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Abstract

Triboelectrification has garnered extensive research and application attention; however,
certain phenomena remain inadequately explained from a continuum mechanics perspec-
tive, particularly the influence of contact force on triboelectrification behavior. Against this
backdrop, this study proposes a continuum-mechanics-based quantitative analysis model
that incorporates flexoelectricity into triboelectrification, offering an alternative approach
to the underlying mechanisms. Subsequently, atomic force microscopy (AFM) is employed
to conduct experiments on p-type Si, SiO; and polyether ether ketone (PEEK). These ex-
periments systematically investigate the influences of contact force and bias voltages on
surface potential. Furthermore, both the experimental and numerical simulation results
validate the proposed continuum-mechanics-based model to some extent. These findings
show how contact force influences triboelectrification through the flexoelectric mechanism,
thereby providing a continuum-mechanical understanding of this complex interaction and
advancing the field.
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1. Introduction

Triboelectrification (TE) generally refers to the process of two electroneutral bodies ac-
quiring net electrical charges when brought into contact and then separated, which is one
of the most common and fundamental physical phenomena in nature observed 2500 years
ago. For a long time, triboelectrification has been recognized as a nuisance and a hazard,
primarily due to electrostatic discharge, which can damage sensitive electronics and ignite
flammable materials or dust explosions. Benefiting from the pioneering work by Professor
Z.L. Wang and his group on the triboelectric nanogenerator (TENG) [1-3], the triboelec-
trification phenomenon has been widely harnessed in diverse fields, such as mechanical
energy harvesting (from surrounding vibration environment and ocean waves) [4,5], self-
powered sensors for smart devices and the IoT [6,7], advanced wastewater treatment [8],
and TENG-driven catalysis [9,10], among others. Further applications can be found in re-
cent reviews [11-14].

Understanding the fundamental physical mechanisms of triboelectrification is cru-
cial for both its utilization and for preventing damage caused by it. Due to triboelec-
trification involving complex factors, it is quite challenging to establish an accurate the-
oretical model [15-17], especially for quantitative charge transfer. Despite this, there
also have been several physically reasonable theoretical models such as the work func-
tion model [18,19], the surface state model [20,21], and the electron cloud—potential well
model [22,23] for revealing the interfacial triboelectric phenomena between solid surfaces.
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While these models can successfully provide reasonable physical explanations for charge
transfer, they lack quantitative capability from a continuum perspective. More details can
be found in the review works [12,16,24].

In practice, for TENG-based sensors and harvesters in operation, contact force (or
mechanical interaction) between two objects always inevitably occurs. However, its in-
fluence on charge transfer remains poorly understood, particularly from a quantitative
perspective. The contact force-dependent property of TENGs has been observed in a few
experiments [16,25-28]. For example, it has been found that the mean peak open-circuit
voltage of a TENG, made of two different PDMS films, increases from 2.1 V to 4.6 V when
the contact force increases from 0.5 N to 2.5 N in Ref. [28]. A theoretical model incorporat-
ing elastic deformation and surface roughness was proposed in Ref. [25]. The change in
effective contact area is obvious for materials with a relatively lower elastic modulus. In
contrast, it is negligible for materials with a high elastic modulus.

Flexoelectricity refers to the phenomenon of an inhomogeneous deformation generat-
ing an electric polarization field in any symmetric dielectric materials [29-31]. It has been
pointed out that the flexoelectric-induced polarization field can physically serve as the ther-
modynamic driving factor for triboelectric charge transfer in Refs. [32,33]. In fact, the ef-
fect of flexoelectricity on the charge transfer behavior among polymers, oxides, and silicon
materials was characterized experimentally using atomic force microscope (AFM) [34,35].
The surface state model incorporating flexoelectricity for describing surface contributions
to the flexoelectric response of finite samples has been proposed [36]; however, it is not
enough, especially for quantitatively investigating and predicting multi-field coupling be-
haviors of TENG-based devices.

