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SI Methods 

 

Methods 1: Fabrication of contact-separation mode TEGs 

Al2O3, MgO, LaAlO3, SrTiO3, and TiO2 (Rutile) single crystal wafers (1 cm × 1 cm, 0.5 mm 

thick) were purchased from Madelab Co. (Table S1). Au film (~300 nm thick with Cr adhesion 

(10 nm)) was deposited by an evaporator on a quartz substrate to prepare electrodes. Au was 

used not only as a top electrode, but also as the counterpart triboelectric surface material. In 

addition to the single crystal wafer feature, all samples were treated and cleaned using a 

buffered oxide etchant (BOE) solution to minimize surface roughness. Al was deposited as the 

bottom electrode on the backside of Al2O3, MgO, LaAlO3, SrTiO3, and TiO2 wafers for the sole 

purpose of signal measurements (i.e., not related to triboelectric charging phenomena at the 

interface). Cu wires were attached to each electrode using conductive epoxy to connect the 

measuring equipment. The real TEG device used in experiment is shown in Figure S1. The 

TEG devices were made of each single-crystal oxide wafer and the counterpart Au film 

deposited on a supporting substrate with the size of 10 mm × 10 mm. The gap between the two 

triboelectric surfaces was set up as 5 mm because it was efficient for triboelectric signals as 

reported previously.1 

 

Methods 2: Triboelectric output measurement of TEGs 

All TEG devices were placed between the jig and the bottom floor plate in a pressing stage to 

measure triboelectric voltage and current output generated from contact electrification. The 

pressing state was constructed in a Faraday cage to eliminate other artifacts from the 

environment. The initial distance between the metal film surface (attached on the jig) and the 

dielectric wafer surface (attached on the bottom floor plate or heating plate) was fixed at 5 mm. 

The frequency of contact-separation motion was 1.4 Hz and the applied force was 50 N with a 

jig velocity of 0.1 m/s as the optimized operating conditions of the pressing machine. The area 
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of the TEG devices was 1 cm2, thus an input pressure is 0.5 MPa. The open-circuit voltage, 

short-circuit current, and charge density signals of the TEGs were measured with a Keithley 

6514 electrometer and data acquisition (DAQ) system with real-time recording.  

In addition to the Faraday cage, environmental conditions were also controlled by a thermo-

hygrostat and an air purifier. The room temperature (298 K) and relative humidity < 20% were 

maintained. For the temperature-dependent experiments, a heating plate was placed between 

the bottom floor plate and dielectric specimen, which could be heated to the desired temperature 

(up to 483 K).  All experiments were conducted under the ambient pressure with low humidity 

in a cleanroom. Although gas atmosphere or pressure level may affect the absolute amount of 

electron transfers, it is not associated with the relative tendency of triboelectric series.2-3 It 

should be noted that the electron transfer is important in the triboelectrification of dielectrics-

metal pairs. Hence, the ambient atmosphere and pressure does not affect the tendency of 

triboelectric series in the material system of five oxides and metal for our theoretical approaches. 

 

Methods 3: First-principles calculations 

All DFT calculations were performed with the Vienna Ab-Initio Simulation Package (VASP).4 

VASP calculations were performed using the projector-augmented plane-wave (PAW) method 

5-6 and the generalized gradient approximation (GGA) exchange-correlation potentials, 

parameterized by Perdew, Burke, and Ernzerhof (PBE).7 The energy cut-off was set as 520 eV, 

the Brillouin zone was sampled with a gamma-centered 3 × 3 × 1 mesh, and a 7 × 7 × 1 mesh 

was used for electronic structure calculations. Periodic boundary conditions were employed, 

and dipole corrections 8 were made to correct the effect of the electric dipole on the surface of 

the finite cell. Bader charges were evaluated to quantify charge transfer across the interface.9 
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SI Notes 

 

Note 1. Work function of Au 

The work function of metal is an important value to ascribe the electron behavior in metal. Au 

used in our experiment is sputtered, thus it does not have clear orientation. To examine the work 

function (WF) difference depending on crystal orientation, thus we have calculated Au work 

function here. WFs for three Au slabs are calculated, (1 0 0), (1 1 0) and (1 0 1�), and the 

values were found as 5.09, 5.18, and 5.01 eV, respectively. The work function difference for 

different orientations are found to deviate less than 2% of experimental value of 5.1 eV.10  

Hence, the significance of Au orientation on WF is neglected in the discussion.  

