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Abstract  22 

Provided that electron transition ascribed to overlapping electron dominates the 23 

mechanism of contact electrification of triboelectric nanogenerators (TENGs), the 24 

electron transfer process occurs due to the built-up electric field between the 25 

triboelectrification surface and bottom electrode. In this work, we embed a solution-26 

processed high-permittivity electron blocking layer (HPEBL) of LaZrO into the 27 

classical contact-separation mode TENG to build an energy barrier (ΔE > 1.3 eV) 28 

between ITO and PDMS, which could effectively block the transportation of electrons 29 

towards the bottom electrode. The surface potential decline rate of PDMS is obviously 30 

suppressed, extending the half-charge decay time by ~3.1 times. A La0.1Zr0.9Ox HPEBL 31 

based TENG (H-TENG) demonstrates the electrical outputs with 215 V, 96.3 mA m-2 32 

and 243.3 μC m-2. Under the external load of 100 MΩ, the average 33 

gravimetric/volumetric power density and energy conversion efficiency can be 34 

calculated to be 59.34 μW g-1, 152.5 μW cm-3 and 39.2%, respectively. Furthermore, 35 

the dielectric behaviors of LaZrO thin films are investigated by metal-insulator-metal 36 

(MIM) devices. The Poole-Frenkel (PF) emission is found to dominate the leakage 37 

mechanism of LaZrO during operation. Consequently, increasing the relative 38 

permittivity and reducing the trap density could be indicated as the optimization 39 

orientation of HPEBL. 40 

 41 
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1. Introduction 47 

Originated from the second term of Maxwell’s displacement current, the 48 

triboelectric nanogenerator (TENG) congregates various mechanical energy generated 49 

by the natural environment, human movement and muscle contraction, vibration energy 50 

caused by sound waves and physical equipment, fluid energy resulting from microfluid 51 

and human blood, etc [1-4]. Through advances in material selection and technology 52 

innovations, effective conversion of the above powers into electrical energy and 53 

implementation in self-powered sensing have been realized, including crucial 54 

applications within a wide range of industrial production, military, human-machine 55 

interaction (HMI), wireless communication and internet of healthcare things (IoHT) 56 

[5,6]. Since the surface charge density of TENG is positively correlated with the 57 

average output power and energy conversion efficiency, it plays a crucial role in 58 

determining the performance of TENG [7].  59 

Plenty of methods have been utilized to improve the surface charge density, for 60 

instance, increasing the effective contact area, physical or chemical modification, 61 

artificial ion injection, and integrated charge excitation system [8,9]. However, 62 

according to Paschen’s law, ultrahigh voltage potential difference will break down the 63 

air and result in the surface charges diffusing into the ambient [10]. Moreover, electrons 64 

migrating in the interface could recombine with positive charges on the bottom 65 

electrode, which inflict loss of surface charges [11,12]. Thus the boosted surface charge 66 

could hardly retain for a long time [13,14]. Therefore, achieving the stable, high-67 

performance TENG and extending the storage time of surface charges has attracted 68 

broad attention [15].  69 

Introducing various functional layers into the TENG structure provides a practical 70 

strategy to further enhance the surface charge density and prolong the surface charge 71 
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decay time of TENG [16,17]. Zhou et al. added the liquid lubricant of squalane between 72 

two triboelectric layers to hinder electrostatic breakdown and diminish the loss of static 73 

surface charges by increasing the breakdown field strength requirement [18]. Internal 74 

polarization and enhanced charge induction for a stable high output TENG were 75 

achieved by the high permittivity CaCu3Ti4O12 particle-based composite intermediate 76 

layer [19]. Furthermore, an rGO-AgNPs hybrid membrane acting as the charge-77 

trapping-blocking sites considerably enhanced the output power than pristine TENG 78 

[20]. Nevertheless, investigation on the dynamic surface charge decay process, the 79 

primitive theory model of the intermediate functional layer, and the working 80 

mechanism of charge generation, accumulation, induction, and transportation by the 81 

interfacial electric field require systematic and in-depth discussion. 82 

Incorporating high-k dielectrics as a high-permittivity electron blocking layer 83 

(HPEBL) has attracted much attention to effectively block the induced electron from 84 

recombination and diffusion in TENG [21]. To effectively block interfacial electron 85 

diffusion to the bottom electrode of TENG, an applicable HPEBL should have 86 

properties of high relative permittivity, low defect density, large bandgap width, large 87 

conduction band offset, and strong moisture resistance. ZrO2 and La2O3 have been 88 

regarded as potential candidates due to their high dielectric constants (ZrO2~22, 89 

La2O3~27), large bandgap and good thermodynamic stability [22-25]. Nevertheless, 90 

