contact potential difference (CPD) and work functions of materials are 

important in analyzing their electronic structures and surface residual charges. Kelvin Probe Force 

Microscopy (KPFM), an imaging technique of atomic force microscopy, has been widely used for 

surface potential and work function mapping at the nanoscale. However, the conventional KPFM 

variants are often limited in their spatial resolution to 30 ~ 100 nm under ambient conditions. The 

continuingly decreasing size and increasing complexity of photoactive materials and 

semiconductor devices will present future challenges in uncovering their nanometer-scale 

electrical properties through KPFM. Here, we introduce a KPFM technique based on the pulsed 

force mode of atomic force microscopy. Our technique, named pulsed force Kelvin Probe Force 

Microscopy (PF-KPFM), is a single-pass technique that utilizes the intrinsic Fermi level alignment 

between the AFM tip and the conductive sample without the need for external oscillating voltage. 

Induced cantilever oscillations generated by a spontaneous transfer of electron redistribution 

between tip and sample are extracted and used to obtain the cantilever oscillation amplitude and 

to derive the surface potential. The spatial resolution of PF-KPFM is shown to be <10 nm under 

ambient conditions. The high spatial resolution mapping of surface potential enables in situ 

determination of ohmic and non-ohmic contact between metals and semiconductors, mapping 

boundaries of ferroelectric domains of BaTiO3, as well as characterization of protein aggregates. 

High spatial resolution measurements with PF-KPFM will facilitate further studies directed at 

uncovering electrical properties for emerging photoactive materials, biological samples, and 

semiconductor devices. 
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When in contact, two dissimilar metals or semiconductor materials generate a contact 

potential.1 In Kelvin probe method, the contact potential difference (CPD) between a metal and a 

reference electrode is defined as 

 𝐶𝑃𝐷 =  
𝜙𝑆−𝜙𝑅

𝑒
     (1) 

where 𝑒 is the unit electrical charge, and 𝜙𝑆  and 𝜙𝑅  are the work functions of the sample and 

reference metals, respectively.2 The work function is intrinsically connected with the Fermi level 

of the material and is closely related to the electrical and optical properties of the materials.3-6 

Kelvin probe force microscopy (KPFM) is an imaging technique based on atomic force 

microscopy (AFM) that utilizes the proximity of a metal-coated AFM probe with a conductive or 

semi-conductive sample to measure the relative contact potential difference. For insulator samples, 

KPFM reveals residual charges that are locally bound to the surface of the sample. KPFM is a 

robust and popular tool and has been applied to a wide range of samples for surface electrical 

characterizations, including functional optical films,7 semiconductor devices,8 ferroelectrics,9 

perovskites,10 optically-active biological molecules,11 and metallic nanostructures.12 

Traditionally, there are two main types of KPFM: amplitude-modulation Kelvin probe 

force microscopy (AM-KPFM) and frequency-modulation Kelvin probe force microscopy (FM-

KPFM). Both types operate in the tapping mode of AFM and rely on external charging of the AFM 

probe with an oscillating (AC) voltage. In AM-KPFM, the probe is driven at its mechanical 

resonant frequency at a defined distance above the sample. The AC voltage applied between the 

tip and the sample leads to an electrostatic force (i.e., Coulomb force) that causes additional 

induced oscillations in the AFM cantilever at the AC frequency. A superimposed DC offset voltage 

is applied between the probe and sample to nullify the induced oscillations, resulting in a 

measurement of the CPD.13 FM-KPFM measures the gradient of the electrostatic force, rather than 

the amplitude of the induced oscillations. The electrostatic force gradient changes the mechanical 

resonant frequency of the AFM probe, resulting in an oscillation phase shift. The phase shift is 

nullified with a superimposed DC offset voltage, again resulting in the CPD measurement.14  

 It is most convenient to measure the majority of samples and materials in ambient 

conditions. For these measurements, AM- and FM-KPFM have intrinsic limitations. External 

charging of the AFM probe with a large AC voltage, typically several volts, is required and may 

result in unwanted electrochemical reactions. A momentary contact between the probe and sample 

may result from imperfect AFM feedback or from abrupt changes in surface topography, which 

result in electrochemical damage and image artifacts as electrons transfer between tip and sample 

at several volts of AC voltage. To avoid sample damage and image artifacts from imperfect 

feedback, a lift mode (i.e., second pass scan) is used. In the lift mode, the AFM first scans the 

topography of the sample with a simple scan under the AFM feedback, e.g., tapping mode. Then, 

the AFM probe is lifted to a certain height to acquire the CPD measurement, following the 

trajectory acquired during the topography scan, without AFM feedback. The need for a second 

pass in lift mode results in additional time requirements. Also, because the second pass is not under 

the AFM feedback, the lift height must be large enough to withstand external instrument vibrations 

and thermal drift that may lead to tip crashing into the sample surface.   
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 The low spatial resolution of current KPFMs under ambient conditions is limited by the 

long-range nature of the Coulomb force. The Coulomb force is not isolated to only the tip apex, as 

it also interacts with the tip cone and the cantilever shaft. The resulting CPD measurement is an 

average of all of these electrostatic contributions.15 Given the fact that the tip cone and cantilever 

shaft are far larger than the tip apex, the stray capacitance from each results in large background 

Coulomb forces during CPD measurement, reducing the spatial resolution. Moreover, the 

background contribution from the tip cone and cantilever shaft to the Coulomb force increases 

with the increase of the tip-sample distance.16 The spatial resolutions of KPFMs that use lift mode 

are worsened by the necessity for large tip-sample distances during CPD measurement. 

