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ABSTRACT:  
We measured the pattern of charging by contact electrification, following contact between a 
polydimethylsiloxane (PDMS) stamp and a glass substrate with gold electrodes. We used 
scanning Kelvin probe microscopy to map the surface potential at the same regions before 
and after contact, allowing a point-by-point comparison. After contact, the mean surface 
potential of the glass shifted by 360 mV and micron-scale heterogeneity appeared with a 
magnitude of ~100 mV. The gold electrodes showed charge transfer but no discernible 
heterogeneity. These results show that contact electrification causes heterogeneity of surface 
potential even on non-polymer surfaces such as glass under ambient conditions.   
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1. Introduction 
 

The transfer of charges between two surfaces that are brought into contact and then separated is a 
familiar everyday occurrence. An example of this process, which is known as contact 
electrification, is rubbing a balloon on one’s head and observing that hair clings to the balloon. 
Contact electrification is prevalent in many technological applications, including laser printing 
and photocopying [1-3] and triboelectric generators [4,5].  It is also perceived to be the cause for 
adhesion of granular media [6,7], which can lead to explosions in grain silos [8] as well as 
equipment malfunction in space probes traversing the surfaces of planets and moons [9,10]. 
Despite centuries of investigation and the frequent appearance of contact electrification in 
technology, the process is still poorly understood [11]. 

The most basic characterization of contract electrification is the triboelectric series which 
ranks dielectric materials according to their tendency to charge positively or negatively [12,13]. 
The ranking in the triboelectric series is not universal, but instead depends on atmospheric 
conditions such as humidity and surface cleanliness [7,11,14,15].  As an example that will be 
relevant for this article, rubber elastomer (polydimethylsiloxane, PDMS) tends to adopt a 
negative charge of approximately 15×10-5 C/m2 after contact with Au, Al, Cr, steel, or brass [16].  
PDMS is a useful material for studying contact electrification owing to its ability to deform and 
hence make conformal contact with the other substrate so that the true contact area is known.   

Since the 1980s, scanning-probe methods have been used to map the spatial dependence 
of the charge developed by contact electrification. Scanning probe studies have used either 
electrostatic force microscopy (EFM) or scanning Kelvin-probe force microscopy (KPFM).  
These studies have shown that contact electrification results in spatially heterogeneous charge, 
and even bipolar charge patterns. For instance, bringing a metallized atomic force microscope 
(AFM) tip into contact with a polymer film results in a charge dipole, consisting of micron-scale 
domains of positive and negative net charge [17,18].  Rubbing a polymer film with another 
polymer film also leads to bipolar charge distributions with characteristic sizes that can extend 
from µm scale [19] to cm scale [20]. More recently, Baytekin et al. showed that contact between 
two macroscopic polymer surfaces under ambient conditions (without rubbing) leads to a random 
pattern of net positive and negative regions, which they termed charge mosaic [21].  Most 
surprisingly, these authors reported that the charge mosaic had two characteristic length scales of 
0.45 µm and 45 nm and a characteristic magnitude of 250 mV. The emergence of charge mosaic 
indicates that average charge (as described by the triboelectric series) misses much of the 
important phenomenology. To understand the mechanisms of contact electrification, we clearly 
need further measurements of the spatial array of charge on different substrates with controlled 
initial conditions [22,23].  

Remaining questions that stem from the prior scanning-probe results include: does non-
uniform surface charging occur on non-polymer surfaces (i.e., other than PDMS, PC, PTFE, 
acrylic or other polymer surface that have been studied so far)? Specifically, does the 
heterogeneity arise on metallic surfaces or on inorganic insulating surfaces such as glass?  How 
do specific locations on the surface change as a result of contact electrification and does the 
initial surface electric potential alter the result?  