ZrO2 crystallizes at relatively low annealing temperatures (∼500°C) and La2O3 suffers 91 

from water and carbonate absorption, both of which result in increased leakage currents 92 

and poor device properties [26-28]. By combining the Zr and La components into 93 

ternary lanthanum zirconium oxides (LaZrO), it may be possible to take advantage of 94 

the inherent properties of Zr and La while suppressing crystallization and eliminating 95 

carbonate and water absorption [29-31]. Compared to Zr, La is an ideal dopant due to 96 
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its lower standard electrode potential (SEP) (Zr=-1.45 V, La=-2.37 V), lower 97 

electronegativity (Zr=1.3, La=1.1), higher bond dissociation energy (Zr =766 kJ mol−1, 98 

La=798 kJ mol−1 ) with O, and La can effectively combine with O and reduce the 99 

oxygen vacancy (Vo) density among ZrO2 thin films [32-34]. Consequently, 100 

modification of Zr-based oxide dielectric via a small amount of La has been proven to 101 

increase permittivity, reduce the defect states, and suppress oxygen vacancies [35]. 102 

Furthermore, the solution-processed preparation method is compatible with TENG, and 103 

the defects density (oxygen vacancies, hydroxyl groups, and dangling bonds) could be 104 

controlled by the post-treatment condition. Doping La2O3 into ZrO2 could eliminate the 105 

water adsorption and improve the stability of HPEBL. 106 

In this work, we proposed a solution-processed HPEBL based TENG (H-TENG). 107 

The outputs of La0.1Zr0.9Ox H-TENG were remarkably boosted, exhibiting high output 108 

voltage, current density, transferred charge density and maximum energy per cycle with 109 

215 V, 96.3 mA m-2, 243.3 μC m-2 and 12.2 μJ, respectively. Moreover, the working 110 

mechanism revealing the electron blocking process of the LaZrO intermediate layer 111 

was illustrated explicitly by the band energy diagram theory and the Kelvin Probe Force 112 

Microscopy (KPFM) results. It was detected by an AFM tip and illustrated the surface 113 

charge decay time for half potential prolongs by ~3.1 times. Furthermore, the dielectric 114 

properties and leakage behavior of LaZrO dielectrics with different La concentrations 115 

(ZrOx, La0.1Zr0.9Ox, and La0.2Zr0.8Ox) were in-depth investigated by fabricating metal-116 

insulator-metal (MIM) devices, demonstrating that a low level of leakage oxygen 117 

vacancies of La0.1Zr0.9Ox could decrease leakage path generation, and thus guaranteed 118 

the high-performance TENG. The energy barrier and high relative permittivity were 119 

put forward as two essential prerequisites for the HPEBL material. Exhaustive 120 

exploration into the electron blocking ability of the H-TENG via charge decay curves 121 
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observed from KPFM results and interfacial leakage current, provides the concrete 122 

theoretical foundation for stable and high-output TENG, validating scientific 123 

significance and broad application prospects in the field of micro energy harvesting, 124 

Internet of Things (IoT) technology, etc. 125 

2. Material and methods 126 

2.1. Materials  127 

Zirconium oxynitrate hydrate (ZrO(NO3)2·xH2O, 99.5%, Aladdin), lanthanum 128 

nitrate hexahydrate (LaN3O9·6H2O, 99.9%, Aladdin), PDMS purchased from Acros 129 

consisting of elastomer base and curing set (10:1, weight ration), and glass flakes coated 130 

with Indium-Tin-Oxide (ITO) film (70 nm).  131 

2.2. Synthesis of the HPEBL film 132 

Different HPEBL films (ZrOx, La0.1Zr0.9Ox, and La0.2Zr0.8Ox) were prepared based 133 

on solution-processed spin coating method and low-temperature annealing technology. 134 

Firstly, the ITO-coated conductive glass was ultrasonically cleaned with acetone, 135 

ethanol, and deionized water for 15 minutes, dried with a nitrogen gun, and placed in 136 

the vacuum chamber with oxygen plasma for 30 minutes hydrophilic treatment. 137 

Secondly, weigh zirconium oxynitrate hydrate of 2.312 g, 2.08 g, 1.848 g, and 138 

lanthanum nitrate hexahydrate of 0 g, 0.432 g, 0.864 g, respectively. Thirdly, add 139 

zirconium oxynitrate hydrate powder into 5 mL deionized water, stir at 70℃ for 30 140 

minutes, and then add corresponding lanthanum nitrate hexahydrate, stir for 12 hours 141 

to obtain a clear and transparent precursor solution of 2 mol/L (La: Zr=0:10, 1:9 and 142 

2:8). Fourthly, install a 0.22 μm filter on the syringe port, take 0.5 mL of the precursor 143 

solution and drop it on the ITO surface. Finally, spin-coating at 4000 rpm for 30 s, pre-144 
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anneal for 15 minutes at a temperature of 125oC, then increase the temperature by 25oC 145 

every 1 minute until 350oC and anneal at 350oC for 60 min to obtain the HPEBL layers. 146 

2.3. Fabrication of H-TENG  147 

A piece of aluminum foil was stuck on the acrylic substrate, performing as the top 148 

electrode and the triboelectric layer 1. The elastomer base and curing of PDMS were 149 

mixed in a Petri dish. 0.8 mL PDMS mixture was dropped on the HPEBL film, spin-150 

coated at 6000 rpm for 30 s, and then vacuum dried at 120oC for 4 h to obtain the 151 

triboelectric layer 2. Figure S1 illustrates the whole fabrication process of the LaZrO 152 