 

Note 2. Surface state of dielectrics 

In principle, the surfaces of dielectrics are presumed to be oxygen-terminated. For the (0 0 1) 

perovskite structures, transition metal oxide layer (LaO, SrO) terminated is considered.  At 

ambient condition, the surfaces of ceramics are occasionally hydroxylated because of the high 

surface free energy owing to the dangling bonds. Herein we have determined realistic surface 

of dielectrics according to the surface stability of hydrogen in literature, and calculated surface 

free energy if necessary. The stable surface state of α- Al2O3 has been reported to be 

hydroxylated with full coverage.11-12 In a supercell, the oxygen-terminated surface is 

hydroxlated with H atoms on top of the oxides, and hydrogen layer and first two layers α-Al2O3 

are relaxed. Hydroxylation on perovskite structures, LaAlO3 13 and SrTiO3 
14, are endothermic 

at all coverages thus the bare surface is stable. For MgO and TiO2, we have calculated the 

surface free energy (𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) at different H coverage, as shown in Figure S2a. 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 +

(𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,𝐻𝐻−𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑛𝑛𝜇𝜇𝐻𝐻)
2𝐴𝐴

       (S. 1) 

where the 𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = (𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐸𝐸𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏)
2𝐴𝐴

  is the surface energy, and 𝐸𝐸𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏, 𝐸𝐸𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏 and  𝐸𝐸𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏,𝐻𝐻 are 

system energies of bulk, slab, and slab with surface hydroxylation, respectively. The value of 
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3.39 eV is used for 𝜇𝜇H at ambient condition, which agrees with Silveri et al.15 As it can be seen, 

the bare surface is found most stable surface configuration for both MgO and TiO2.  

As elaborated, only Al2O3 in this study is hydrogen (H)-passivated. The surface H can 

facilitate additional charge transfer, namely by ion (material) transfer. The H atoms can unbind 

from surface of Al2O3 and transferred to metal surface, accompanying charge with them. To 

assess how easily H atoms unbinds, the binding energy of single H from Al2O3 surface with 

different initial H coverage is calculated and Shown in Figure S2b. For high coverage, greater 

than 93%, the unbinding of H is exothermic, but becomes endothermic reaction below that 

coverage. Although the quantitative contribution of charge transfer is minute due to the low 

concentration of unbind H atoms, the charge transfer can be indeed facilitated ionic transfer.  

Such subsidiary mechanism may have attributed to the discrepancy observed between Wcalc and 

Wexp observed in Figure 3c.      

 

Note 3. Atomic structure and interface  

The epitaxial match between Au and dielectric systems were optimized. The epitaxy is chosen 

to balance the size of computational cell and the lattice mismatch. The selected crystal group 

and orientations are used in the experiments in parallel. For the chosen orientations, the surface 

states of dielectrics were either hydroxylated or clean as shown in Table S1, depending on the 

surface phase diagram of each system. Each dielectric slabs are then relaxed at fixed volume 

where every atom was converged within 0.05 eV Å−1. The interface with Au is then generated 

using a total of 6 layers Au. The number of layers for dielectrics are determined differently for 

different system. The number of layers was set to avoid undesired out-of-plane polarization 

effect; thus the dielectric slabs were symmetry along the center plane that is perpendicular to 

the surface. The total cell size perpendicular to the surface is set as 50 Å, to ensure a sufficient 

vacuum thickness even when two materials are taken apart (i.e. vacuum thickness > 15 Å, for 
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all cases). The distance between the Au and dielectric surfaces changed ranging from 1.5 to 8 

Å. 

 

Note 4. Equilibrium separation distance and system energy 

The system of two materials apart with separation distance, d, will experience attraction and 

repulsion which are caused by atomic interaction and surficial energy. The energy of such 

system does reduce while two materials getting closer (reducing surface energy), reaches 

equilibrium at some distance, and increases when they are even closer due to the atomic 

repulsion. According to the relationship between force and potential, the equilibrium separation 

distance, 𝑑𝑑𝑒𝑒𝑒𝑒 is defined as �𝑑𝑑𝐸𝐸
𝑑𝑑𝑑𝑑
�
𝑑𝑑=𝑑𝑑𝑒𝑒𝑒𝑒

= 0. The energies of Au-dielectric systems are shown in 

Figure S3. The total system energy reaches a minimum value when 𝑑𝑑𝑒𝑒𝑒𝑒=2.0 – 2.5 Å. The 

systems have no interactions at 𝑑𝑑𝑒𝑒𝑒𝑒 ≥ 7 Å, as there energy is equivalent to the energy of 

infinitely separated system energy with differences less than 0.1 %. 