In this article, we report on the use of scanning Kelvin probe force microscopy (KPFM) 
to measure the change in surface electric potential following contact between a 
polydimethylsiloxane (PDMS) stamp and a glass substrate. We demonstrate an experimental 
technique that brings two advantages to the use of scanning-probe methods to study contact 
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electrification.  First, our sample consists of a region of glass bounded by two 5-µm-wide 
grounded gold electrodes, which allows us to monitor separately the response of the gold (which 
acts as a control surface). Second, this approach allows us to scan the same region of the sample 
immediately before and after contact with the PDMS, thereby providing a point-by-point 
comparison. By comparing the same region before and after contact, we look only at changes 
coming from the contact itself. Our results show that the gold electrodes develop a surface 
potential of approximately + 260mV following contact with the PDMS, and we discern no 
heterogeneous (mosaic) pattern. The glass region develops a positive surface potential of, on 
average, 360 mV. Moreover, the glass exhibits a much broader range of potential values both 
before and after contact with the PDMS. Following the charging process, we identify 
heterogeneity at the µm scale on glass. The change of surface potential has negligible correlation 
with the initial surface potential. The results show that heterogeneity of the surface potential (and 
hence heterogeneity of the transferred charge) appears on glass surfaces but not gold.  We 
anticipate that future studies that make a point-by-point comparison of pre- and post-contact 
surface potentials will be very helpful in revealing the microscopic mechanisms of contact 
electrification. Aside from the importance in understanding contact electrification in general, the 
results also show that microcontact printing on glass surfaces using PDMS stamps may lead to 
microscopic charge heterogeneity. 

 
2. Materials and Methods  

 
The glass substrate (ABTECH Scientific, Inc., IAME 0504.3 Series) has four gold parallel 
electrodes that are 5 µm wide and spaced 5 µm apart on top of Schott D263 borosilicate glass. 
The sample is illustrated schematically in Fig. 1A. The electrodes were approximately 400 nm 
thick. The electrodes were held at ground by the AFM controller, providing a built-in check of 
the voltage magnitudes and ruling out the possibility that the AFM tip might accumulate 
contaminant or charge, which would appear as a sudden change in the potential of the gold 
electrodes. In this way, variations of the measured surface potential were attributed to the surface 
itself and not to the tip. 

The stamp used to induce contact electrification was made of poly-dimethylsiloxane 
(PDMS). PDMS is useful for stamping due to its flexibility and ability to maximize its contact 
area with the substrate [16,21]. We prepared the PDMS using Sylgard 184 elastomer base and 
Sylgard 184 elastomer curing agent in a 10:1 w/w ratio. The mixture was degassed in a vacuum 
and cured in a conical mold at 40 °C for 24 h. The stamp was made large enough to grip by hand. 
PDMS was kept in the mold, never making contact with air until immediately before use.   

Our procedure was to clean the sample first by gently rinsing with acetone for 2 minutes 
followed by gently rinsing with methanol for 1 minute. The sample was left to air dry for 24 
hours. Following this process, we scanned the sample using KPFM (as described below). We 
then made contact with the sample using the PDMS stamp, and then scanned the sample again. 
To minimize delay between the contact and the second scanning, we left the sample on the AFM 
stage and applied the PDMS stamp by hand. (Our first stamping process consisted of using a 
micrometer to press the PDMS onto the glass substrate, but due to limited space in the enclosure 
we found this to be difficult.) The delay between contact and the completion of the second scan 
was approximately 10 min. During the contact/stamping process, the PDMS was pressed gently 
against the glass once and held in contact for 3 seconds.  We found this method was sufficient to 
observe charge transfer. Previously, Cottrell found that varying the contact time for PDMS on 
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gold from 3s – 24 h had small effect on the charge density [16]; Baytekin et al also found 
consistent results for contact times 2 s – 1.5 h for PDMS/PDMS contact [21]. After contact we 
remounted the AFM scan head, making sure to image the same location on the glass surface. 
Small topographical features on the glass made it possible to identify the same location as the 
before-contact scans.  