Consequently, AM-KPFM gives a spatial resolution of ~100 nm; FM-KPFM gives about 30~50 

nm spatial resolution under ambient conditions. Significant improvement of the spatial resolution 

can be achieved when operating in ultra-high vacuum (UHV) and low-temperature conditions, 

where the mechanical noise and the thermal drift are significantly reduced—enabling a very low 

lift height and a low AC voltage requirement. The increased Q-factor of the cantilever in UHV 

also improves the KPFM signal, leading to the improvement of spatial resolution < 1 nm.17, 18 

However, maintaining UHV and low-temperature conditions adds significantly extra experimental 

complexity, cost, and measurement time. Also, the UHV condition is not suitable for measuring 

samples that are incompatible with vacuum conditions, such as biological samples or samples that 

have high vapor pressures.  

To ensure that the KPFM technique remains a useful tool for analyzing emerging 

heterogeneous materials with nanoscale features, the next major innovation should consist of the 

following improvements: 

1. avoid the need for large AC voltages between the tip and the sample;  

2.  concentrate the electrostatic contribution as much to the tip apex as possible;  

3.  avoid the lift mode or the second pass that is not under AFM feedback;  

4.  deliver an improved spatial resolution under the ambient conditions. 

 To address these needs, we have invented Pulsed Force Kelvin Probe Force Microscopy 

(PF-KPFM), which is based on a different measurement paradigm than the existing AM- and FM-

KPFM techniques. Our technique generates and detects the Coulomb force between the tip and 

sample based on intrinsic Fermi-level alignment, bypassing the need for an external AC voltage. 

Our method is based on the pulsed force mode of AFM,19 popularly known as the peak force 

tapping mode.20 We show that PF-KPFM can map the CPD with < 10 nm spatial resolution under 

the ambient conditions without the lift mode on a wide range of samples.  

 

Results and Discussion 

Detection of the Coulomb Force Induced by CPD in Pulsed Force Mode 

When the metallic AFM tip and the sample are detached during the PFT cycle, they form a 

nanoscale capacitor with capacitance 𝐶  that is determined by the geometry of the tip and the 

sample. The electrical potential energy 𝑈 of the capacitor is described by Equation (2):  
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    𝑈 =
1

2
𝐶𝑉2        (2) 

in which 𝑉 is the voltage between the AFM tip and the sample underneath. 𝑉 is determined by the 

CPD and the external bias voltage  𝑉𝐷𝐶 with a relation 𝑉 = 𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷. The Coulomb force along 

the vertical direction between the tip and sample can be derived by differentiating the electrical 

potential energy 𝑈 with respect to the Cartesian coordinate 𝑧 perpendicular to the sample surface 

in Equation (3):2 

𝐹 = −
𝜕𝑈

𝜕𝑧
= −

1

2

𝜕𝐶

𝜕𝑧
(𝑉𝐷𝐶 − 𝑉𝐶𝑃𝐷)2      (3) 

Without an external bias voltage (𝑉𝐷𝐶 = 0), the Fermi level alignment causes a voltage that equals 

the CPD to form between the tip and the sample. As a result, an induced Coulomb force 𝐹 =

−
1

2

𝜕𝐶

𝜕𝑧
𝑉𝐶𝑃𝐷

2  emerges when the tip and sample are electrically connected. In our method, we 

implement a field-effect transistor (FET) between the tip and sample to mediate the electrical 

connection. The schematic of PF-KPFM is shown in Fig. 1a and detailed in the Methods section. 

As soon as the FET is switched ON, spatially separated charges form between the tip and sample, 

resulting in a Coulomb force. The induced Coulomb force leads to free-space cantilever 

oscillations, which are later damped when the tip and sample come into contact during every peak 

force tapping (PFT) cycle.  

 The cantilever oscillations due to the induced Coulomb force without external bias voltage 

are shown in detail in Fig. 1b. The cantilever deflection after tip-sample detachment is shown as 

the red curve and the pulse train of voltage to the FET is shown as the blue curve. When the FET 

connection state is switched ON, the FET acts as a conducting wire, allowing electrons to move 

between the metallic tip and the sample to achieve Fermi level alignment. The charges between 

the tip and the sample exert Coulomb force described by Equation (3). When the FET connection 

state is OFF, the FET acts as a capacitor and the electrical connection between tip and sample is 

severed. The existing charges between the tip and the sample redistribute between the tip-sample 

capacitor and the residual capacitance of the FET. The FET (J109, Fairchild) has a residual 

capacitance of 0.6 to 0.8 nF when it is switched OFF. In comparision, the capacitance of the tip-

sample configuration is on the order of 10−17F. The residual capacitance of the FET during the 

OFF state is far larger than the tip-sample capcacitor when the tip is retracted several nanometers 

from the sample surface. Therefore, the charges that are generated due to Fermi-level alignment 

when the FET is switched ON migrate to the source/drain junction of the FET when it is switched 

OFF, leading to a strong reduction of the Coulomb force between the tip and sample. Therefore, 

periodically switching FET connection states between ON and OFF will cause periodical force on 

the cantilever to induce oscillations. The induced cantilever oscillations persist until the next tip-

sample contact if a cantilever with high quality factor is used, which is shown in Fig 1b. By 

performing a fast-Fourier transform, the oscillations can be processed into the frequency domain. 