Here we demonstrate the distance between two materials cannot be closer than the 

equilibrium distance. For 𝑑𝑑 >  𝑑𝑑𝑒𝑒𝑒𝑒 , the system is in the attraction regime thus there is no 

significant force exerted.  For 𝑑𝑑 <  𝑑𝑑𝑒𝑒𝑒𝑒, the system is in the compulsion regime and the energy 

is required for two system to become closer. Assume that the two materials are separated by 

0.1 Å closer than 𝑑𝑑𝑒𝑒𝑒𝑒, one can compare the experimentally exerted work and the theoretical 

required energy from 𝑑𝑑 = 𝑑𝑑𝑒𝑒𝑒𝑒  to 𝑑𝑑 = 𝑑𝑑𝑒𝑒𝑒𝑒 − 0.01 Å . The work done to the system of unit 

surface area (50 × 50 mm2) can be calculated by the relation of  𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐹𝐹∆𝑑𝑑𝑑𝑑, where the 𝐹𝐹 is 

the applied compressive force exerted which was set as 50 N and the ∆𝑑𝑑𝑑𝑑is the trajectory length 

of the force exerted. Then 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  is 50 N  ×   0.01 Å = 2.5 × 10−9 J . For the TiO2 system 

which has lowest ∂E
∂𝑑𝑑

 at 𝑑𝑑𝑒𝑒𝑒𝑒=2.5 Å, the change in system energy for 50 × 50 mm2 is calculated 

as 9.2 × 10−6 J (+ 0.1 eV for 43.4 Å2). The exerted work done to the system is 3 orders of 
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magnitude lower than the energy required to put two materials 0.01 Å  closer from the 

equilibrium distance. Thus, under current experimental setup, the distance between two 

materials is presumed to be no smaller than the equilibrium distance.   

 

Note 5. Viability of TE electron transfer mechanisms 

(Ⅰ) Spatial charge redistribution model: Electron redistribution on the surface of contact 

materials can trigger the transfer of electrons across the interface.16 When the surfaces of two 

materials approach one another, the electrons from each material begin to interact. Electron 

orbitals can spatially overlap, resulting in electron redistribution on the surfaces until a new 

thermodynamic equilibrium is reached.16-18 The tailing wave function of metal surfaces either 

reflects or penetrates to reach this new equilibrium, termed the “compression effect”.18-19 When 

the materials are then separated, which is regarded as a non-equilibrium process at a given 

retrieval scale in experiments, the electrons are bound to the counter material, and are 

consequently transported. 

 Figure S4a is a schematic illustration showing the interface charge density with varying 

separation distance (𝑑𝑑) in order to simulate the simple charge redistribution model (Ⅰ). The 

amount of charge transfer is expected to decrease as 𝑑𝑑  increases because the electrostatic 

interaction between the two materials decreases and eventually becomes zero. The calculated 

interface charge densities (𝜎𝜎𝑖𝑖𝑛𝑛𝑖𝑖𝑠𝑠) for different dielectrics are shown in Figure S4b. Bader charge 

analysis was employed to assess how the electrons are partitioned, and the 𝜎𝜎𝑖𝑖𝑛𝑛𝑖𝑖𝑠𝑠 was evaluated 

by summing up excess/depleted electrons on each side of the material. The dielectrics and Au 

are positively and negatively charged, respectively, with the same magnitude of charge. Since 

the interface charge density relies on the distance between the two materials, the atomic-scale 

distance upon mechanical contact should first be considered for the TE process under general 

contact-separation conditions. Comparing the energy from a mechanical compressive force and 

that of the Coulombic energy (SI Note 4), the distance at the mechanical contact between both 
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materials cannot be closer than the equilibrium distance (𝑑𝑑𝑒𝑒𝑒𝑒) because of the immense repulsive 

force between atoms. Hence, it is reasonable to assume that the distance between the Au film 

and the dielectric material becomes 𝑑𝑑𝑒𝑒𝑒𝑒  upon full contact. Our analysis was based on the 

equilibrium state of the contact between the Au film and dielectric material at the interface 

separated by 𝑑𝑑𝑒𝑒𝑒𝑒, which ranged from 2.0 to 2.5 Å (Figure S3). At the 𝑑𝑑𝑒𝑒𝑒𝑒, the 𝜎𝜎𝑖𝑖𝑛𝑛𝑖𝑖𝑠𝑠 values are 

found on the order of 10-1 to 100 C/m2 (Figure S4b), with Al2O3 > TiO2 > MgO > LaAlO3 > 

SrTiO3. It should be noted that the tendency of the theoretical computation disagrees with the 

experimentally observed trend. More importantly, the calculated charge density on the surfaces 

does not correspond to the scale of the experimentally measured charge density (the shaded 

region in Figure S4b); the calculated interface charge densities are 4-5 orders of magnitude 

higher than the experimental ones, which infers that the simple interface charge redistribution 

model does not solely account for the measured outputs.  