H-TENG. 153 

2.4. Characterizations  154 

A scanning electron microscope (SEM, Carl Zeiss Supra 55) was used to 155 

investigate the morphology and thickness of the LaZrO films. The X-ray diffraction 156 

patterns of LaZrO layers were measured by the X-ray diffractometer (Empyrean). The 157 

transmittance of PDMS and LaZrO coatings was observed by ultraviolet-visible 158 

spectrophotometry (UV-Vis, SHIMADZU UV-2550). The ultraviolet photoemission 159 

spectroscopy (UPS) measurement of the PDMS and LaZrO thin films was characterized 160 

by an ultraviolet photoemission spectrometer (Kratos AXIS SUPRA). The X-ray 161 

photoelectron spectroscopy (XPS) of the LaZrO thin films was measured by an X-ray 162 

photoelectron spectroscopy (ULTRA DLD). The atomic force microscope conducted 163 

the CPD analysis with scanning Kevin probe (AFM-SKP, Cypher S). For the electrical 164 

output measurement of the H-TENG, an external tapping force was applied by a 165 

commercial linear mechanical motor (Winnemotor, WMUC512075-06-X) and a 166 

programmable electrometer (Keithley model 6514) was used to test the electrical output 167 

signal. During the test, the maximum distance between two triboelectric layers was 0.4 168 
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mm, and the frequency of contact-separate was set at 2.0 Hz, and the contact area 169 

remained 2 × 2 cm2. 170 

3. Results and discussion 171 

3.1. Interfacial design and electrical output of the H-TENG 172 

The H-TENG comprises four layers, namely top electrode, triboelectric layer, 173 

interfacial HPEBL, and bottom electrode. As shown in Fig. 1a and Fig. S1, the solution-174 

processed LaZrO film performs as the HPEBL, which is embedded between the 175 

triboelectric layer of Polydimethylsiloxane (PDMS) and the bottom ITO electrode. In 176 

addition, Al operates as the top electrode and the other triboelectric layer. Fig. 1b 177 

illustrates the cross-sectional view scanning electron microscope (SEM) images of the 178 

La0.1Zr0.9Ox HPEBL inserted between PDMS and a highly doped silicon wafer. By 179 

increasing the La doping content, different thicknesses of ZrOx, La0.1Zr0.9Ox, and 180 

La0.2Zr0.8Ox films are depicted with 35 nm, 55 nm and 60 nm.  181 

The transmission spectra in the visible region of 300-700 nm and evaluation of the 182 

(ahv)2 versus hv curves indicated the bandgaps of 4.21 eV, 3.95 eV, 3.98 eV, and 4 eV 183 

for pure PDMS, ZrOx, La0.1Zr0.9Ox, and La0.2Zr0.8Ox, respectively (Fig. S2). Combined 184 

with the Ultraviolet Photoelectron Spectrometer (UPS) pattern results shown in Fig. S3 185 

and the energy band calculation formula established in Supplementary Note S1, it 186 

demonstrated that the valence band (VB)/conduction band (CB) levels for pure PDMS, 187 

ZrOx, La0.1Zr0.9Ox, and La0.2Zr0.8Ox are -8.26/-4.05 eV, -6.89/-2.94 eV, -6.7/-2.72 eV, 188 

and -6.69/-2.69 eV. Hence, an energy barrier was built between the ITO and PDMS by 189 

introducing the LaZrO HPEBL, which could effectively block the transportation of 190 

electrons toward the bottom electrode, as shown in the energy level diagram (Fig. 1c). 191 

Considering the relatively large film thickness of PDMS, part of electrons could be 192 
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trapped by the defects in PDMS during the transportation. Additionally, the feature of 193 

high permittivity stimulates a higher output power. From previous work, when 194 

subjected to an external electric field, the positive and negative charges within the 195 

molecule tend to separate toward opposite directions, resulting in electric polarization, 196 

which can be expressed as [19]: 197 

𝑃#⃑ = 𝜀!(𝜀" − 1)𝐸#⃑   (1) 198 

where 𝜀!  is the vacuum permittivity (8.85× 10#$%	𝐹	𝑚#$), 𝜀"  is the relative 199 

permittivity, and	𝐸#⃑  is the electric field strength. It can be inferred from the formula that 200 

the electric polarization enhances in the case of high permittivity material performing 201 

as the electron blocking layer. The strong electric polarization should boost charge 202 

induction on the bottom electrode. Therefore, in addition to reducing surface charges 203 

decay, HPEBL can also noticeably increase the surface charge density. Considering 204 

that the leakage current generated on the interface of the dielectric layer could weaken 205 

its feasibility to block electrons, both the corresponding calculated relative permittivity 206 

(𝜀") values and the leakage current density (Jleak) at 1.5 MV/cm as a function of LaZrO 207 