A characteristic peak at the cantilever free-space resonance emerges (shown in Fig. 1d). The total 

amplitude of the resonant peak in the frequency domain is integrated to be used as a measure of 

the Coulomb force, or for CPD measurement as described in the next section. Once the tip and the 

sample are in physical contact, the charges that are stored inside the residual capacitance of the 
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FET are recombined and neutralized, restoring the system for the next event of Fermi-level 

alignment in the next peak force tapping cycle. 

Mapping of Induced Cantilever Oscillation by Coulomb Force  

The mapping of induced Coulomb force is achieved by registration of the induced Coulomb 

force while the AFM tip is spatially scanned over the sample. Figure 2 shows the measurement of 

the induced cantilever oscillation by Coulomb force on a standard KPFM calibration sample 

(PFKPFM-SMPL, Bruker). This sample consists of gold (Au) and aluminum (Al) islands on a 

silicon (Si) substrate. The work function differences between these three regions and the platinum 

AFM tip are well known, allowing it to be used as a benchmark sample for PF-KPFM. Fig. 2a 

shows the topography of the sample. Fig. 2b displays the Coulomb-force induced cantilever 

oscillation acquired by PF-KPFM. The induced cantilever oscillation on the Al area is greatest 

among the three regions, meaning Al induces a greater Coulomb force than Si or Au. On the other 

hand, Au produces the weakest Coulomb force, as the oscillation amplitude is smallest on this 

region. This observation can be understood by considering the differences in work functions. 

During Fermi-level alignment, a greater work function difference requires more electrons to 

migrate, thus resulting in a higher density of separated charges between the tip and sample. In our 

experiment, we use a platinum tip (𝜙𝑃𝑡= 5.12 – 5.93 eV).21 Since the work function of Al (𝜙𝐴𝑙 = 

4.06 – 4.26 eV)is the furthermost from that of platinum, the induced Coulomb force signal for Al 

is the highest.21 On the other hand, since the work function of Au (𝜙𝐴𝑢 = 5.10 – 5.47 eV) is only 

slightly lower than the work function of platinum a small Coulomb force is observed.21 The 

Coulomb force induced cantilever oscillation amplitude from a zoomed-in region between the Si 

and the Au region (white dashed box in Fig. 2b) is shown in Fig. 2c for detail. A cross section 

along the Si/Au boundary is shown in Fig. 2d to estimate the spatial resolution. A drastic spatial 

change of the Coulomb force induced oscillation amplitude is observed across 7 nm, suggesting 

the high spatial resolution read-out of cantilever oscillation from induced the Coulomb force. This 

high spatial resolution measurement of Coulomb force suggests that the Coulomb force is 

primarily localized to the tip apex, and furthermore holds the key to high spatial resolution surface 

potential imaging. 

Determination of CPD through the Measurement of Coulomb Force Induced Cantilever 

Oscillation Amplitude 

According to Equation (3), when the external DC bias voltage equals CPD (𝑉𝐷𝐶 = 𝐶𝑃𝐷), 

the Coulomb force between tip and sample is negated and the induced oscillations are removed. 

Therefore, by sweeping the external DC bias voltage on the sample, we can accurately obtain the 

CPD at individual locations from values of 𝑉𝐷𝐶 which minimize the induced cantilever oscillation. 

Figure 3 displays the measured oscillation amplitude versus 𝑉𝐷𝐶 on the Au, Si, and Al areas of the 

calibration sample. Fig. 3a shows the topography of the sample. The locations of measurement are 

marked by the black, blue, and red dots on Al, Si, and Au respectively. Fig. 3b displays the 

cantilever oscillation amplitude versus 𝑉𝐷𝐶  relationships on the three corresponding locations. 

Three V-shaped curves are observed. The intersections of the two branches of each V-shaped curve 

are located at different 𝑉𝐷𝐶  locations for each substrate. These intersections reveal the 

corresponding surface potential  values between the sample and the Pt-coated AFM tip. The 
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measurement provides an accurate CPD between Al and Pt to be -973 ± 3 mV, the CPD between 

Si and Pt to be -404 ± 3 mV, and the CPD between Au and Pt to be -127 ± 3 mV. The error is 

calculated from least squares fits on each of the V-shaped curves, while its small magnitude 

suggests that accurate values of CPD can be found through DC bias sweeping. This level of 

precision is comparable to that of AM-KPFM, and is much better than the FM-KPFM.22 

The phase of the cantilever oscillation can also be used to measure the CPD. The oscillation 

phase is the phase difference between the mechanical oscillation phase and the electrical waveform 

that drives the periodical switching of FET on the electrical connectivity. Fig. 3c shows the 

corresponding phase of the cantilever oscillations at the three locations. The CPD value 

corresponds to the condition where the oscillation phase equals 𝜋/2. The cantilever oscillation 

phases can be utilized to identify the DC bias voltage corresponds to which branch of the V-shape 

response, which is utilized for feedback during surface potential mapping. The oscillation flips 

phase from close to zero to close to 𝜋 when the DC bias voltage 𝑉𝐷𝐶  corresponds to different 

branches. The change in the cantilever deflection that results from phase shifting is shown in 

Supplementary Figure S1. 