Motivated by this insight, this study aims to systematically examine how the mag-
nitude of contact force influences triboelectrification charge transfer in dielectric mate-
rials. To quantitatively investigate the effect of the contact force magnitude on charge
transfer, we present a multi-field coupling model that integrates flexoelectricity and tri-
boelectric charges from a continuum perspective. This continuum-based framework has
several advantages for engineering applications. It can quantitatively predict charge trans-
fer under realistic contact geometries and boundary conditions. It is computationally ef-
ficient, so simulations can run at practical scales (from micrometers to meters). It natu-
rally includes gradient effects like flexoelectricity, which matters for contacts where strain
gradients are significant. And it couples mechanical and electrostatic fields. Together,
these features make the proposed continuum model a practical, reliable tool for study-
ing how contact force affects triboelectrification in engineering settings. As representa-
tive examples, we study the charge transfer behavior of three typical samples—p-type Si,
SiO,, and polyether ether ketone (PEEK)—using AFM-based experimental characteriza-
tions. These three materials are selected because they possess distinctly different electri-
cal properties—semiconducting (p-type Si), insulating (SiO;), and polymeric (PEEK). The
triboelectric characterization experiment by the AFM tip can be ideally divided into two
independent processes, as shown in Figure 1a. During the first process of contact electri-
fication without deformation, there appears the electron transfer caused by the effective
work-function difference between the materials, denoting the amount of electron trans-
ferred as Qcg. Then, in the subsequent elastic contact process, the non-zero contact force
inevitably produces the flexoelectric polarization field, driving the transfer of triboelectric
charge with an increasing part denoted as Qgg. The work function at the contact interface
is regarded as invariant in this stage [37]. From the viewpoint of multi-field coupling con-
tinuum theory, the electron transfer Qcg serves as the electrical boundary condition for the
elastic contact process. Thus, the total transfer charge can be represented as Qrg = Qcg +
Qrg. This model specifically accounts for the charge transfer process between the sample
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and the tip in the contact mode of AFM. We experimentally verified the contribution of con-
tact force to triboelectrification charge transfer and validated the proposed model through
a theoretical-simulation-experimental comparison specifically for Si, as, to the best of our
knowledge, complete flexoelectric coefficients are currently available only for Si among
common dielectric materials.
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Figure 1. Schematic of physical mechanisms and theoretical models. (a) Electron transfer during
the process of engagement in AFM experiments: I. Non-contact. II. Contact without deformation.
III. Elastic contact. (b) Physical boundaries. (c) Geometry of Hertzian contact model. (d) Reference
coordinate system for calculating the electric potential in the p-type Si example.

It should be noted that the total transferred charge considered in the present model
contains two physical distinct contributions. The initial contact-electrification charge Qcg
(or equivalent surface charge density, ocg), is generated upon the initial contact of the two
materials and serves as the prescribed electrical boundary condition for the subsequent
contact process. In contrast, the flexoelectric contribution Qg is induced by the contact-
force-driven strain gradient field, which alters the local polarization and modifies the inter-
facial potential distribution. Physically, o represents the pre-existing charge state estab-
lished by contact electrification, while Qpg describes the additional modulation of charge
transfer caused by mechanical deformation through flexoelectric coupling. The magnitude
and polarity of the initial charge density ccg depend on several material- and interface-
related factors. In particular, the effective work-function difference between the two con-
tacting materials provides the thermodynamic driving force for initial electron transfer.
Meanwhile, the electrical conductivity of the contacting bodies affects the charge relaxation
and redistribution process after contact. For example, Setiawan and Li [38] demonstrated
that tuning the conductivity and work function of a PEDOT: PSS/PEO nanofilm via DMSO
addition directly enhanced its adhesive force with Si3Ny; this enhancement was attributed
to the formation of a dipole layer driven by the work-function difference and facilitated by
the improved charge mobility, confirming the interplay of these two factors in interfacial
charge behavior. In addition, local charge redistribution and the formation of interfacial
dipoles may alter the effective interfacial potential barrier, leading to a material-dependent
and interface-dependent initial contact-electrification state. These complex microscopic ef-
fects are therefore not explicitly resolved but are implicitly embedded into the prescribed
value of ocg adopted in the following continuum model.
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2. Continuum Model Incorporating Triboelectricity and Flexoelectricity

Based on the above assumptions concerning contact electrification and charge trans-
fer under elastic deformation, we present a set of fundamental equations that incorpo-
rates the coupling of deformation, triboelectricity, and flexoelectricity within a contin-
uum theoretical framework. The developed continuum model can quantitatively de-
scribe the influence of contact force magnitude on charge transfer through flexoelectric
polarization mechanism.

