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Abstract — Photovoltaic (PV) energy-yield loss due to solar module soiling has become increasingly important as solar 7 
module deployment is now at the hundreds of gigawatts scale and continues to grow rapidly. The electrostatic attraction 8 
and adhesion force (Fes) of dust particles by the high voltages from solar panels have been reported to be 1 to 2 orders of 9 
magnitude stronger than the van der Waals and water capillary forces, which has been corroborated by observing the 10 
increase in system voltage-induced soiling rate by setting up an outdoor test. Here, we report another characteristic of Fes 11 
on soiling—long-lasting or slow decay after turning off the high voltage applied to solar panels. The Fes decay time varies 12 
across a wide time range of 1 to 10 hours, depending on two factors: 1) whether the cell,  the particle, or both were charged 13 
with high voltage before the voltages were turned off; and 2) how the cell was connected to the ground after the voltage was 14 
turned off—either connected through the power-supply electronics, directly connected to the ground, or electrically floated. 15 
The Fes decay is understood in terms of 1) net electrical charge dissipations in both particle and cell, 2) thermal disordering 16 
of dipole polarization in the module glass dielectrics, and 3) charge redistribution by the electrostatic interaction of particle 17 
and module glass. This long-lasting Fes for hours can affect the solar panel soiling after sunset, and it can have an even 18 
greater effect when combined with water condensation at night. 19 

Index Terms — soiling loss, electrostatic force, atomic force microscopy, adhesion force, attraction force, dust particles. 20 
21 

I. INTRODUCTION22 

Solar module soiling is typically viewed as airborne dust particles and pollution molecules that initially adsorb to 23 
module surfaces via physisorption; then, depending on environmental factors, the particles and molecules may 24 
eventually become strongly attached, which can cause significant loss of energy yields [1,2]. The major physical 25 
adsorption mechanisms that can contribute to adhesion of dust particles or pollutants include, but are not limited to, 26 
van der Waals force (Fvw), water capillary force (Fcp), electrostatic force (Fes), and hydrogen bonding. All these 27 
adsorptions have been studied extensively from the perspective of a fundamental physical understanding and for some 28 
specific applications [3–5]. In photovoltaic (PV) applications, however, the adhesion force has not been adequately 29 
reported [6–9]. Especially in current solar fields, the system voltage has frequently been increased to 1,000 V or higher, 30 
which leads to an average module voltage of 500 V and 50% of the modules having >500 V voltages. This increase 31 
in voltages may significantly change adhesion of dust particles. 32 

We have reported on direct measurements—using atomic force microscopy (AFM)—of strong electric-field-33 
induced attraction and adhesion force of dust particles onto solar panels. Differing from previous knowledge about 34 
adhesion forces, the electrostatic force Fes is 1 to 2 orders of magnitudes stronger than Fvw and Fcp [7,8], as corroborated 35 
by observing the increase in system voltage-induced soiling rate by setting up an outdoor soiling rate test [10]. Here, 36 
we report on another characteristic of Fes associated with soiling—long-lasting and slow decay of Fes after turning off 37 
the high voltage applied to solar cells, which affects the soiling rate on solar panels and affects it more when combined 38 
with water condensation after sunset. 39 

40 

II. EXPERIMENTAL41 

AFM can directly measure forces in a wide range—from nano-Newtons (nN) to ~50 μN—by using cantilevers of 42 
the AFM probes with known spring constants (0.1–50 N/m). Specific interaction forces can be measured by the amount 43 
of cantilever bending (typically from 10 to 1,000 nm). Our Veeco D3100 AFM system, which has a Nanoscope V 44 
controller and N-point large-range scanner, can measure surface topologies over dimensions of X = 200 µm, Y = 200 45 
µm, and Z = 100 µm. 46 