All topography and surface potential images were acquired with an atomic force 
microscope (Asylum Research MFP-3D). The sample was mounted on a grounded stage and the 
sample electrodes were connected to 0V.  Surface potential (Φ) images were taken using a 
platinum-coated tip (App Nano ANSCM-PT) with a nominal resonant frequency of 70 kHz and 
spring constant 3 N/m.  Scanning Kelvin Probe Force Microscopy (KPFM) [23-26] is a two-pass 
amplitude contrast tapping mode technique in which topography is measured in the first pass and 
a lift height along with an AC voltage with DC offset voltage is applied to the tip in the second 
pass. The KPFM feedback matches the DC offset to the surface potential to null the oscillation of 
the probe; the resulting DC offset value is Φ, the surface potential. In the first pass, the tip was 
engaged on the glass region with a nominal amplitude setpoint of 0.6 V (~60 nm peak to peak). 
The tip was tuned initially at 1.0 V and -5% off resonant to be in repulsive mode. This was to 
ensure topography was measured by short-range van der Waal’s forces. In the second pass, we 
chose a lift height (50 nm) that best optimized the surface potential measurement signal. A 
sufficient lift height ensured that only long-range electrostatic forces were influencing tip 
oscillation while not sacrificing lateral resolution. We scanned at a rate of 0.2 Hz; higher rates 
led to inconsistent measurements between the scan and rescan. The scan and re-scan SPC 
measurements maintained good overlap, so we arbitrarily chose the rescan SPC images to 
analyze. Repeated scans over the same region gave consistent results for Φ, indicating that there 
were no detectable charging effects caused by the AFM probe. 

The relative humidity (RH) was monitored inside the enclosure with an RH meter 
(Taylor, model 6422). Ambient RH was measured in the range of 30-50%. In the data reported 
here, we observed no change in RH after opening the enclosure to perform contact.  

Acquired images were analyzed using routines written in IDL (Exelis Visual Information 
Solutions, Inc.). Alignment of the pre- and post-contact images was accomplished by estimating 
the position offsets in the row and column directions and then varying these offsets to minimize 
the square of the difference between the two height images.  

 
3. Results and Discussion 

  
Figure 1C shows plots of the topographic height and the surface potential Φ prior to contact with 
the PDMS. The height scan (solid line) shows the location of the 400-nm-thick gold electrodes. 
For future analysis, we divide the sample into three separate regions: left Au electrode, central 
glass, and right Au electrode. These regions are shown by the vertical dashed lines. The Φ-scan 
(dashed curve) shows a negative value on the left and right electrodes, even though they were 
grounded. We routinely found surface-potential values in the range of -30 to -100 mV on the 
electrodes. We attribute this non-zero value to the difference between the work function of the 
Pt-coated tip and the work function of the gold.  Slight differences between the left and right 
gold electrodes might arise from the cleaning process, which might itself cause contact 
electrification. The central glass region, prior to contact, has a consistent average Φ of 
approximately 160 mV in the single line shown in Fig. 1C.  We again attribute this value to the 
difference in work functions of the Pt-coated tip and the glass. This is consistent with prior 
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studies in which we used KPFM to study the work-function of cross-linked polymer aggregates 
on a glass substrate [22].  

In early stages of this work, we imaged uniform glass surfaces without the electrodes and 
observed large variations in measured surface potential across the surface of a glass slide. These 
variations may have come from static charges that cling to the surface when the glass slide is 
cleaned or handled prior to imaging. We find that the comparing the same regions before and 
after is needed in order to isolate the effect of the contact and for the remainder of this article, we 
show only results of that kind.  

Figure 2 shows images of the central glass region before and after contact with the 
PDMS. The top row shows ΦG, the glass-region surface potential.  In these images, we 
subtracted the mean glass-region surface potential 〈ΦG〉 so as to show the spatial variations.  The 
mean values before and after contact are, respectively, 〈ΦG〉 = +97 mV and +454 mV.  Hence, 
the PDMS contact increased the average surface potential by an amount 〈∆ΦG〉 = 360 mV. 
Despite the scan defects in the post-contact image, there is clearly a heterogeneous pattern of 
surface potential, with a peak value that is approximately 100 mV above the mean and with a 
spatial extent of approximately 1 µm.  In particular, we note that the pattern of ΦG after contact 
bears no similarity to the pattern before contact, which explicitly shows that this pattern arose 
from the contact electrification itself.   

In the bottom row of Fig. 2, we show the height images for this same central glass region. 
The white pixels represent locations where the height was more than 34 nm above the mean 
height, which indicated a contaminant on the surface.  These same pixels are represented as 
white in the ΦG maps. The pre- and post-contact height maps indicate no discernible change in 
surface topography.  There is also no significant correlation of ΦG with the height of the glass.   