MIM capacitors at various La doping concentrations were summarized in Fig. 1d 208 

(Supplementary Note S2) [36]. The calculated 𝜀" values for ZrOx, La0.1Zr0.9Ox, and 209 

La0.2Zr0.8Ox HPEBL are 19.3, 22 and 22.6, respectively. The increased relative 210 

permittivity could be ascribed to the higher 𝜀" value of La2O3 (~ 27) than ZrO2 (~ 22). 211 

Furthermore, appropriate La incorporation (10%) effectively suppressed the leakage 212 

current. Fig. 1e demonstrates the electrical output performance of different TENGs. For 213 

the conventional TENG without the HPEBL, the open-circuit voltage (Voc), short-circuit 214 

current (Isc), and transferred charge density (σtr) are 91 V, 13.7 μA, and 92.1 μC/m2, 215 

respectively. When embedding the LaZrO intermediate layer, with the La content 216 

increasing from 0 to 20%, the highest output is achieved by La0.1Zr0.9Ox with Voc, Isc, and 217 



 

 10 / 35 

Qsc of 215 V, 38.5 A μA and 243.3 μC m-2, respectively. A comparison to recent 218 

progresses in intermediate-layer based TENGs has been described in Fig. S4. We can 219 

conclude that the La0.1Zr0.9Ox H-TENG in this work exhibits both the highest relative 220 

permittivity and transferred charge density. Fig. S5 demonstrates the output 221 

characteristic curves of different TENGs without LaZrO, with ZrOx, La0.1Zr0.9Ox, and 222 

La0.2Zr0.8Ox. Consequently, different from normal TENG, the embedded HPEBL could 223 

enhance polarization and induce more positive charges on the bottom electrode, due to 224 

the high permittivity of LaZrO. Furthermore, the energy barrier built between 225 

triboelectric layer and bottom electrode layer effectively blocks electron transportation 226 

to the electrode, which reduces charge recombination and prolongs the surface charge 227 

decay time. The leakage current density-electrical field measurement shows the 228 

La0.1Zr0.9Ox has the lowest leakage current under the electrical field generated during 229 

the contact electrification, proving the best electron blocking ability. Since the 230 

intermediate layer thickness increase occurring with gradual La doping concentration, 231 

the outputs of the La0.1Zr0.9Ox H-TENG with different intermediate layer thicknesses 232 

were compared in Fig. 1f and Fig. S6. With the increasing thickness of the La0.1Zr0.9Ox 233 

layer from 55 nm to 165 nm, fewer positive charges could be induced, and thus the 234 

outputs of Voc, Isc, and σtr slightly dropped to 186 V, 28.7 μA, and 221.3 μC m-2. From 235 

the theoretical discussion shown in Supplementary Note S3, choosing a thin 236 

intermediate layer is beneficial to improve the surface charge density. As a result, the 237 

La0.1Zr0.9Ox based H-TENG with the intermediate layer thickness of 55 nm is selected 238 

to achieve the highest electrical output, which is consistent with the deduced results. In 239 

comparison, the La0.2Zr0.8Ox H-TENG with intermediate layer thickness of 60 nm 240 

presented the outputs of 157.9 V, 25.32 μA and 177.2 μC/m2. It is worth noting that the 241 

outputs of La0.1Zr0.9Ox H-TENG with intermediate layer thickness of 165 nm were 242 
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higher than the La0.2Zr0.8Ox H-TENG with intermediate layer thickness of 60 nm. 243 

Therefore, the La doping concentration dominates the output performance instead of 244 

the intermediate layer thickness when doping different La concentrations. As shown in 245 

Fig. 1g, compared with recent studies on the intermediate layer induced high-246 

performance TENG, the transferred charge density of the La0.1Zr0.9Ox H-TENG keeps 247 

above 240 μC m-2, which belongs to the extremely high level of reported research 248 

results on intermediate layer based TENG [19-21, 37-52]. Moreover, the output energy 249 

per cycle of the La0.1Zr0.9Ox H-TENG was determined by exploiting the V-Q plot at the 250 

operation frequency of 2 Hz (Fig. 1h). Under the external load resistance of 100 MΩ, 251 

the maximum output energy of 12.2 μJ was achieved. Thus, the average gravimetric 252 

power density, volumetric power density, and energy conversion efficiency with 59.34 253 

μW g-1, 152.5 μW cm-3, and 39.2% can be obtained (Supplementary Note S4). 254 

Moreover, the influence of the external load resistance on the output voltage and peak 255 

output power of TENG with or without La0.1Zr0.9Ox HPEBL is explicated in Fig. S7. 256 

The output voltage dramatically increases from 2 MΩ to 100 MΩ. The peak output 257 

power increases gradually to the maximum value and then decreases with the increasing 258 

of the external load resistance ranging from 1 kΩ to 1 GΩ. The matching resistance is 259 

100 MΩ. The maximum peak output power of TENG with La0.1Zr0.9Ox HPEBL is 32.2 260 

μW/cm2, which is 4.9 times larger than normal TENG. According to Fig. S8, the output 261 

voltage of La0.1Zr0.9Ox HPEBL based TENG shows no virtually measurable attenuation 262 

after more than continuous 6000 contact-separation cycles, exhibiting high stability. 263 