For the electric-field experiments, we used an ~1-cm×1-cm piece of glass/cell taken from a normal commercial 47 
(Trina Solar) crystalline Si PV module to ensure representation of the effects for actual modules (Fig. 1). The solar 48 
modules are made of aluminum back-surface-field cells and fired solar glass. A variable high voltage of -1000 V ~ 49 
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+1000 V was applied to the cell, the particle, or both. The electrostatic force Fes was measured during the application 50 
of voltage and at times after the voltage was turned off to measure the Fes decay. After the voltage was turned off, the 51 
particle was disconnected or floated from the voltage source, which keeps the particle charged, to simulate charged 52 
particles in the natural environment. The particles in the laboratory measurement setup should not store significant 53 
amount of net charges unless the particles are intentionally charged, because the particles were experienced though 54 
multiple manipulations such as being attached to a cantilever so that the charges (if any) should be released by the 55 
manipulations. This situation differs from a dust particle in a natural environment, where the particle can carry a 56 
significant amount of charge. The cell was either disconnected from the voltage source and not connected to anywhere 57 
(electrically floated), or was directly connected to the ground (grounding), or was connected to the voltage source but 58 
with power off (to simulate the solar panel with no power output after sunset). These different connections result in 59 
large differences in Fes decay. All the Fes measurements were carried out at room temperature (~25oC) and in a relative 60 
humidity of ~20%   61 

An ~600-nm-thick gold layer was deposited on an edge of the glass surface to simulate the module frame. This gold 62 
edge was either electrically floated or grounded. With grounding, the gold stripe is electrically similar to a module 63 
frame, and Fes was measured by changing the distance from the stripe to simulate an edge effect on the Fes. With the 64 
stripe being floated, no significant change in the Fes was measured at different locations, which indicates that the 65 
induced electric field from the applied voltage on the PV cell is relatively uniform over the glass surface. Furthermore, 66 
the electric field measured in this scheme agrees well with that measured for an actual PV module in the field with 67 
similar cell voltages, which validates our AFM setup using a small piece of module. Without a grounded glass edge, 68 
the electric field should spread out vertically through and over the glass and also laterally out of the glass edges. This 69 
creates a field at the surface edge of the glass similar to the surface center; so, the edge effect is largely suppressed 70 
when the gold edge is electrically floated.  71 

We measured the electrostatic force on a silica sphere (pure SiO2) with a diameter of 20 µm and on commercially 72 
available Arizona road dust particles (major components being SiO2, various minerals, and salts). Measuring the 73 
sphere helps to understand and verify the measurement because the sphere has a well-defined shape, size, and chemical 74 
composition, and its diameter of 20 µm is compatible with actual dust particles. A silica sphere or dust particle was 75 
attached to commercial tipless cantilevers using fast-curing epoxy and using the AFM coarse motion to manipulate 76 
the cantilever in touching the epoxy liquid and touching a particle to attach it.  77 

 78 
III. RESULTS AND DISCUSSION 79 

In the first section below, we show the Fes measurement method using AFM, then discuss the Fes measurement on 80 
a charged silica sphere with a voltage applied to the solar cell. In the second section, we discuss long-lasting or decay 81 
of the Fes with time after turning off the voltages applied to the cell, the particle, or both. The particle was always 82 
electrically floated during the Fes measurement to simulate a neutral or charged dust particle in a natural environment. 83 
During the Fes decay measurement, the cell was connected to the voltage source, but with the source powered off. This 84 
setup in our AFM setups is the most similar configuration to a solar array after sunset, although details of the electrical 85 
configurations differ from the real solar array in connection with inverter electronics. There is no electrical potential 86 

 
Fig. 1. A schematic illustrating the AFM setup for f-z measurement. The cell and particles can be in a high-voltage, 
grounded, or floated configuration. The thin gold stripe deposition can be grounded to simulate a module frame or 
can be electrically floated.  
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difference between the two lead wires when the voltage source is powered off and no wires were connected directly 87 
to the ground, which should be similar to the two electrical contacts of a solar array connected to the inverter 88 
electronics at night. In the third section, we discuss the decay of Fes under the condition of the cell being electrically 89 
floated after the voltage source was turned off, which shows much longer-lasting Fes due to the slow net charge 90 
dissipation from the cell.  91 