Consider a dielectric solid occupying domain V with boundary S, and assume the
exterior being the vacuum domain V’, as shown in Figure 1b. The energy density (W) is
written as

1
W = WE(Sy;, Py, Siji) + 5809, @

WE is the deformation-polarization energy density, which is the function of polarization
(Py), strain (S;), and strain gradient (S;;x), and reads

1 1
W = ZaPiB) + 3¢5 SijSu + finPiSik @

ajj, ijkl’ and f;j; represent the inverse permittivity, elastic and flexoelectric coefficient ten-
sors, respectively. In Equation (1), ¢ represents the electric potential, ¢ is the dielectric
constant of vacuum. Note that the Cartesian tensor notation and the summation conven-
tion are employed, and the indexes of i, j, k, and [ take 1, 2, 3, in this work. The electric
enthalpy H, is defined as

1
He = Wr — E;D; = W — 5€09,i9i + ¢;ili 3)

E; and D; are electric field and electric displacement components, respectively. For the
dielectric solid with external electric field E?, traction t; on the boundary S;, and charge
density ocg induced by triboelectrification on the boundary S;, using the principle of vir-
tual work, there is

/ SH,dV + / Edsp,dV + / ocpdpdS + / tiéu;dS =0 (4)
V+V! %4 Se St

From Equations (2) and (3), the constitutive relations of stress Tj;, high-order stress

Tij, and effective local electric field EiL can be given as

owt oWt L oWtk
Tij = E Ciia Skt Tijk = 2S5 fiiikPr, Eif = B —(aiiPj + fijuSik1) ~ (5)

With the help of Equation (5), the governing equations can be obtained by applying
the variational operation to Equation (4) as

Tij; — Tijj+ fi =0, Ef — @+ E) =0, P —e0@;i =0, in V (6)

and
@;i=0,1in v’ )

along with the corresponding boundary conditions as
(Tij — Tijx)nj = ti, (e0@i — Pi)ni +ocg =0 ®)

n; is the direction cosine of the outward normal of boundary. o¢ ;o represents the jump in
the electric field from dielectric domain (V) to vacuum (V’). P;n; (= 0fg) denotes the polar-
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ization charge density induced by flexoelectric polarization at the boundary. The plus or
minus sign of oy indicates that the flexoelectric effect enhances or offsets the triboelectrifi-
cation charge density ccg. So far, we have established the multi-field coupling mechanical
model for triboelectricity with elastic deformation, in which the triboelectric charges are
treated as an electrical boundary condition. It should be noted that the predictive accuracy
of the developed continuum model depends on the accuracy of the input ocg value, as it
serves as the electrical boundary condition in our model.

In practical applications of TENG-based devices, the higher-order stress Tjj, result-
ing from the polarization-induced deformation by Equations (5) and (6), is a secondary
effect and thus negligible. In this case, the force-dependent triboelectric problem can be
simplified into a one-way coupled problem for the sake of analytical solution. On the other
hand, the tip probe is considered rigid, and its thin alloy layer is neglected in the theoreti-
cal analysis, as shown in Figure 1c. This allows the tip probe-sample contact to be treated
as a purely elastic process. Its elastic fields can be derived analytically using the classi-
cal Hertz contact theory [39,40]. Furthermore, the charges induced by the work-function
difference serve as the boundary conditions. Thus, the analytical solutions of electrical
quantities can be obtained using Green’s function method with reference to the coordinate
system defined in Figure 1d, for the center-symmetric silicon under an applied normal
concentrated force. See the Supporting Information (D2. Electric fields) for the detailed
deriving process.

3. Results and Discussion

In this section, we use AFM to experimentally characterize charge transfer responses
of three typical sample materials (i.e., p-type Si, SiO, and PEEK) under different tip forces
in order to elucidate the underlying mechanism by which contact force influences triboelec-
trification behavior. The detailed experimental procedures can be found in the Supporting
Information (A. Experimental Procedure). We selected a 20 um x 20 um area on each of the
p-type Si, SiO; and PEEK samples for optical scanning; the resulting optical microscope
images are shown in Figure 2a—c. Subsequently, a5 um x 5 pm region near the center of
each scanned area was chosen to characterize triboelectrification behavior in situ. The cor-
responding three-dimensional surface topography scans are presented in Figure 2d—f. As
shown, all three sample surfaces exhibit excellent flatness, which ensures high precision in
the subsequent triboelectrification test. Note that for each sample, a relatively flat region is
chosen for the AFM/SKPM measurements, and all three samples exhibit negligible piezo-
electricity under our experimental conditions [41]; further details are provided in the Sup-
porting Information (B. Exclusion of piezoelectric effect and topographic artifacts [42-46]).