3.2. Working mechanism of energy band engineering 264 

The entire structure of the H-TENG evolves from a traditional contact-separation 265 

mode TENG, and the scheme description of its working mechanism about electron 266 

blocking and enhanced polarization is illustrated in Fig. 2a. During the contact 267 
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electrification process, attributed to the electrophilicity differences, the top electrode of 268 

aluminum is positively charged, and the triboelectric layer of PDMS is negatively 269 

charged. Since negative charges are enriched on the PDMS surface, positive charges 270 

could be induced on the bottom ITO electrode. Consequently, a built-in electric field 271 

caused by the potential difference between the bottom electrode and the triboelectric 272 

layer will be established with the direction of vertically upward. The embedded HPEBL 273 

could prohibit negative charges transferring from PDMS to ITO, and thus negative 274 

charges appear in the triboelectric layer, reducing recombination with positive charges 275 

on the electrode, which is shown in the scheme in Fig. 2a(i). As shown in Fig. 2a(ii), 276 

positive and negative charges within the molecule tend to separate toward opposite 277 

directions due to enhanced polarization caused by the high permittivity property of 278 

embedded HPEBL, and thus more induced positive charges are generated on the bottom 279 

electrode, boosting the electrical output. There are possibly two assumptions that partial 280 

surface electrons on PDMS could disappear. One is that the electric field promotes the 281 

diffusion of surface electrons towards the bottom electrode and recombination with 282 

positive charges. The other is that due to the electron concentration gradient difference, 283 

the surface electrons could be dispersed into the atmosphere and absorbed by positive 284 

ions or particles. TENG encapsulation and vacuum tests are practical approaches to 285 

reducing the loss of electrons into air. In terms of electrons diffusion into the material, 286 

an interfacial electron blocking layer should be put forward. The HPEBL plays a 287 

significant role in reducing interface charge decay and increasing the total amount of 288 

induced charges. Since the electron blocking layer having high permittivity, more 289 

positive charges could be induced on the ITO electrode ascribed to polarization. As a 290 

consequence of energy barrier built between triboelectric layer and ITO electrode, 291 

surface charge transfer from triboelectric layer to bottom electrode could be blocked by 292 
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the HPEBL, resulting in enhancing the output and extending surface charge retaining 293 

time. 294 

According to the Gauss theorem, the V-Q-x relationship for TENG without the 295 

HPEBL should be expressed as [20]: 296 

𝑉 = 𝐸&'"𝑥 + 𝐸()*+𝑑()*+ =
,-(/)
1!

− 2
+1!
53"#$%
1&"#$%

+ 𝑥(𝑡)7 (2) 297 

where Q is the amount of transferred charge, S is the contact area, 𝜀!  is the 298 

vacuum permittivity, and 𝜎 represents the triboelectric charge density. The thickness 299 

and permittivity of the PDMS layer are signified by 𝑑()*+ and 𝜀""#$%, respectively. 300 

Furthermore, 𝑥(𝑡)  means the distance between two triboelectric layers over time. 301 

After embedding the interfacial HPEBL, the modified formula should be: 302 

𝑉 = ,'-(/)
1!

− 2'

+1!
53"#$%
1&"#$%

+ 3(")*+
1&(")*+

+ 𝑥(𝑡)7  (3) 303 

where the thickness and permittivity of the HPEBL layer are signified by 𝑑4(567 304 

and 𝜀"(")*+. As seen from the deduced formula, the introduction of the HPEBL affects 305 

the output voltage. The finite element simulation by COMSOL Multiphysics compares 306 

the triboelectric potential difference of the TENGs with or without the HPEBL, as 307 

shown in Fig. 2b. Compared with the pristine TENG, the potential difference between 308 

Al and PDMS layer for the TENG with the HPEBL significantly increases by 2.3 times, 309 

which is consistent with the experimental measurement result. The KPFM method was 310 

utilized to further investigate the surface charge decay process to detect the contact 311 

potential difference (CPD) between Ti/Pt coated silicon tip and the PDMS layer. Fig. 312 

2c illustrates that the surface potentials of PDMS for TENG without and with HPEBL 313 

are 21 mV and 311 mV, respectively. After slight contact electrification (CE) with Al 314 

for 20 times, the surface potentials of PDMS for TENG without and with HPEBL 315 

change to -102.5 mV and -954.5 mV, respectively. Hence, the ∆CPD of H-TENG is 316 
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~10.2 times larger than the pristine TENG, as shown in Fig. 2d. The high dielectric 317 

constant could enhance polarization and thus boost induced charges, while the EBL 318 

could block negative charges transferring from triboelectric layer towards bottom 319 

electrode via an energy barrier, extending the surface charge decay time. 320 

The working mechanism of the La0.1Zr0.9Ox HPEBL extending surface charge 321 

decay time is illustrated with the energy band diagram shown in Fig. 2f-i. When Al is 322 

separated from the PDMS, the generated electrons at the surface of PDMS are 323 

transported towards the ITO under the internal induced electrical field. Without an 324 

electron blocking layer, the electrons quickly move in the conduction band of the 325 