Mapping of Surface Potential with Negative Feedback Loop in PF-KPFM 

In PF-KPFM, the surface potential is continuously mapped while the tip is scanned over 

the sample in pulsed force mode. To obtain the surface potential, the cantilever oscillation 

amplitude is used as a process variable within a negative feedback loop. The feedback loop controls 

the DC bias voltage 𝑉𝐷𝐶 that is applied between the AFM tip and the sample, so that the induced 

cantilever oscillations maintain a setpoint 𝐬. The operation mechanism of the feedback loop is 

illustrated in Figure 4 and explained in detail in the Methods section. The feedback loop operates 

simultaneously with the AFM scans, providing the DC compensation voltage 𝑉𝐷𝐶 at every spatial 

location to form the KPFM image. For simplicity, the KPFM images herein are presented in terms 

of surface potential, which is given as −𝐶𝑃𝐷, which is the negative value of the contact potential 

difference. 

In the ideal case, the external setpoint 𝒔 is set to be zero, so that 𝑉𝐷𝐶 = 𝐶𝑃𝐷. In practice, 

we have found that if the value of the setpoint 𝑠 is too small, it reduces the performance of the 

feedback loop. Therefore, we choose the setpoint 𝒔 to be a small value for the induced cantilever 

oscillation under the control of the feedback loop. However, since the cantilever oscillation 

amplitude exhibits a V-shaped behavior, i.e., for a given oscillation amplitude, there are two 

corresponding 𝑉𝐷𝐶  values (illustrated in the dashed inset of Fig. 4). Such ambiguity creates a 

problem for the feedback: if there were abrupt spatial changes of the sample work functions, the 

feedback could be perturbed to switch branches of the V shape, leading to a jump in the 

compensation values. To solve this problem, we use both the amplitude and the phase of the 

cantilever induced oscillations in the feedback loop. As Fig. 3c illustrates when the 𝑉𝐷𝐶 switches 

branch, the oscillation phase will jump across 
𝜋

2
. By tracking the phase of the cantilever oscillation, 

the feedback mechanism can identify if switching of branches occurs. A sudden jump of phase 

across 𝜋/2 is used to identify the crossing of the branches in the feedback loop and is used to help 
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the system to restore proper feedback conditions. Thus, the feedback loop can reliably operate at 

a small set point near the CPD without ambiguity. 

 Operating the feedback loop at a small non-zero set point leads to a value of 𝑉𝐷𝐶 slightly 

offset from the CPD. The small offset can be compensated using the following equation:  

CPD = VDC −
𝒔

𝒌
      (4) 

where 𝒌 is the slope of one of the two branches of the oscillation amplitude versus bias voltage. 

The slope can be obtained from linearly fitting one of the two branches of oscillation amplitude 

versus DC bias sweep, such as shown in Fig. 3b. VDC is the DC bias compensation value from the 

negative feedback loop which causes the cantilever oscillation amplitude to matches the setpoint 

𝑠.   

Figure 5 shows the surface potential mapping over the same sample area previously 

presented in Figure 2. The topography is shown in Fig. 5a. The surface potential values of the Au, 

Si, and Al areas, shown in Fig. 5b are clearly revealed by PF-KPFM. The value of 
𝑠

𝑘
 for this 

measurement is 502 ± 21 mV, and is accounted for in the surface potential maps. Since the error 

here is derived from linear regression, it is highly influenced on the choice of setpoint; lower 

setpoints will achieve lower error at a cost of the spatial resolution of the image as the PID loop 

used in the setup becomes less responsive. A zoomed-in region of the boundary between Si and 

Au is imaged and shown in Fig. 5c for detail. A sectional profile across the boundary (marked by 

the red line in Fig. 5c) is obtained and displayed in Fig. 5d. From the profile, an estimated spatial 

resolution of 10 nm is obtained, which is superior to the spatial resolution of the FM-KPFM under 

ambient conditions. A comparison of the same area obtained from FM-KPFM while using the 

same type of platinum-coated probe is included in Supplementary Figure S2. 

Revealing Junction Type at Semiconductor/Metal Boundary 

One interesting observation in the surface potential map in Figure 5 is the difference 

between the Al/Si boundary and the Si/Au boundary. The Al/Si boundary in the surface potential 

map appears to be gradual and continuous, whereas the Si/Au boundary in the surface potential 

map is sharp and well defined. Figure 6 displays the zoomed-in region of these two boundaries. 

Fig. 6a is the topography of an Al/Si boundary. Fig. 6b is the CPD map of the Al/Si boundary. 

Fig. 6c shows the topography of a Si/Au boundary. Fig. 6d shows the CPD map of the Si/Au 

boundary. The sectional profiles of the surface potential and the topography are displayed in Fig. 

6e. The surface potential values across boundaries are represented by the red curve. The 

topography of the sample is represented by the blue curve as a reference to locate the boundaries. 

Fig. 6f schematically illustrates the relative band positions of the three metals within the 

calibration sample together with the measured surface potential from Fig. 6e. The Fermi levels of 

the three metals with respect to each other are shown to exist before electric contact, since the 

Fermi levels are assumed to be equal to each other after the metals are deposited onto the Si. The 

relative positions of the Fermi levels also indicate the direction of electron flow within the sample, 

with electrons migrating from high to low Fermi levels. The bending of the surface potential near 

the Al/Si boundary reveals the behavior of interfacial electrons after contact. The surface potential 
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at the Al/Si boundary exhibits a downward bending on the Al side, indicating an Ohmic contact. 