(Ⅱ) Surface state model: In the charge transfer process of dielectrics, free electrons are directly 

transferred from the valence band to metals by overcoming the bandgap. Nonetheless, extrinsic 

surface states can be created from interactions between the dielectric and the extrinsic source 

(i.e., metal counterpart).20-21 Substantial density of states (DOS) at the surface may be present 

at the contact, as valence electrons can have a large influence from external sources such as 

chemical bonds.21 Surface states have been demonstrated in photoemission studies, whereby a 

change in photon energies of chlorides22 and polymers23 was observed after contact. It is 

deduced that the surface states resulted from non-equilibrium dynamics can provide the driving 

force and determines the polarity in triboelectric initiation.24 

As illustrated in Figure S4c, the surface state can be tribologically generated between the 

conduction and valence bands by mechanical contact, which enables electron transfer. 

Comparison of the DOS before and after contact was computed to examine the surface state in 

TE. In Figure S4d, the atom-decomposed partial DOS for two layers of the Al2O3-Au interface 

was used as a representative example because the Al2O3-Au pair showed the highest 



     

9 

triboelectric output in the aforementioned experiment. It should be noted that there is no 

distinctive Al2O3 surface state at the interface (Figure S4d, right) compared to the surface before 

contact (Figure S4d, left), regardless of minute changes. Similarly, the absence of surface states 

was confirmed for other material systems (Figure S5). Even though discrete surface states might 

exist under equilibrium25 and non-equilibrium (e.g., strain24 and flexoelectricity26) conditions, 

and when asymmetry occurs (e.g., surface roughness27, defects28, and bond polarity29) as a 

subsidiary mechanism, the basic absence of surface states at equilibrium excludes the surface 

state model (II) as a dominant electron transfer mechanism in TE. 

(Ⅲ) Effective work function change model: A typical approach to establish a driving force 

for electron transfer in metal-dielectric TE is facilitating band alignment at the heterojunction. 

At the hetero-interface, the Fermi levels of the metal and dielectric are aligned, and bending of 

the electronic bands is driven by an imbalance in charge neutrality or interface dipoles.30-31 The 

work function adjacent to the interface (i.e., the effective work function) changes from the local 

vacuum level. In the theoretical computational study, it was stressed that both the charge 

transfer at the interface and the compressive electrostatic effect led to a change in the metal 

work function at the metal-dielectric interface,19 and was experimentally shown that the change 

in the effective work function of various dielectric–metal systems depends significantly on the 

dielectric material.32 Additionally, the effective work function can be modified by a shift in the 

relative band levels by intra-surface chemical bonding, 33 or by the bonding state of the surface 

atoms.34 

A schematic illustration of the effective work function change model (Ⅲ) is depicted in 

Figure S4e. Mechanical contact can induce Fermi level alignment, which then leads to 

immediate polarization of a few unit cells at the interface, resulting in variations of the local 

vacuum level across the interface. The effective work function (𝜙𝜙𝑒𝑒𝑠𝑠𝑠𝑠
𝑖𝑖𝑛𝑛𝑖𝑖𝑠𝑠 ), which is the work 

required to liberate an electron from the surface of dielectrics (with positive triboelectric 

charge), is then regarded as the difference between the local vacuum level of the metal and the 
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interface Fermi level, 𝜙𝜙𝑒𝑒𝑠𝑠𝑠𝑠
𝑖𝑖𝑛𝑛𝑖𝑖𝑠𝑠 = 𝐸𝐸𝑣𝑣𝑠𝑠𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐𝑒𝑒𝑖𝑖𝑠𝑠𝑏𝑏 − 𝐸𝐸𝐹𝐹

𝑖𝑖𝑛𝑛𝑖𝑖𝑠𝑠 . The effective work function for the metal-

dielectric contact at the equilibrium distance was calculated and is summarized in Figure S4f 

(energy band diagram before and after contacts are shown in Figure S6). The effective work 

function ranged from 2.85 to 6.03 eV, with the highest value obtained for the Au-LaAlO3 pair. 