We first perform standard triboelectrification tests without applying a bias voltage on
three samples. To ensure elastic contact within reasonable deformation limits and to avoid
severe tip/sample damage, the applied contact force ranges were carefully tailored to the
specific elastic moduli of each material (e.g., 20-500 nN for the rigid Si and SiO;, versus
50-900 nN for the softer PEEK). The measured surface potential difference between the
tip and the sample surface is shown in Figure 3. It can be seen that the surface potential
of p-type Si increases with contact force, whereas that of SiO, and PEEK decreases. In
addition, the surface potential decays uniformly from the rubbed center outwards, and the
altered area is slightly larger than the rubbed area, indicating limited charge diffusion. It
should be noted that minor charge variations outside the main rubbed region are attributed
to intrinsic surface heterogeneity [47] and fall within the experimental uncertainty of the
charge measurements. Therefore, they are treated as background potential variations that
do not influence our conclusions.
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Figure 2. Samples at different scales: (a—c) the p-type silicon, SiO, and PEEK sample surfaces under
optical microscopy; (d—f) three-dimensional topography obtained by AFM scanning.
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Figure 3. Surface potential rubbed with different contact forces between tip and samples: (a) p-type
Si, (b) SiO,, and (c) PEEK. The yellow and blue squares delineate the rubbed regions, while the white
dashed lines indicate the centerlines (4-a’) used for extracting surface potential profiles.

Now, for convenience of discussion, we extract the surface potentials (denoted as V)
along the centerline (a-a) of the sample surface, as indicated in Figure 3, and plot them in
Figure 4a. As can be seen from Figure 4a, for all three samples, the surface potential within
the rubbed region is comparable to that of the surrounding area under low contact forces.
However, a significant change in surface potential occurs once the contact force exceeds a
critical threshold. In addition, for the p-type Si sample, a downward contact force produces
a positive surface potential, whereas it generates negative potential on the SiO, and PEEK
samples. This behavior is attributed to differences in material properties. As the contact
force increases, the absolute value of potential increases accordingly.
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Figure 4. Surface potential for three samples of p-type Si, SiO,, and PEEK under different conditions.
(a) Surface potential profiles along line a-a’ in the rubbed area for V... (b) Change in surface potential
between the rubbed and unrubbed region. Red dots are used to represent conditions where a tip bias
voltage is present during rubbing, whereas black dots represent conditions where it is absent.

This observation indicates that changes in contact force lead to variations in the tribo-
electrification charge transfer behavior. Nevertheless, isolating the specific role of contact
force is challenging due to the complexity of the process, which involves multiple interre-
lated factors such as the accompanying increase in contact area.

To demonstrate the role of the flexoelectric effect in contact force-dependent charge
transfer, we apply a tip bias voltage with a polarity opposite to that induced by contact
force alone. This bias serves solely as a known electrical reference to highlight the flexo-
electric contribution. Based on the results shown in Figure 4a, the tip bias voltages are set
to —0.1V,+4V, and +0.5 V for the p-type Si, SiO,, and PEEK samples, respectively. Subse-
quently, standard triboelectric characterization experiments are conducted on the p—type
Si and SiO, samples using tip forces of 20, 50, 100, and 300 nN, and on the PEEK sample
using tip forces of 300, 500, 800, and 900 nN. The measured surface potential distributions
are shown in Figure S4 in the Supporting Information (C. Surface potential distribution
under combined contact force and bias voltage).

As shown in Figure S4b—d, under a constant bias, all three samples exhibit a force-
dependent reversal of surface potential contrast between the rubbed and non-rubbed re-
gions, which is attributed to the increasing flexoelectric polarization field with tip force.
For the p-type Si sample under —0.1 V bias, the surface potential in the rubbed region is
lower than that in the non-rubbed region at 20 and 50 nN, but the opposite is true at 100 and
300 nN. For the SiO, sample under +4 V bias, the rubbed region shows a higher surface
potential at 20-100 nN, with the difference decreasing as contact force increases, and re-
verses to a lower potential at 300 nN. Similarly, for the PEEK sample under +0.5 V bias, the
rubbed region exhibits a higher potential at 300-500 nN, which reverses to a lower poten-
tial at 900 nN. These reversals consistently indicate that increasing contact force enhances
flexoelectric polarization, thereby altering the surface potential distribution and eventually
reversing the charge transfer direction.