Since the Fermi level is assummed to be aligned and at thermal equilibrium, the decreasing Fermi 

level energy indicates that the vacuum level energy decreases over this distance. In contrast, the 

boundary between Si/Au does not exhibit long-range bending in the surface potential 

measurement, suggesting that the energy of the vacuum level changes rapidly at the interface of 

Si/Au. The difference in behaviors could be understood as following. The Al/Si sample consists 

of a thin film of Al deposited on the Si substrate, allowing for a thin spatial charged layer that 

exists vertically between Al and Si. The gradual lateral variation of surface potential on the Al side 

is due to the presence of Si on its right side that serves as a pertubation to the vertical spatial 

charged layer of Al and Si, breaking the translational symmetry. Because of the ohmic contact 

between Al and Si, the perturbation is not blocked. On the other hand, the interface between Si/Au 

shows much more well-defined surface potential that rapidly changes near the interface, indicating 

a non-Ohmic contact, where a barrier formed to prevent electron migrations. The Si in this 

experiment is p-doped, indicated by the small measured surface potential of ~300 mV between Si 

and Au in Fig. 6e.23 A Schottky junction exists between Si/Au with an energy barrier preventing 

electrons from freely migrating. Instead, electrons in Si migrate toward the interface with Au, 

increasing the surface potential at the interface on the Si side. As a result, a small space-charge 

layer is formed on the Au side near the interface to balance the electrons at the Si side, which 

decreases the surface potential (increases the work function) on the Au side. Fig. 6f schematically 

illustrates the local accumulation of charges between Al/Si and Si/Au boundary. 

The high spatial resolution of PF-KPFM at ~10 nm reveals the difference of ohmic contact 

versus non-ohmic through revealing the formation of space-charge layers. If regular, low-spatial 

resolution KPFMs were used, the sharp surface potential difference of non-ohmic contact would 

be smeared out and become hardly distinguishable with the ohmic contact. Direct identification of 

the types of contact through surface potential mapping would be difficult for regular KPFMs. 

Enhancement of Signal Read-Out through Periodic FET Switching 

In PF-KPFM, we implement a waveform consisting of multiple transistor-transistor logic 

(TTL) voltages to switch the FET states during every peak force tapping cycle. The temporal 

spacing of the TTL voltage waveform matches that of the free-space cantilever resonant 

oscillation. Therefore, the induced cantilever oscillations by the Coulomb force are coherently 

amplified. The concept is similar to the multiple excitations used in peak force infrared 

microscopy.24 The increased signal magnitude improves the signal quality, and also increases the 

spatial resolution, as it enables a faster feedback response. Figure 7 illustrates the comparison 

between several FET switching regimes on a MAPbBr3 perovskite sample. Fig. 7a, shows the flat 

MAPbBr3 region together with bumpy areas, which are likely generated from degradation. A 

comparison of the induced cantilever oscillations under 1-pulse, 3-pulse, and 5-pulse FET 

switching are displayed in Fig. 7b. The oscillation amplitude increases as the number of electrical 

connections are increased, yielding an improvement in signal strength and sigal to noise ratio. The 

improvement in the SNR is evident in the surface potential map shown in Figs. 7c-d, where high 

SNR improves the performance of the feedback loop with improved spatial resolution. More 

details of the surface potential variations are revealed in 5-pulse PF-KPFM than 1-pulse PF-
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KPFM. Note that the surface potential values do not change as a function of the number of FET 

pulses. Instead, the slope 𝑘 of the branch on which feedback is operating on changes, leading to 

more efficient feedback. 

Revealing Ferroelectric Boundaries of BaTiO3 

Below the Curie temperature, barium titanate (BaTiO3) and other ferroelectric oxides are 

able to spontaneously polarize, forming anisotropic ferroelectric domains.25 The presence of 

ferroelectric domains together with their ability to change direction under an applied electric field 

has led to their usage in memory storage devices26, microelectromechanical actuators and 

sensors27, medical ultrasound imaging devices28, signal processing in optical communication 

systems29, and photovoltaics.30, 31 Studies on the local ferroelectric domains of BaTiO3 will help 

to improve the functionality of BaTiO3. KPFM and piezo force microscopy have been previously 

implemented to study the local sample crystallographic orientation of anisotropic materials, since 

the surface potential of BaTiO3 is strongly related to polarization-induced bound charges.9, 32, 33 

However, information at the nanometer-scale is difficult to access, if the spatial resolution is 

insufficient. PF-KPFM is capable of imaging the surface potential of materials at the nanoscale 

with high spatial resolution. Fig. 8a shows the topography of a BaTiO3 pellet, compressed from 

powders by a pellet press of 6×103 psi. The variation of the surface potential over this area is 

revealed by PF-KPFM and shown in Fig. 8b. Because the sample consists of compressed powders, 

the ferroelectric domains are mostly localized to individual grains. Of particular interest is the 

location marked by the white box. This area consists of a single grain of high CPD which is packed 

in between grains of lower surface potential. To show that the surface potential is decoupled from 

the topography, two dotted lines are shown (marked (1) and (2)) over areas of low topography. 