PDMS and escape from the ITO electrode in a short time. As a result, the surface 326 

potential of PDMS declines rapidly in a short time (t1/2 ≈ 122 s), as demonstrated in Fig. 327 

2e. The insets illustrate that the root-mean-square (RMS) surface roughness values of 328 

PDMS without and with the HPEBL are 2.38 nm and 2.40 nm, which barely changed 329 

after adding the intermediate layer. On the other hand, when embedding the La0.1Zr0.9Ox 330 

HPEBL, an energy barrier (ΔE ≈ 1.33 eV) is built between the ITO and PDMS, which 331 

could effectively block the transportation of electrons towards ITO. The decline of the 332 

surface potential of PDMS is suppressed accordingly with t1/2 ≈383 s. Therefore, the 333 

surface charge decay rate is significantly reduced by three times when introducing the 334 

HPEBL. The formation of the conduction and valence band edges at the interfaces 335 

during a contact-separation cycle was demonstrated in Fig. S9 via the La0.1Zr0.9Ox H-336 

TENG. One cycle contains four steps. At step (i), Al electrode contacts with the PDMS 337 

film, accompanied with positive and negative charges generated due to contact 338 

electrification. The Fermi level (EF) difference between the materials bend of the energy 339 

band at the interface. At step (ii), Al electrode separates from the PDMS films. 340 

Electrons are driven from ITO to Al electrode from the connection line due to the 341 
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potential difference between the two electrodes and generate a current. Meanwhile, the 342 

internal electrical field formed among the TENG leads to the electrons accumulated at 343 

the La0.1Zr0.9Ox/PDMS interface. The electrons are blocked in PDMS, resulting in 344 

higher surface potential and longer surface charge decay time compared to TENG 345 

without a blocking layer. The blocking behavior is ascribed to the high-quality 346 

La0.1Zr0.9Ox thin film with low trap density and the large band offset (1.33 eV) between 347 

La0.1Zr0.9Ox and PDMS. At step (iii), as the Al electrode reaches the highest point, all 348 

generated positive charges are screened, and no electrons flow between two electrodes. 349 

Notably, the electrons generated among PDMS could be diffused into the ambient and 350 

reduce the surface potential. At step (iv), Al electrode moves close to PDMS thin film. 351 

The electrons flow back from Al to ITO electrode due to the potential difference and 352 

form a current with a direction opposite to that generated in step (ii). The four steps of 353 

a contact separation cycle result in the alternative current (AC) signal output of a TENG 354 

in the external circuits. Consequently, the energy band diagram distribution becomes 355 

an important criterion for selecting EBL materials, and effective surface charge 356 

regulation could be realized, for example, extending the charge retaining time. Similar 357 

energy barriers (ΔE ≈ 1.11 eV and ΔE ≈ 1.36 eV) between ITO and PDMS were 358 

observed when embedding intermediate layers of ZrOx and La0.2Zr0.8Ox, as 359 

demonstrated in Fig. S10 and Fig. S11. Furthermore, the contact potential difference 360 

and surface charge decay pattern of ZrOx H-TENG and La0.2Zr0.8Ox H-TENG has been 361 

illustrated in Fig. S12, depicting that the half-charge decay time extended to t1/2 ≈211 s 362 

and t1/2 ≈140 s, respectively. 363 
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3.3. Characterizations of interfacial LaZrO HPEBL with different La doping 364 

concentrations 365 

X-ray photoelectron spectroscopy (XPS) characterization was carried out to study 366 

the effect of La-doping on chemical bonding states of LaZrO thin films. All peaks were 367 

calibrated by C 1s (284.6 eV). To further explore the interfacial LaZrO HPEBL, the 368 

thin film composition variation induced by different La doping concentrations was 369 

investigated by deconvoluting the O 1s peaks of ZrOx, La0.1Zr0.9Ox, and La0.2Zr0.8Ox, as 370 

shown in Fig. 3a-c. All spectra deconvolution was performed by Shirley's background 371 

subtraction using a Voigt function convoluting Gaussian and Lorentzian processes. O 372 

1s peaks were divided into three peaks centered 529.5 (OI), 531.1(OII), and 532.1 eV 373 

(OIII). The OI peak centered at low binding energy represents metal oxide (M-O), which 374 

are O2- ions combined with Zr and La ions. The OII peak centered at medium binding 375 

energy is assigned to O2- ions in the oxygen-deficient regions such as oxygen vacancy 376 

(Vo). At the same time, the OIII peak with high binding energy is related to loosely bound 377 

oxygen such as absorbed O2 or H2O, -CO3
 and chemisorbed surface hydroxyl, which 378 

could be represented by metal hydroxide (M-OH). 379 

The summarized calculated atomic percentages of M-O, Vo, and M-OH based on 380 

the area integration of O 1s peaks are displayed in Fig. 3d. Due to the doping of 10% 381 