To more clearly illustrate this phenomenon and eliminate the influence of background
potential, we calculate the difference (AV) between the average surface potential in the
rubbed region (V;) and that in the non-rubbed region (V) for the above cases. The re-
sults are presented in Figure 4b, where AV under tip force only is also shown for com-
parison. Under tip forces alone (20-300 nN), AV is positive and increases monotonically
from 14.06 mV to 92.27 mV for the p-type Si sample. In contrast, it is negative with increas-
ing magnitude for the SiO, sample (from —257.52 mV to —1626.14 mV) and for the PEEK
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sample (from —82.60 mV to —904.62 mV). Under combined contact force and bias volt-
age, AV reverses the sign with increasing contact force for all three samples (as shown
in Figure 4b: for the Si sample, from —-19.98 mV (at 20 nN) to 19.02 mV (at 300 nN);
for the S5iO; sample, from 613.246 mV (at 20 nN) to —241.976 mV (at 300 nN); for the
PEEK sample, from 313.00 mV (at 300 nN) to —147.22 mV (at 900 nN)). This sign rever-
sal clearly demonstrates that the flexoelectric effect substantially influences triboelectrifi-
cation charge transfer. Furthermore, it also implies a competitive relationship between the
flexoelectric polarization and the bias electric field. Such a phenomenon may be utilized
in tribo-engineering applications.

To further validate that flexoelectric polarization plays an important role in triboelec-
trification charge transfer, we quantitatively investigate the charge transfer behavior under
different contact forces using the continuum model established above. We focus here on
the p-type Si sample only, because complete flexoelectric coefficient data are unavailable
for the other two samples. The material constants of the p-type Si sample used in the calcu-
lations are [48]: Young’s modulus (E = 190 GPa), Poisson’s ratio (v = 0.26), relative permit-
tivity (g, = 11.9), and flexoelectric coefficient (y111 = 0.8928 nC/m; p111= —0.0927 nC/m; and
H14 =0.4953 nC/m). The p-type Si sample is a rectangular prism with dimensions of 15 mm
in length, 30 mm in width, and 500 um in height. The AFM probe used in the experiment is
a sphere-type probe with a tip radius of 74, = 25 nm. With the analytical solutions given in
the Supporting Information (D. Analytical solution using Hertz contact model [40,49,50]),
the strain gradient fields in the p-type Si sample under different tip forces can be numeri-
cally evaluated. Figure 5a shows the strain gradient fields of the p-type Si at the x;-x3 plane
under a tip force of 20 nN.

(a)

0 12x107 0 -58x10% 1.9x1072
£ el Bl
g s S vy £
(8] (8] (8]

100 p 10—5.4x1<r3 100 s 10—2.9x10*3
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Figure 5. Evaluation with an analytical solution at the x;-x3 plane in the p-type Si sample. (a) Strain
gradient fields under a tip force of 20 nN; (b) the flexo-tribo coupled voltages under different tip
forces of 20, 50, 100, 200, 300, and 400 nN. The tip probe is located at the reference coordinate system
in Figure 1.

The contact-force-induced flexoelectric polarization field and the triboelectrification
charges generated at the surface couple together and reach an electrical equilibrium state.
This results in an equilibrium distribution of the electrical potential, which can be evalu-
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ated with the analytical solution given in the Supporting Information (D2. Electric fields).
The surface charge density ocg for the p-type Si sample is evaluated with the formula
0cE = Cequ Vce/A in the case where no tip forces are present. Cequ denotes the equiva-
lent parallel-plate capacitance for the AFM experiment [51]; Vg represents the potential
change at zero contact force and is extrapolated from the experimental data. More details
are provided in the Supporting Information (E1. Experimental surface potential extraction
using the PSF method [51-54]). The value of o, is about 23.5 pC/m?. Figure 5b shows the
electrical potential difference relative to the tip probe under varying tip forces of 20, 50,
100, 200, 300, and 400 nN, demonstrating that the rise in the magnitude of the contact force
leads to an increase in the electrical field. The surface potential distributions of the sample
under different contact forces (20, 50, 100, 200, 300, and 400 nN) are shown in Figure 6a.
These results clearly illustrate that increasing contact force simultaneously amplifies the
amplitude of the surface-potential variation and enlarges the area over which this pertur-
bation occurs.