A. Electric-Field Force During Voltage Applied to Cell 92 

Figure 2a shows an example of force-distance (f-z) curve measurement on a silica sphere with a diameter of 20 µm, 93 
without a voltage applied to the solar cell (Vs = 0). The approaching (orange) and retracting (black) curves are typical 94 
f-z curves when varying the distance z between two solid objects. Because the van de Waals force Fvw is a short-range 95 
force—Fvw ∝ 1/z6 between two dipoles (London dispersion force)—there is no measurable force when the sphere 96 
approaches the glass until the sphere is within a distance of z~5 nm (Step 1 in Fig. 2a) and is then pulled to the glass 97 
surface (see the small dip on the orange curve in Fig. 2a). Once the sphere touches the glass, the probe cantilever bends 98 
with further movement of the probe toward the glass. The bending amount of the cantilever as measured by the 99 
reflection signal (∆V) has a linear relation with the amount of z-direction movement (∆Z). The slope of ∆Z/∆V is 100 
measured for each probe to convert the measured reflection signal ∆V to bending amount ∆Z, and further, to convert 101 
to repulsion/attraction force F = k∆Z, where k is the cantilever spring constant. 102 

When retracting the probe, the repulsion force decreases to zero (the flat horizontal level of both orange and black 103 
curves), then turns to an attractive force. Unlike the approach f-z curve, because Fvw is onset, it bends the cantilever, 104 
holding the probe until the bending force becomes larger than Fvw. The cantilever bending then jumps back to the zero-105 
force level when Fvw can no longer hold the probe touching the glass. Therefore, Fvw can be measured by Fvw = k∆Zvw 106 
~2 µN (Fig. 2a). 107 

Similarly, we can measure the Fes from the applied voltages to the cell (Fig. 2b with Vs = -250 V). The f-z curve can 108 
be separated into two stages. The first stage corresponds to an attraction force while the particle is still in the air above 109 
the surface due to the long interaction range of the Coulomb force (Fes ∝1/z2 between two charges). Fes increases as 110 
the probe approaches the glass—slowly at larger distance z, and more rapidly when closer to the glass. The effects of 111 
Fes are felt on the particle from tens of microns away from the surface when the voltage Vs = -250 V. In the second 112 
stage, the force lag on the retraction curve is due to the addition of Fvw. Figure 2c shows a f-z curve measured in the 113 
vicinity of glass surface. Therefore, from the cantilever bending at the two stages of ∆Ves and ∆Vvw and their 114 
corresponding distances of ∆Zes and ∆Zvw (Fig. 2c), the electrostatic force Fes = k∆Zes = 4.7 µN and van der Waals Fvw 115 
= k∆Zvw = 1.8 µN can be determined separately and their sum is the total adhesion force.  116 

In a previous paper, we reported on the Fes measurement on a neutral silica sphere of the same size (r = 10 µm) with 117 
changing bias voltage Vs applied to the cell [7]. The Fes increases rapidly when Vs > 50 V, becomes larger than the 118 
Fvw (~1.5 µN [7]) and water capillary force (Fcp ~2 µN [8]) with Vs > 150 V, and is about 2 times (~4.5 µN) larger 119 
than Fvw and Fcp with Vs = 200 V and 5 times (~11 µN) larger with Vs = 350 V. The Fes–Vs data show symmetry on 120 
the Vs axis, i.e., the Fes is identical with both positive and negative Vs applied to the cell when the particle is neutral. 121 
The Fes in this case is caused by dipole polarization of dielectrics under an electric field above the glass surface, and 122 
the nonuniform electric field again applied an attractive Fes on the polarized dipoles, i.e., the Fes is dominated by the 123 