As calculated by first-principles, the relative order based on the work function change model 

does not coincide with the experimental results. 

 

Note 6. Numerical analysis of quantum tunneling 

The eigenvalues of wave function are numerically solved with time-independent Schrodinger 

equation. The eigenenergies are solved for the quasi bound states with open boundary 

conditions for outgoing waves at both ends of the modeling domain. The domains were set in 

1D, 10 Å on each side of metal and dielectric, and the thickness of barrier is set as 2.5 Å, which 

was the median of the equilibrium distance found for five investigated system. The barriers are 

designed as finite-square-well, where the height of barriers are taken from DFT calculations. 

The stationary Schrodinger equation is    

ℏ2 ∇ ∙ � ∇𝜓𝜓(𝑥𝑥)
2𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒(𝑥𝑥)� + 𝑉𝑉(𝑥𝑥)𝜓𝜓(𝑥𝑥) = 𝐸𝐸 𝜓𝜓(𝑥𝑥)      (S. 2) 

where meff is the effective mass, E is the total energy, ℏ is a plank constant and the 𝑉𝑉(𝑥𝑥) is the 

potential energy which is set as following: 

𝑉𝑉(𝑥𝑥) = 0 (𝑥𝑥 < 0  or 𝑥𝑥 > 2.5)                (S. 3a) 

 𝑉𝑉(𝑥𝑥) = 𝑊𝑊 (0 ≤ 𝑥𝑥 ≤ 2.5 )                    (S. 3b) 

The 𝑚𝑚𝑒𝑒𝑠𝑠𝑠𝑠 of metal and dielectric domains are set as 1.1 𝑚𝑚e and 9.0 𝑚𝑚e respectively, where  𝑚𝑚e 

is the mass of an electron 9.1 × 10−31 kg. The probability density, |𝜓𝜓(𝑥𝑥)|2, for each wave 

functions are computed, and an example of ~1.1 eV is shown in Figure S9a, whereby an electron 

from the metal tunnels through the barrier into the dielectric material (the backflow). The 

probability density (𝜌𝜌) decreases as it passes through the potential barrier. Then the tunneling 
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probability is calculated as the ratio of integrated probability on dielectric bound to integrated 

probability on metal bound. 

∫ |𝜓𝜓(𝑥𝑥)|20
−∞ 𝑑𝑑𝑥𝑥

∫ |𝜓𝜓(𝑥𝑥)|2∞
2.5 𝑑𝑑𝑥𝑥

                 (S. 4) 

The tunneling probability as a function of the electron energies are evaluated for five systems 

and fitted to a simple exponential function (𝑎𝑎 ∙ exp(𝑥𝑥 − 𝑏𝑏)), as shown in Figure S9b. The 

decency of fit indicates that the tunneling effect is a barrier-dependent exponential function, 

which explains the non-linear and positive relationship between the potential barrier and the 

triboelectric voltage/current output, further supporting the validity of the backflow-stuck charge 

model. The consequential tunneling probability (the ratio of the total probability on the 

dielectric to that on the metal) ranges from 0.2 to 10%, indicating a clear exponential functional. 

It should be mentioned that with more realistic barrier shape of Gaussian-like, the tunneling 

probability still followed exponential relation. 

 As above, we have demonstrated the non-linear correspondence of interface barrier and 

TE outputs. Additionally, the tunneling probability with respect to separation distance (d) is 

examined whether the exponential relation of TE outputs holds at every separation distance. 

The tunneling probability w.r.t. barrier thickness (i.e. separation distance), d, can be 

approximated in terms of electron energy (E) and the interface barrier (W):  

𝑃𝑃 = 16E(𝑊𝑊−E)
𝑊𝑊2 e−2𝑏𝑏𝑑𝑑         (S. 5) 

where 𝑘𝑘 is the wave number which is calculated as 𝑘𝑘 = 2π
ℎ �2𝑚𝑚𝑒𝑒(𝑊𝑊− 𝐸𝐸).  As shown in Figure 

S10, regardless of the separation distance, the tunneling probabilty for electrons do follow 

exponential relation with the interface barrier.   
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SI Tables 

 

Table S1. Information of single-crystalline inorganic dielectric wafers used in the study. Crystal 

structure, crystal orientation of dielectrics and Au-pairs are listed. The surface states of 

dielectrics are ascribed in Supporting Information.  