Figure 3 shows the measured the change in surface potential arising from contact with the 
PDMS.  This image was obtained by subtracting the pre-contact scan from the post-contact scan. 
The lower middle section of the image contains a peak in ΦG with an amplitude of approximately 
120 mV above the mean and a size of approximately 1-2 µm. The transferred charge is clearly 
heterogeneous, though the scale may be larger than that of Baytekin et al. [21].  

Figure 4 shows a scatter plot of the surface potential in the glass region before and after 
contact. Although the initial ΦG values vary by ~100 mV, we do not find any correlation between 
the initial and final Φ.  Similar scatter plots for the left and right electrodes also indicate no clear 
correlation.  In future studies, it would be informative to image the same region after subsequent 
contacts, in order to monitor the point-by-point evolution. 

We now turn to analysis of the surface potential on the gold electrodes. Figure 5 shows 
height and surface potential images of the left electrode, ΦLE, before and after contact. As before, 
the mean potentials, 〈ΦLE〉 were subtracted.  We found 〈ΦLE〉 = −100 mV pre-contact and +160 
mV after contact, giving rise to a contact-induced change of  〈∆ΦLE〉 = 260 mV.  

In contrast to the ΦG maps, we see only small-amplitude spatial variation of ΦLE of 
approximately 10 mV or less. (There is also ~10 mV variation of ΦLE as the AFM tip approaches 
the left and right edges of the electrodes, which could arise from the tip’s sensing the nearby 
glass regions [26].)  We attribute the average shift of potential, 〈∆ΦLE〉, to contact electrification 
of gold by PDMS.  This finding is consistent with an earlier measurement by Cottrell [16], who 
used a Faraday pail to measure the mean surface-charge density remaining on a cross-linked 
silicone elastomer following contact with Au in vacuum. The reported value was –(15±5)×10-5 
C/m2 on the silicone elastomer and a similar positive charge on the metal [16]. For comparison, 
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we convert our measurement of 〈∆ΦLE〉 to charge density by treating the gold surface as a 2D 
sheet of uniform charge density and uniform electric field in the air above.  (This model is 
consistent with the measured spatial uniformity of ΦLE.)  Given a KPFM lift height L, the electric 
field magnitude in the air above the gold is given by 〈∆ΦLE〉/L.  Gauss’ Law then gives the 
surface charge density: σ = ε0〈∆Φ〉/L  ~ +4×10-5 C/m2 (where we averaged the left and right 
electrode values and ε0 is the vacuum permittivity). This result is approximately 3× smaller than 
Cottrell’s value, perhaps because our experiments were done under ambient conditions [7,27]. 

Figure 6 shows the histogram of ∆Φ values on the left and right electrodes and the central 
glass region. The grounded electrodes exhibit a narrow, single-peaked distribution with a full 
width at half maximum (FWHM) of 30-35 mV. The distribution of the glass region, on the other 
hand, is much broader and has a FWHM of more than 100 mV.  Like the images in Fig 3 and 5, 
these data show clearly that the gold electrode surfaces showed much less charge heterogeneity 
than the glass surface.   

We measured the autocorrelation function of the Φ values to check for characteristic 
length scales and as a method to measure KPFM resolution. The function CΦ measures the 
normalized correlation of the Φ values of two pixels separated by a distance ∆x and provides a 
model-independent way of identifying spatial patterns.  It is defined in the standard way as  

  CΦ (∆x) = 〈 (Φ(x) − 〈Φ〉) (Φ(x + ∆x) − 〈Φ〉 ) 〉x /σ2
Φ ,  

where ∆x is the distance between two pixels, 〈...〉x indicates an average over all pixel coordinates 
x, and σΦ and 〈Φ〉 are the standard deviation and mean of Φ, respectively. Because the AFM 
scans along horizontal lines, we found reliable results only when calculating CΦ along rows, and 
then averaging CΦ for each row. Because of our limited sample size, this analysis was 
statistically unreliable at ∆x greater than approximately 1000 nm, so that the heterogeneity 
shown in Fig. 3 is not reliably shown in this analysis.  For ∆x < 800 nm, CΦ(∆x) is statistically 
significant and decays with a characteristic length of approximately 3 pixels (approximately 300 
nm) on both glass and gold surfaces.  Given our lift height (in KPFM mode) of 50 nm, the 300 
nm correlation length is a reasonable value for instrument resolution, rather than a characteristic 
of the charge pattern.  The resolution is determined by the lift height and the size of the AFM tip 
[26].  
 