 
Fig. 2. AFM f-z curve measurements of (a) Fvw without a Vs and (b) with a Vs = -250 V applied to the cell; (c) 
Measurement with a small z-range in the vicinity of glass surface.  
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dielectrophoretic force. Because the polarization direction changes with the field direction, Fes does not change its 124 
direction with the electric field and is symmetrical with Vs when the dielectric constant does not change with the field 125 
direction. 126 

The electric field from the high-voltage PV cell penetrates through the insulating encapsulation (i.e., ethylene vinyl 127 
acetate, EVA) and glass layers and extends into the air. The effect of the electric field on the sphere polarizes the 128 
dielectric and generates electrical dipoles. In a nonuniform electric field, the Coulomb forces on the positive and 129 
negative parts of a dipole are not equal, thus generating a net force to the dielectric. The applied force on a particle 130 
from an electric field can have two components Fes = Fesq + Fesd: 1) the force due to net charges in the particle Fesq ∝ 131 
QE, where E is the strength of the electric field and Q is the net charge in the particle; and 2) the dielectrophoretic 132 
force: 133 

  134 
𝐹𝐹𝑒𝑒𝑒𝑒𝑒𝑒 ∝ 𝑚𝑚��⃑ ∙ ∇𝐸𝐸 ∝ 𝜀𝜀𝜀𝜀 ∙ 𝐸𝐸    (1) 135 
 136 

where 𝑚𝑚��⃑ = 𝑞𝑞𝑑𝑑 is the dipole momentum, q is the dipole electrical charge, 𝑑𝑑 is the distance between the positive and 137 
negative charges of the dipole, ∇E is the spatial gradient of the electric field, and ε is the effective dielectric constant 138 
of the particle. If no voltage was applied to the particle before and during the Fes measurement, i.e., no net charge is 139 
stored in the particle, then the Fes is due to the second term, Fesd, which is symmetrical about the y-axis on the Fes-Vs 140 
curve [7] 141 

Here, we show the Fes measurement on a charged particle with changing voltage polarity and amplitude applied to 142 
the cell (Fig. 3). The silica sphere was charged by applying a bias voltage Vp = +1000 V for 30 min, then directly 143 
disconnected from the voltage source (floating the particle) to keep the positive charges in the sphere. This charging 144 
is to simulate a charged particle in a natural environment [11]. The amount of charge Q is determined by the particle 145 
capacitance C and particle charging voltage Vp: 146 

 147 
𝑄𝑄 = 𝐶𝐶 × 𝑉𝑉𝑝𝑝 = 1.1 × 10−13𝐶𝐶 = 1.8 × 105 charges  (2) 148 
𝐶𝐶 = 4𝜋𝜋𝜀𝜀0r = 1.1 × 10−16𝐹𝐹,     (3) [12] 149 
 150 

where 𝜀𝜀0 and r are the vacuum dielectric constant and particle radius, respectively. Differing from the dual-polarity 151 
planar capacitance, the capacitance of a particle is determined by its radius r, and the voltage Vp is virtually the 152 
electrical potential difference between the particle and the level infinitely far away from the particle (ground level).  153 