La into ZrOx thin films, the M-O percentage increases from 69.1% to 73.5%, and the 382 

Vo percentage decreases from 15.3% to 11.3%. It could be found that appropriate La 383 

doping (10%) suppressed the formation of bonded oxygen, especially the Vo, and 384 

maximized the metal-oxide (M-O) framework formation. La has higher oxygen bond 385 

dissociation energy (798 kJ mol−1) with O than Zr (766 kJ mol−1), and thus adding La 386 

could lower and control the total Vo concentration. However, when the La content 387 
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increased to 20%, the M-O percentage decreased from 73.5% to 66.2%, and Vo 388 

percentage increased from 11.3% to 17.7%, which was probably attributed that the 389 

annealing temperature could not provide enough energy for the complete dehydration 390 

and densification of 20% La samples.  391 

The survey spectra showed in Fig. 3e demonstrate that the characteristic Zr peak 392 

intensity decreased, and the distinct La peak concentration increased with the increasing 393 

La doping concentration. The atomic ratio of La in LaZrO thin films is then calculated 394 

to be 10.82% for 10% La sample, and 23.13% for 20% La sample. CasaXPS software 395 

was used to calculated the atomic ratio at the thin films surface according to XPS survey 396 

spectra. Then the atomic ratio could be calculated through the software. As shown in 397 

Fig. S13, the atomic ratio of elements was calculated through equation: 398 

𝐴𝑡𝑜𝑚𝑖𝑐	𝑟𝑎𝑡𝑖𝑜	(!"
#$
) = %&"'	"$&"	(!")

%&"'	"$&"	(#$)
× +&,"-./&	0&10.-./.-2	3"4-5$	(#$)
+&,"-./&	0&10.-./.-2	3"4-5$	(!")

 (4) 399 

The peak of La 3d and Zr 3d has the largest peak area and were selected to 400 

represent La and Zr elements, respectively. The relative sensitivity factor (RSF) of an 401 

element is a consistent for a selected element. For La and Zr, the RSF value is 47.62 402 

and 7.04, respectively. The CasaXPS software has built-in database of RSF, and the 403 

atomic ratio is calculated by the software automatically after determining the peaks of 404 

elements.[21] 405 

To further prove the above statement, the thermal behavior of the precursor 406 

powder was investigated by thermogravimetric analysis-differential scanning 407 

calorimetry (TGA-DSC). The precursor solution was dried at 100oC for one hour and 408 

heated from 200 to 500oC with a 10oC /min heating rate. At the annealing temperature 409 
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of 350oC shown in Fig. 3f, the ZrOx, La0.1Zr0.9Ox, and La0.2Zr0.8Ox precursors have 410 

51.9%, 53.6%, and 59.3% weight left, respectively. In this case, the precursor weight 411 

loss of ZrOx and La0.1Zr0.9Ox samples are very close. In contrast, the La0.2Zr0.8Ox 412 

precursor has more residual at this annealing temperature, corresponding to the 413 

decreased M-O and increased Vo percentage of La0.2Zr0.8Ox thin films. Therefore, the 414 

annealing temperature is set at 350oC. Furthermore, as shown in the inset, the X-ray 415 

diffraction (XRD) patterns illustrated that amorphous LaZrO dielectric layers were 416 

successfully prepared at an annealing temperature of 350°C. As the crystallinity 417 

decreases, grain boundaries decrease, thus declining the leakage current and presenting 418 

superior insulating properties. 419 

3.4. MIM devices for leakage current investigation  420 

For in-depth investigation on the dielectric properties and leakage behavior of 421 

LaZrO dielectrics with different La concentrations, MIM capacitors with the structure 422 

of Al/LaZrO/ITO were prepared, as demonstrated in Fig. 4a, and the inset shows the 423 

optical photograph of the MIM device. The electrochemical impedance spectroscopy 424 

(EIS) measurements were carried out and the ZSimpWin software was utilized for 425 

simulation, as shown in Fig. S14. It demonstrates that La0.1Zr0.9Ox thin-films display the 426 

lowest dielectric loss resistance, corresponding to its lowest film defect density and 427 

leakage current. Moreover, only the inductance and resistance of connection lines could 428 

be measured for ITO film, indicating that ITO is a conductor with low defect density 429 

(crystal imperfection and oxygen vacancies). Fig. 4b displays the areal capacitance-430 

frequency (Ci-f) characteristics of at least five devices for each La concentration. The 431 

La0.1Zr0.9Ox thin films exhibit the weakest frequency capacitance dispersion in all 432 

frequency regions, indicating the gradual decomposition of defect traps in La0.1Zr0.9Ox 433 

thin films and the formation of the dense metal-oxide framework.  434 
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The leakage current density-electric field (Jleak-E) of LaZrO MIM capacitors was 435 

investigated in Fig. 4c. The calculated electrical field generated on ZrOx, La0.1Zr0.9Ox, 436 

and La0.2Zr0.8Ox thin films during TENG operation was around 0.0142 MV/cm, 0.0125 437 