4. Conclusions 

 
In this article, we described an experimental technique that allowed us to observe heterogeneity 
in surface charge at the microscale due to contact electrification in ambient conditions between a 
glass and gold surface and a silicone elastomer (PDMS). We used scanning Kelvin probe 
microscopy and incorporated grounded metal electrodes near the sample to serve as a reference 
and to check against charging of the Pt-coated AFM tip.  The electrodes also allowed us to scan 
the same location of the sample before and after contact electrification. Our results show an 
increase in the surface potential of the glass following contact by an average of 360 mV, which 
indicates a net transfer of positive charge. The magnitude of the potential varied by approx. 100 
mV, with a clear spatial heterogeneity at the µm scale.  The gold electrodes also saw a positive 
increase in surface potential (approx. 260 mV) with no discernible spatial heterogeneity except 
near the edges of the electrodes. Using the electrode data (where the potential is uniform) we 
used Gauss’ Law to infer a charge density of 4×10-5 C/m2. On glass and electrode regions, we 
could find no correlation between the initial and the final surface potential, even though the 
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initial potentials (on glass) varied substantially.  These results show that the phenomenon of 
spatial heterogeneity of the surface potential following contact electrification occurs on glass 
under ambient conditions, but is not apparent on gold.  

Our observation of charge heterogeneity on a glass surface is qualitatively similar to what 
has been reported following contact electrification of polymer surfaces [19,21]. Naively, one 
might have expected that the glass would have uniform potential following contact, because 
(unlike many polymers) it is hydrophilic and likely to have adsorbed water that would allow ions 
to migrate. Adsorbed water from humidity plays a role in the magnitude of the contact charge 
density and the resistivity [27,28], but apparently it does not lead to charge uniformity. By 
contrast, the gold electrodes in our experiment showed little charge heterogeneity, which may be 
a result of the high density of conduction electrons in the bulk. Primary contact charging 
mechanisms may include mass transfer [21,29] along with ions [30] or electrons [31]; any of 
these mechanisms may underlie the charge heterogeneity and cannot be distinguished by these 
measurements. Nevertheless, it is clear that further measurements of the charge heterogeneity on 
a variety of other non-polymer substrates with varying bulk and surface conductivity would be 
very informative. 

We propose that the method used here will be useful for future studies because of the 
ability to compare the same region of the sample before and after contact, thus ensuring that the 
pattern arises purely from contact.  Incorporating gold leads allows us to compare the glass 
response to that of the gold, which serves as a control to rule out tip variations or scan noise.  
Future use of this method would be useful as a way to explore other non-polymer systems to 
determine how the pattern evolves after multiple contacts, or to investigate spatial heterogeneity 
(charge mosaic) on a variety of surfaces.   
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Fig 1. (A) Schematic of the AFM tip interacting with the glass-electrode sample. (B) 
Image of the height of a region 240 × 35 pixels (23.4 × 3.4 um). (C) Plot of height (left 
axis, solid line) and measured surface potential (right axis, dashed line) prior to contact.  
The difference in heights of the electrodes and glass is clearly visible, as are the 
differences in surface potentials. The regions defined as left and right electrodes and 
glass are labeled by the vertical dashed lines.  
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Fig. 2. Images of the surface potential ΦG (top row) and height (bottom row) of 
the central glass region.  We show scans before (left column) and after contact 
(right column).   To make the color scales comparable, the mean potential was 
subtracted from each image.  

 
Fig. 3. Image of the change of surface potential in the central glass region, following 
contact with the PDMS stamp.  
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Fig. 4.  Plot of the surface potential on the central glass region after contact 
vs. before contact.  Each data point corresponds to one location (pixel) that 
was imaged before and after contact. The dashed lines indicate the mean 
value of each quantity.  
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Fig. 5. Same as Figure 2 but showing the left electrode region. 
 
 

 
Fig. 6. Histograms of the change of surface potential values ∆Φ caused by 
contact with PDMS.  ∆: central glass region; ◊: left electrode; and □: right 
electrode.  