The electrostatic force versus cell voltage (Fes-Vs) data on the charged sphere exhibit a “V-shape,” with a shift of 154 
the V-shape bottom to the positive Vs side at ~230 V. The blue diamond symbols in Fig. 3, as started from Vs = 0, 155 
show Fes changes from Vs = 0 to Vs = -100 V; orange squares show Fes from Vs = -100 V to Vs = +500 V, and grey 156 
triangles show Fes when Vs changes back from Vs = +500 V to Vs = 0 V. The V-shape of the Fes-Vs curve is relatively 157 
symmetrical around Vs = 230 V, but the Fes does not decrease all the way to negative (repulsion force) with increasing 158 
Vs, indicating that Fes is dominated by a combination of the two components Fesq and Fesd, At Vs ~ 230 V, the attractive 159 
Fesd and repulsive Fesq components canceled each other, so the net Fes ~ 0. With Vs > 230 V, the attractive component 160 
Fesd was partially cancelled by repulsive Fesq applied to the positively charged particle. Fes increases to ~5.3 µN with 161 
Vs changing from Vs = 230 V to Vs = 500 V, which is approximately consistent with Fes on the neutral particle (~4.7 162 
µN at Vs = 250 V, Fig. 2b), and the Fes is more than two times larger than the Fvw and Fcp [7,8]. The fact that the 163 
repulsive Fesq has never become a dominant Fes over the dielectrophoretic component Fesd or Fes has never become 164 
negative (repulsive) is probably due to redistribution of the net positive charges in the sphere. This elucidates that the 165 
dielectrophoretic force is dominant, and hence, the net charge effect on the particles is less important when the surface 166 
is maintained at relative high potentials. The charges would move away from the side facing to the glass by the 167 
repulsive Fesq, causing a decrease of this component. Quantitative understanding of Fes on a charged particle with a Vs 168 
applied to the cell may require numerical modeling to account for dynamic changes of charge redistribution in the 169 
particle and interaction of the Fesq and Fesd components. 170 
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 171 

B. Electrostatic Force Decay 172 

We measured Fes decay in several possible charging and polarization configurations of the module glass and 173 
particles to simulate solar panels after sunset and particles in a natural environment [11]. In this subsection, we discuss 174 
the case where the panel was subjected to a high voltage polarization of -1000 V for 10 hours, and then, the cell was 175 
kept connected to the voltage source after the source was powered off. Among our possible AFM measurement 176 
configurations, this case should be the most similar to a solar panel without power output after sunset, considering 177 
that the solar array is still connected to the power electronics such as an inverter after sunset. On the other hand, the 178 
particle was either not charged (Fig. 4a) or charged at positive polarity Vp = +1000 V (Fig. 4b) or negative polarity Vp 179 
= -1000 V for 30 minutes (Fig. 4c) to simulate neutral, positively, or negatively charged particles in a natural 180 
environment. If the particle was charged, the lead line was directly disconnected from the voltage source, so the 181 
particle was electrically floated to keep the particle charged with its capacitance. Figure 4d shows Fes decay after the 182 
particle was charged, with a glass that has never been applied to a high voltage and has been connected to the voltage 183 
source being powered off all the time. This configuration describes the Fes of a charged particle adsorbed on a module 184 
glass without polarization or the polarization already being recovered by thermal disordering. 185 

 
Fig. 3. Fes change with Vs measured on a positively charged silica sphere.  
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If the particle is not charged, Fes decays relatively faster in ~50 min (Fig. 4a), and the initial Fes ~ 1.8 µN right after 186 
the voltage source is powered off is similar to the Fvw (Fig. 2). The net charges stored in the cell drained out rapidly 187 
through the connected lead lines and power electronics. The remaining Fes in this case (Fig. 4a) is due to the recovery 188 
of the glass dielectric polarization, suggesting that thermal recovery of glass polarization in this case takes ~50 min.  189 

However, if the particle was charged, then the Fes decay was slow (~150 min) and the initial Fes is much higher (~6 190 
µN), about 3 times of the Fvw and Fcp [7,8], whether or not the glass was polarized before the measurement (Figs. 4b 191 
and 4d). This scenario indicates that the particle charges in the natural environment can contribute to the major 192 
remaining Fes after sunset—i.e., a charged particle has a significant attraction and adhesion force even when the 193 
module has never experienced a high-voltage power output. Discharge of net charges stored in the particle takes ~150 194 
min in this case. The slightly larger Fes in the initial decay stage in the case of both polarized cell and charged particle 195 
at opposite polarities (Fig. 4b) than the charged particle only (Fig. 4d) is due to the component of glass polarization 196 
enhancement. 197 