Dielectric Crystal Ori.(di) Ori.(Au) Surfacea) Termination a) 

Al2O3 R3c (sapphire) 0001 10-1 H - 

MgO Fm3m (rocksalt)  110 110 - - 

LaAlO3 Pm3m (perovskite) 100 110 - La-terminated 

STO Pm3m (perovskite) 100 110 - Sr-terminated 

TiO2 P42/mnm (Tetragonal, Rutile) 001 110 - - 
a)only considered for calculations  
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SI Figures 

 

 
 

Figure S1. Photographs of a TEG device used in the experiment. The TEG consists of each 

single-crystal wafer and the counterpart Au metal film deposited on a carrier quartz substrate. 

The area is 10 mm × 10 mm. The two counterpart surfaces were linked by the fixture of elastic 

Kapton sheets. The gap between the surfaces controlled 5 mm, which can be set up in the 

pressing machine stage. 
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Figure S2.  (a) The correlation between hydrogen coverage and surface free energy of the MgO 

and TiO2 dielectric surfaces. (b) Hydrogen desorption energies on Al2O3 surface at varying 

surface coverage. 

  



     

15 

 

 
 

Figure S3. The DFT calculation results for the total energies of Au-dielectric systems as a 

function of separation distance. The energies are normalized with respect to the system energy 

with no interaction (i.e. infinitely apart).  
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Figure S4. (a) Simulation schemes of the simple charge redistribution model by electron 

transfer at interfacial contacts between the dielectric material and metal at a separation distance, 

d.  (b) Charge density on each dielectric slab obtained from first-principles calculations. The 

dashed lines are an exponential fitting of the simulated data. The shaded region indicates the 

magnitude of the experimentally obtained charge density. (c) Schematic of the surface bandgap 

state model showing the tribologically created surface electronic state on a given dielectric 

surface. (d) Element-decomposed DOS of the first two layers of the surface, where E = 0 eV is 

the valence band maximum. (e) Schematic of energy band diagrams for the metal and dielectric 

materials before (left) and after (right) contacts, illustrating the work function change model. 

(f) Triboelectric-induced effective work functions simulated by first-principles calculations in 

Au-dielectric systems at the equilibrium distance. 
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Figure S5. Density of state (DOS) calculated for Au-dielectric systems. (a-d) Element-

decomposed DOS of surface atoms of dielectric slabs before (left panel) and after contact (right 

panel) with Au are shown for (a) MgO, (b) LaAlO3, (c) SrTiO3, and (d) TiO2.   
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Figure S6. (a-e) The energy band diagram before contact (left, separated) and after contact 

(right, equilibrium) for each Au-dielectric systems: (a) Au-Al2O3, (b) Au-MgO, (c) Au-LaAlO3, 

(d) Au-SrTiO3, and (e) Au-TiO2. For the energy level, EF,vac,VB,CB
𝑐𝑐,𝑐𝑐𝑥𝑥 , superscript m and ox denotes 

metal and oxide (dielectric), respectively. The subscript F, vac, VB, and CB refers to Fermi 

energy, vacuum energy, valence band maximum, and conduction band minimum, respectively. 

The barrier, W, calculated from planar averaged electrostatic potential is also plotted for the 

comparison.  
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 Figure S7. The planar averaged electrostatic potentials of Au-dielectric systems. (a) The 

scheme showing the top- and side-view of the TiO2-Au interface as an example. (b-f) The z-

axis planar average electrostatic potential for Au-dielectrics, where deq is the equilibrium 

distance, EF is the fermi energy, and W is the electrostatic barrier between Au and dielectric.  
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Figure S8. (a-e) Electric charge values measured at different temperatures of 298K, 323K, 

363K, 403K, 443K and 483K with Au-dielectrics: (a) Al2O3, (b) MgO, (c) LaAlO3, (d) SrTiO3, 

(e) TiO2. As the experimental temperature increases, the charge decay occurs in all materials. 

 



     

21 

 
 

Figure S9. (a) Probability density of wave functions with kinetic energy of ~1.1 eV for contact 

of each metal-dielectric system, with the electron potential energy also shown and square-

potential barriers with heights from DFT calculations located between the metal and the 

dielectric. (b) Tunneling probability as a function of kinetic energy of electrons. Dashed curves 

are the exponential fitting to the data for each Au-dielectric system. 
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Figure S10. (a-d) The barrier-dependent tunneling probability of electrons with kinetic energy 

of approximately (a) 0.01, (b) 0.50, (c) 1.02, and (d) 1.44 eV.  
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