The area marked (1) exhibits a lower surface potential than much of its surroundings, while the 

area marked (2) exhibits a much higher surface potential than its surroundings, even though both 

areas have low topography compared to their surroundings. Since the surface potential of BaTiO3 

is affected by the unit cell orientation, it should be possible to extract information on the orientation 

based on the PF-KPFM results. Fig. 8c shows a histogram created from the PF-KPFM image. Two 

prominent peaks are found, suggesting that the relative orientation of a majority of the polarization 

vectors are in two primary directions relative to each other. Surface potential values of 0.51 V and 

1.04 V are extracted as the two averages, and they are similar to previously reported values from 

KPFM measurements on BaTiO3.
33 A spatial resolution of 9 nm is extracted from the cross section 

indicated by a red line in Fig. 8b and is shown in Fig. 8d, demonstrating the high spatial resolution 

of PF-KPFM. 

Multimodal Measurements on Protein 

The maximum tip-sample interaction force is externally controlled in pulse force mode and can be 

made very small. The soft-contact regime allows for PF-KPFM to non-destructively image delicate 

samples such as biological materials. KPFM has been extensively used in the past to measure the 

electrical properties of soft biological samples; in particular, the label-free detection of 

biomolecules,34 and the binding behavior of biomolecules.35, 36 The high spatial resolution of PF-

KPFM will be helpful in uncovering the heterogeneous charge dispersion that may be present in 

proteins and other biological materials at the nanoscale. In Figure 9, we show our results on 
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imaging bovine serum albumin (BSA) at the nanoscale, which was deposited on a Si substrate 

under neutral pH conditions by dropcasting. Fig. 9a shows the topography of the BSA structure. 

The topography map shows the presence of numerous oligomers dispersed throughout the surface 

of the substrate, which has been shown to occur in BSA under neutral conditions.37 Due to their 

small geometry, the electrical measurements of protein oligomers is difficult with conventional 

KPFM techniques. However, the surface potential of the protein and the protein oligomers is 

revealed by PF-KPFM in Fig. 9b. For further evaluation of the surface potential, a background-

subtracted histogram is shown in Fig. 9c to show the heterogeneity of the surface potential for just 

the protein. The histogram reveals a double-Gaussian dispersion of the surface potential for the 

protein, with an overall average surface potential of 1.76 ± 0.06 V. Similarly, the surface potential 

for the protein oligomers is isolated and represented in a histogram in Fig. 9d. The surface potential 

values for the protein oligomers forms a Gaussian distribution with a center of 1.86 ± 0.09 V. 

Interestingly, the average contact potential for the protein is lower than the average contact 

potential for the surrounding protein oligomers, suggesting that the protein retains a higher positive 

charge at the surface in comparison to the oligomers.   

The operational paradigm of PF-KPFM is different from existing KPFMs in terms of three 

aspects. First, PF-KPFM does not require the application of an external AC voltage to drive 

cantilever oscillations. Instead, switching of a low-resistance electrical connection between the tip 

and sample is implemented through a FET. Avoiding the application of large amplitude AC voltage 

means that related imaging artifacts and distortions are naturally absent in PF-KPFM. If tip-sample 

contact occurs when the FET is in the ON state, sample damage is unlikely to occur due to the 

absence of the AC driving voltage. Additionally, high voltages associated with traditional KPFMs 

could also result in bias-induced band bending, leading to inaccurate measurements of the surface 

potential, especially in the case of semiconductor samples.38   

 Second, the PF-KPFM does not require the lift mode and does not suffer from electrical 

damage or imaging artifacts from the lack of the lift mode in traditional KPFMs. When the FET is 

in the ON state and the electrical connection is open, the tip and the sample are guaranteed to be 

detached in the peak force tapping cycle, in a configuration equivalent to the lift mode, but without 

the additional operational time of the second pass. Additionally, PF-KPFM is always operating 

under AFM feedback, unlike lift mode. In comparison, conventional KPFMs in tapping mode 

without the lift mode suffer from imaging artifacts even sample damages. This attribute is 

particularly meaningful for the measurement of delicate and unstable samples, such as the 

emerging perovskite photovoltaic materials and biological samples.  

Thirdly, the generation of induced Coulomb force in PF-KPFM is specially designed to 

correspond to a tip-sample configuration when the tip-sample distance is very small, right after the 

tip-sample detachment in the peak force tapping cycle. Under the small tip-sample distance, the 

lightning rod effect concentrates the charges at the apex of the AFM tip, increasing the signal 

contribution from the apex region.16 In contrast, tapping mode KPFMs under the ambient condition 

obtain signals from a large averaged tip-sample distances. The large tip-sample distance in regular 

KPFMs inevitably reduces the spatial resolution. As a result, the spatial resolution of PF-KPFM is 
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demonstrated to be < 10 nm, in contrast to the typical 30 – 50 nm spatial resolution of FM-KPFM 

in ambient conditions. 

Note that the pulsed force Kelvin probe force microscopy is fundamentally different from 

the current PeakForce KPFM™ marketed by Bruker. PeakForce KPFM™ is a dual-pass interleave 

method by using the regular peak force tapping mode for topography and tapping mode FM-KPFM 

in lift mode for CPD measurement. The performance and the spatial resolution of PeakForce 

KPFM are similar to that of a dual-pass FM-KPFM. Our PF-KPFM does not require the lift mode 

nor operates in the tapping mode. PF-KPFM is constructed by integrating the measurement of 

Kelvin probe force into the peak force cycle. It provides better spatial resolution and less 

measurement time than the PeakForce KPFM™.  