The strong Fes without the glass pre-polarization (Fig. 4d) suggests an instant polarization of the nearby glass 198 
materials by the charged particle when the particle approaches and contacts to the glass. Because of the 20-µm particle 199 
diameter, the polarization area in the glass should be 20 to hundreds of µm, and the polarized glass dielectric generates 200 
an electric field nearby and applies a significant force (~6 µN) to the particle charges, which is similar to the Fes 201 
applied to a neutral particle with a ~250 V voltage applied to the cell (Fig. 2b). On the other hand, the ~150-min decay 202 
time with a charged particle illustrates the charge dissipation time from the particle. The small Fes in the case of the 203 
same polarity polarized to the panel and particle (Fig. 4c) is because of the opposite directions of glass polarization 204 

 
Fig. 4. The Fes decay with time after the voltage source was powered off but the lead lines were kept connected 
to the source in various cases: (a) the module was applied to a high voltage, but the sphere was not charged; (b) 
the module and sphere were applied in opposite polarities; (c) they were polarized in the same polarity; and (d) 
only the particle was charged and the panel was not. 
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by the particle charges and the high-voltage pre-polarization. The instantly generated dielectric polarization was 205 
partially canceled by the pre-polarization. 206 

There was a significant Fes increase in the initial stage when the particle was charged (insets in Figs. 2b–d). We 207 
speculate that the charge in the particle was attracted to weight more on the side facing the glass, and the Fes was 208 
enhanced to some degree up to the peak value, then decreased by charge dissipation. Charges can be slightly mobile 209 
in dielectrics by hopping through defects with localized electronic states, but they should be much slower than in a 210 
semiconductor or metal, where charges move instantly through bands. The slow charge movement takes ~10 minutes 211 
to cause Fes to reach its maximum. Symmetrically distributed charges in a sphere has minimum energy if the sphere 212 
does not interact with other objects nearby because of the repulsive inter-charge interaction within the sphere. However, 213 
the charges weighted more toward the glass side is favored for less energy in the system, including both glass and 214 
sphere, because of the electrostatic interaction between the sphere and glass. 215 

C. Electrostatic Force Decay in Various Cell Connections 216 

We also measured the Fes decay with time when the cell was disconnected or electrically floated from the voltage 217 
source (Fig. 5) after being applied by a Vs = -1000 V for 10 hours. When the cell was charged and the particle was not, 218 
the initial Fes ~ 7 µN (Fig. 5a) is slightly larger than the case of the charged-particle and non-charged cell (Fes ~ 5.5 219 
µN in Fig. 4d). In this case, the charges stored in the panel would polarize the particle and apply the Fes to the particle. 220 
However, if both the panel and particle are charged in opposite polarities of Vs = -1000 V and Vp = +1000 V (Fig. 5b), 221 
then the initial Fes is approximately doubled (~17 µN) compared with the case of either the panel or particle being 222 
charged; this is due to panel/particle net-charge interaction and the particle polarization by the electric field from the 223 
panel. In these cases, where the cell was directly disconnected from the voltage source, the decay time was very long 224 
(>10 hours), which indicates the slow dissipation of charge from the panel because of the large charge-storing volume 225 
or capacitance of the solar cell. Therefore, this result suggests that one should not leave modules electrically isolated 226 
or floated after sunset. Discharge of the panel can occur overnight, and the charges stored in the panel can generate 227 
strong and long-lasting Fes to attract particles on the module surface.  228 

The initial Fes increase also appeared if the cell was disconnected directly from the voltage source (insets in Figs. 229 
5a and 5b), thus corroborating the root cause of charge rearrangement by the particle/panel interaction. Net charges 230 
stored in the panel may move toward a particle nearby or in touching the surface because of the attractive Fes between 231 
the particle and panel. 232 