524 mV
® 150
100 F
s g
E 50 P =
S E S — Theory
< 7 .
0 I Experiment
- - M-FEM
=50
0 200 400 600
_97 1’1’1V ]_ (I]N)

Figure 6. Quantification of contributions of flexoelectricity under different contact forces on p-type
Si. (a) Theoretical surface potential distribution within the probe contact region. (b) Comparison
between experiment and calculated AV with theoretical model and M-FEM [51].

Comparison between theoretical predictions and experimental results is not feasible
because triboelectric characterization experiments using the SKPM mode are performed
over a scanned area, whereas theoretical models typically consider point-based interac-
tions. Thus, we analyze the results as follows. For experimental data, AV represents the
regional average, as discussed previously. For theoretical predictions, we apply the point-
spread function (PSF) sampling method [52], based on SKPM principles, to obtain the corre-
sponding potential value V. AV is then given by the difference between this value and that
of the unrubbed region. The results predicted by the mixed finite element (M-FEM) simula-
tion [55] are also plotted in Figure 6b. Additionally, the proposed theoretical model yields a
root mean square error (RMSE) of 11.23 mV and a coefficient of determination (R?) of 0.88
when compared with the experimental data. Overall, reasonable agreement is achieved
among theory, experiment, and simulation. Further details are available in the Supporting
Information: E1 (Experimental surface potential extraction using the PSF method) and E2
(Numerical implementation of the analytical solution and M-FEM simulation [56,57]).

4. Conclusions

In summary, this paper develops, from a continuum mechanics perspective, a theoret-
ical model that incorporates the contact-force-induced flexoelectric polarization field and
the triboelectrification charges resulting from the work-function difference. This model
can be used to quantitatively investigate the effect of contact force magnitude on the tribo-
electrification charge transfer. Meanwhile, experiments have been conducted on three rep-
resentative materials (p-type Si, SiO; and PEEK) to examine the influence of contact force.
The experimental results demonstrate that, despite differences in the magnitude and sign
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of the surface-potential change, all three representative materials follow a consistent trend
as the contact force increases. This indicates that flexoelectricity plays an important role
in contact-force-modulated triboelectrification. Moreover, by applying a bias voltage to
the probe, we observe a force-driven reversal of the potential change, suggesting that the
contact-force modulation of triboelectrification is at least partially mediated by flexoelec-
tricity. This mechanism is further corroborated by analytical derivation and quantitative
simulations using M-FEM.

In addition, the present work has several limitations, which can be summarized into
four aspects: physical mechanisms, theoretical accuracy, experimental conditions, and gen-
eral applicability. First, given the complexity of triboelectrification, the present work only
accounts for the flexoelectric contribution. The effects of other factors, such as effective
contact area influenced by surface flatness [27,58], transfer of materials, ions, or electron
transfer, and surface chemical potential, should also be discussed. Second, the origin of
the critical contact force threshold is not yet clear. It is probably a combined effect of strain
gradients, contact area evolution, and mechanical properties of the materials. Separating
out these factors, however, remains a task for future work. Third, the flexoelectric contribu-
tion from lateral forces in the experiments is not considered in the present theoretical anal-
ysis. Fourth, the current experiments were performed at a constant low scanning speed
of 12.5 um/s. The potential influence of scanning velocity on triboelectrification, though
important, has not been examined here and warrants further investigation. Finally, ex-
periments on a broader range of materials are necessary to further verify the accuracy of
the proposed continuum-based model. Overall, the main focus of the present work is not
to quantitatively predict the material-dependent initial contact-electrification charge Qcg
(or surface charge density ocg), but to reveal how the established contact-electrification
state is further modulated by contact-force-induced flexoelectricity. Accordingly, ocg is
treated as a given electrical boundary condition, and the present model emphasizes the
subsequent flexoelectric modulation of charge transfer under mechanical contact loading.
A quantitative prediction of Qcg or g from first principles, considering work-function
difference, conductivity, charge redistribution, surface states, and interfacial dipole for-
mation, remains beyond the scope of this study and will be an important direction for
future work.
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