Conclusion 

In conclusion, we have reported on a widely applicable KPFM technique that operates 

entirely in the pulsed force mode of AFM. PF-KPFM operates on a measurement paradigm based 

on the Coulomb force generated from intrinsic Fermi level differences, rather than from applying 

external AC voltage. The PF-KPFM is shown to provide a spatial resolution of <10 nm in surface 

potential imaging in ambient conditions, which surpass that of the FM-KPFM under similar 

conditions by at least three times. PF-KPFM overcomes many limitations of current KPFM 

techniques by bypassing the necessity for the lift mode scans or signal generation from stray 

capacitance. PF-KPFM is expected to enhance the applications of existing KPFMs with an 

improved spatial resolution that delivers more spatial details. PF-KPFM will facilitate the 

characterization of photovoltaics, semiconductor structures, as well as nano- to microscale 

biological samples with residual charges. PF-KPFM may also be used to reveal temporal dynamics 

of surface potential, enhancing the existing capabilities for time-resolved KPFM studies.39, 40 The 

operational principle of PF-KPFM is also compatible with other peak force tapping based 

technologies, such as the peak force infrared microscopy41 and the peak force scattering near-field 

optical microscopy42 for correlative chemical, near-field optical, electrical, and mechanical 

measurement.  

Methods 

The experimental apparatus of PF-KPFM is illustrated in Fig. 1a. The apparatus consists 

of the following components: an AFM with peak force tapping mode (equivalent to pulsed force 

mode) (Multimode 8 and Nanoscope V, Bruker); a lock-in amplifier with a built-in negative 

feedback loop (HF2LI with PID, Zurich Instruments); and a voltage-gated circuit controlled by a 

field-effect transistor (J109, Fairchild). The drain of the field-effect transistor is wired to the 

sample through the AFM base and the source is directly connected to the AFM tip. A platinum-

coated AFM cantilever (HQ:NSC15/Pt, MikroMasch) is used. In the peak force tapping (PFT) 

mode, the cantilever is not mechanically driven at its resonance. Instead, the sample stage is drive 

in the z-direction at a low frequency (typically 2 kHz), much below the cantilever resonant 

frequency, allowing for the distance between the tip and sample to change sinusoidally. At the 

upper turning point, the tip and sample are in contact for several tens of microseconds. The tip-

sample interaction force, and thus the maximum cantilever deflection during contact, is controlled 
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by an external setpoint. A beam from a diode laser reflects off of the AFM cantilever and is 

detected by a quadrant photodiode sensor. The vertical deflection signals from the quadrant 

photodiode are sent to a data acquisition card (PXI-5122, National Instruments) at a sampling rate 

of 25 MHz to be digitized and subsequently processed by a computer with Labview (National 

Instruments). 

A phase-lock loop is used to synchronize a TTL voltage waveform to the PFT frequency 

with an adjustable phase delay. The TTL voltage waveform is used to trigger a function generator 

(2022B, Hantek). When triggered, the function generator outputs square-wave pulses (between -5 

V and 0 V) to the gate of the depletion-type FET (J109, Fairchild). The phase of the TTL waveform 

is adjusted to ensure that the FET switching occurs when the tip is still very close to the sample (< 

5 nm), so that the induced oscillation is strong. Multiple pulses are used, with a period between 

the pulses set to match the cantilever free-space oscillation period, in order to increase the SNR. 

During each pulse, the FET is in the ON state, and charges are free to flow between tip and sample. 

When the FET is in the OFF state, its residual capactances acts as a capacitor and draw charges 

from the tip and sample, removing Coulomb forces. The duty cycle within the square wave pulses 

are set to be 50%, so that the appearance and disspearance of the Coulomb force are exactly out of 

phase with respect to the cantilever oscillation, leading to an overall increase of the cantilever 

oscillation amplitude. Supplementary Figure S3 schematically describes the operation 

mechanism. Due to the high Q-factor of the tip (HQ:NSC15, Pt coated, Mikromasch), the induced 

oscillations persist until the next tip-sample contact, unless neutralized with the negative feedback 

loop. Resistors are included to mediate the flow of electrons and ensure fast switching of the 

ON/OFF states of the FET.  

After digitization, the vertical deflection signals that correspond to the induced oscillations 

are converted to the frequency domain through a fast-Fourier transform. A single resulting peak at 

the cantilever resonance is extracted, integrated, and used as the real-time process variable for the 

negative feedback loop. The negative feedback loop from HF2Li-PID (Zurich Instruments) 

controls a DC voltage between tip and sample which maintains the tip oscillation at an external 

setpoint. To obtain the true CPD, the value from the non-zero setpoint is offset using the slope of 

the oscillation amplitude vs. 𝑉𝐷𝐶 relation, as shown in Figure 4. The typical line scan speed for 

PF-KPFM is 0.2 Hz, resulting in image acquisition times of around 20 minutes per frame.  