Lastly, we show a Fes decay measured on a real Arizona road dust particle whose major component is SiO2, and 233 
with another cell connection flipping the cell between floating and grounding (Fig. 6a). The dust particle was not 234 
charged. Figure 6b shows top- and side-view scanning electron microscopy (SEM) images of the particle. The initial 235 
Fes is large (~25 µN), 1–2 orders of magnitude larger than that of the Fvw (<0.5 µN) and Fcp (~1 µN) on the typical 236 
Arizona rod dusts [8]. The Fes decays rapidly to ~3.5 µN, which is ~15% of its initial value (~25 µN) when grounding 237 
the cell, due to the fast draining of net charges from the cell to ground. When disconnecting the cell lead lines to make 238 
the panel floating, Fes partially recovered to ~7.5 µN, due to the slow thermal disordering of remaining glass 239 
polarization. Note that Fes at the “first grounding” is smaller than that at the “first floating.” This is because direct 240 
grounding of the cell can partially shield the electric field generated by the polarized glass, thus making Fes on the 241 
particle smaller. At each “grounding,” Fes is smaller than at “floating,” likely due to this partial shielding effect. To 242 
flip between “grounding” and “floating” and measuring f-z curve once requires 3–5 minutes. It takes 30–50 minutes 243 
for the Fes decays (Fig. 6a), consistent with the decay time when the cell was connected through lead lines in Fig. 4a, 244 
which is the time needed for thermal disordering of dielectric polarization. 245 
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The initial Fes of ~25 µN before decay (Fig. 6a) is much larger than that of the silica sphere (~7 µN, Fig. 5a), which 246 
is because of two factors: 1) the larger lateral size (~30 µm) of the dust particle than the silica sphere (~20 µm), and 247 
2) the flatter surface of the dust particle in the side facing toward the glass than the sphere. Fes decays rapidly with 248 
distances away from the glass surface in the µm range [7]—because an electric field generated by dipoles decays in E 249 
∝ 1/r4 with the distance (r) away from the dipole. The dominant factor for Fes is the volume in closing to the glass 250 
surface within the µm range. A flatter dust particle surface has a larger “closing” volume than a sphere.   251 

IV. SUMMARY  252 

We report on the effect of Fes on soiling—a strong and long-lasting Fes after turning off the high voltage on cells. 253 
The decay of Fes occurs across a wide time range of 1 to 10 hours, depending on two factors: 1) whether the cell, the 254 
particle, or both were charged with high voltages before the voltages were turned off, and 2) how the cell was 255 
connected after the voltage was turned off—either connected to the power-supply electronics, or directly connected 256 
to the ground, or disconnected (floated). The Fes decay is understood by net electrical charge dissipations in either or 257 
both of the cell and particle and by thermal disordering of dipole polarization in the module glass dielectrics. The slow 258 
decay suggests that significant Fes remains, whether or not a dust particle is charged in the natural environment, and 259 
that a charged particle can have an even stronger Fes onto the solar panel. Therefore, solar loss due to soiling after 260 

 
Fig. 5. Fes decay with time after the cell was directly disconnected from the voltage source to keep the cell charged, 
in two cases of (a) only the cell was charged but the silica sphere was kept neutral; and (b) both the cell and sphere 
were charged in opposite polarities.  
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sunset should be considered a significant factor, and this strong and long-lasting Fes for hours can have an even larger 261 
effect when combined with water condensation after sunset.  262 
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Fig. 6. (a) Fes decay on a real dust particle with the cell being polarized but the particle not charged. The cell was 
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 304 
Nomenclatures 305 
Fes: electrostatic force 306 
Fvw: van der Waals force 307 
Fcp: capillary force 308 
PV: photovoltaic 309 
AFM: atomic force microscopy 310 
nN: nano-Newton 311 
µN: micro-Newton 312 
f-z: force-distance 313 
Vs: voltage applied to solar cell 314 
∆V: AFM reflection signal 315 
∆z: AFM z-direction movement 316 
F: force 317 
k: cantilever spring constant 318 
Fesq: electrostatic force due to net charge  319 
Fesd: dielectrophoretic force 320 
𝑚𝑚��⃑ : dipole momentum 321 
q: electrical charge in a dipole 322 
d: distance between positive and negative charges in a dipole 323 
E: strength of electric field 324 
ε : dielectric constant 325 
Q: capacitance charges 326 
Vp: voltage applied to a particle 327 
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