The Supporting Information is available free of charge at 

• Cantilever deflection curves acquired at setpoints close to 𝜋, 0, and 𝜋 2⁄ , comparative 

surface potential images acquired with PF-KPFM and FM-KPFM, spatial resolution 

measurement for FM-KPFM, comparative amplitude error images acquired with PF-

KPFM and FM-KPFM, comparison of lateral amplitude error width between PF-KPFM 

and FM-KPFM, schematic of charge migration during FET ON/OFF states. 
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Figures  

  

Figure 1. The signal collection mechanism of PF-KPFM. (a) Experimental setup.  (b) The 

cantilever deflection trace (red) showing the mechanical oscillations induced by Coulomb force 

between tip and the sample. The voltage pulse train (blue) shows the moments at which electrical 

connections are switched ON. The oscillations of the cantilever deflection is digitized and are 

processed with FFT (shaded area). The voltage pulse train and induced mechanical oscillations are 

shown in greater detail in the inset.  (c) The signals in frequency domain from the Fourier transform 

across cantilever free-space resonant frequency are integrated and used as signal to represent the 

Coulomb force.  
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Figure 2. Spatial mapping of induced cantilever oscillations on an Al/Si/Au sample (a) The 

topography of the sample. The Al region is on the left; the Si region is in the middle; the Au region 

on the right. (b)  The induced cantilever oscillation amplitude map across three regions. (c) The 

induced cantilever oscillation amplitude map between Si/Au region from the white dashed box 

marked in (b). (d) The spatial contrast is estimated from the small cross section marked by the red 

line (c). The spatial resolution of the induced Coulomb force measurement is determined to be 7 

nm.    
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Figure 3. Measurement of CPD through sweeping 𝑉𝐷𝐶. (a) Topography of the Al/Si/Au calibration 

sample. (b) The cantilever oscillations by induced Coulomb forces of the AFM tip while sweeping 

𝑉𝐷𝐶. The tip remains stationary over each metal in the locations marked by the colored circles in 

(a). The DC bias voltage in which the Kelvin force is neutralized is the CPD value. The 

measurement locations are marked by the colored circles in (a). (c) The phase of the cantilever 

oscillation versus applied DC bias 𝑉𝐷𝐶. The CPD is found as the DC offset which results in an 

oscillation phase of 𝜋/2.  
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Figure 4. Schematics of the closed-loop CPD-mode of the PF-KPFM. The inset within the 

dashed box shows the derivation of the slope 𝑘.   
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Figure 5. CPD mapping by PF-KPFM with feedback loop. (a) The topography of the Al/Si/Au 

calibration sample. (b) Surface potential measurement on the benchmark sample. The area is 

identical to that in Figure 2. (c) Surface potential measurement on a zoomed-in region shown by 

the white box in (a). (d) The spatial resolution of PF-KPFM is shown to be 10 nm. The cross-

section is extracted from the red line shown in (c).   
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Figure 6. Bending of the surface potential between at boundaries. (a) Topography of an Al/Si 

boundary. (b) Surface potential map of the same region in (a). (c) Topography of a Si/Au boundary. 

(d) Surface potential map of the same region in (c). (e) Extracted profiles of surface potential 

values and topography across Al/Si and Si/Au boundaries. The spatial variation of the surface 

potential exhibits band bending behavior. Note that the measured surface potential values are 

inverse of the CPD between the sample and the platinum coated AFM probe. A larger value of 

surface potential in this measurement means a lower Fermi level. (f) Schematic illustration of the 

sample and its electrical properties. The relative position of each Fermi level prior to electrical 

contact is depicted. The surface potential of Al, p-doped Si, and Au, conduction band (CB) and 

valence band (VB) of Si, and the accumulation of charges as a result of contact are shown. The 

downward bending surface potential curve suggests accumulation of positive charges, and upward 

bending suggests accumulation of local electrons. 
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Figure 7. Improvement of the signal quality of PF-KPFM with multipulse FET switching. (a) 

Topography of a MAPbBr3 perovskite sample. (b) Cantilever oscillations induced by 1-, 3-, and 5-

pulse electrical connections. (c) The measured surface potential of the perovskite sample using the 

1-pulse regime. (d) The same area measured by the 5-pulse regime. The scale bar is 1 μm. Note 

that the increased signal to noise ratio from multi-pulse FET switching does not affect the values 

of the surface potential.  
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Figure 8. PF-KPFM measurement on compacted BaTiO3 powders. (a) Topography of the BaTiO3 

surface. The scale bar is 500 nm. (b) Surface potential image of the BaTiO3 surface. The dotted 

black lines marked 1 and 2 indicate two separate grains which show much different surface 

potential values despite both exhibiting low topography around adjacent grains. The white dotted 

box shows a grain that has a high surface potential surrounded by grains of much lower surface 

potential. (c) A histogram created from the surface potential data shows two prominent values, 

suggesting two primary unit cell elongation directions. (d) A spatial resolution of 9 nm for PF-

KPFM is extracted from the red line in (b). 
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Figure 9. Multimodal PF-KPFM measurement on bovine serum albumin (BSA) protein deposited 

on a Si substrate. (a) Topography of the BSA structure. The protein structure is present together 

with oligomers on the surface of the substrate. (b) Surface potential mapping of the BSA protein 

and surrounding oligomers. (c) A background-subtracted histogram shows the surface potential 

range of the protein structure to show the heterogeneity of the surface potential. The average 

surface potential value for the protein is 1.76 ± 0.06 V, taken as the average of the main peak. (d) 

A background-subtracted histogram shows the surface potential range for the oligomers only. The 

average surface potential value for the oligomers is 1.86 ± 0.09 V.  
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