MV/cm, and 0.0122 MV/cm, respectively (Supplementary Note S5). According to the 438 

leakage current shown in Figure 4c and its inset, La0.1Zr0.9Ox demonstrated the lowest 439 

leakage current, indicating the optimal electron block behavior. 440 

The leakage mechanism should be determined to explain the reduced leakage 441 

current of La0.1Zr0.9Ox thin films. Previous research suggested that Poole-Frenkel (PF) 442 

emission and Schottky emission are the two primary leakage current forms due to the 443 

asymmetry of forward and reverse current and temperature dependence of leakage 444 

current [53]. For standard PF emission ln(J/E) versus E1/2 should be linear, and for 445 

standard Schottky emission, ln(J/T2) versus E1/2 should be linear. Fig. 4d and Fig. S15 446 

investigated the PF and Schottky emissions, respectively. As shown in Fig. 4d, when 447 

E1/2 < 0.55 MV1/2/cm1/2, PF emission is responsible for the leakage current; it describes 448 

how the thermal excitation of electrons may overcome the trap barrier and emit them 449 

into the dielectric conduction band, which can be expressed as the following equation: 450 

𝐽 = 𝜎!𝐸 𝑒𝑥𝑝 =−
8
9:
>Φ/ −@

85,
;1!1-.

AB  (5) 451 

where 𝜎!  is the conductivity without external fields, Φ/  is the trap energy 452 

barrier, and 𝜀<= is the dynamic high-frequency dielectric constant. La0.1Zr0.9Ox has the 453 

lowest Vo density, explaining the lowest leakage current and the best electron blocking 454 

ability under the electrical field (0.0142 MV/cm) generated during the contact 455 

electrification. 456 
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Fig. 4e demonstrates the mechanism of the leakage path generation; with an 457 

applied electrical field, the oxygen vacancies could transit neutral Vo to Vo
+ or Vo

2+ 458 

through reaction (6) and (7), respectively: 459 

V> → V>? + e#  (6) 460 

V> → V>%? + 2e#  (7) 461 

where Vo is a non-conducting deep state, and the exciting Vo
2+ state donates two 462 

delocalized free electrons. The electrons could transport during the transition of Vo and 463 

form leakage paths among the thin film, which lead to the undesired leakage current. 464 

The incorporation of La changed the size and shape of the oxygen ion migration channel 465 

in the substitution process, which was beneficial in reducing the Vo density and 466 

improving the electronic transmission. In this case, the leakage paths were reduced, and 467 

the leakage current was suppressed accordingly. The increased leakage current of 20% 468 

La sample could probably be ascribed to the incomplete dehydration of residual metal 469 

hydroxide caused by high La concentration. It is worth noting that the low breakdown 470 

electric field of ZrOx thin film is related to the small band offset between ZrOx and Al 471 

electrode. As shown in Figure S9, the Schottky emission is the leakage mechanism 472 

under the large electrical field (E1/2 > 0.6 MV1/2/cm1/2). Based on the electrical 473 

performances of the La0.1Zr0.9Ox thin films, such a low level of leakage current 474 

guarantees the achievement of high-performance TENG through effective electron 475 

blocking. For practical applications, as shown in Fig. S14, the La0.1Zr0.9Ox based H-476 

TENG charged the commercial capacitor of 22 μF to ~5 V within 200 s at the frequency 477 

of 2 Hz. Furthermore, the external stimuli induced triboelectric potentials through the 478 
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La0.1Zr0.9Ox based H-TENG, and thus activated the biological synaptic behavior, such 479 

as the excitatory postsynaptic current (EPSC) of the artificial synaptic device (e.g., 480 

AlOx synaptic transistor), exhibiting broad application prospects in self-powered 481 

biomimetic sensors and neuromorphic network systems. 482 

4. Conclusion 483 

In summary, a solution-processed high-permittivity electron blocking layer 484 

(HPEBL) of LaZrO based TENG was proposed. The LaZrO intermediate layer plays a 485 

significant role in reducing interface charge decay and increasing the total amount of 486 

induced charges. Among different H-TENG of La doping concentrations varying from 487 

0 to 20%, the device embedded with La0.1Zr0.9Ox depicted the highest output charge 488 

density of 243.3 μC/m2. The experimental measurement results are consistent with the 489 

outcome of the potential simulation results. KPFM images representing the dynamic 490 

potential distribution before and after contact electrification of TENGs with and without 491 

the La0.1Zr0.9Ox HPEBL were recorded, demonstrating a dramatic increase of ∆CPD 492 

and a notable decrease of charge decay rate for the La0.1Zr0.9Ox H-TENG. Energy band 493 

diagrams were described and illustrated that the transportation of electrons towards the 494 

bottom electrode could be effectively blocked due to the built energy barrier when 495 

embedding the HPEBL. Moreover, MIM devices based on ZrOx, La0.1Zr0.9Ox, and 496 

La0.2Zr0.8Ox were fabricated to elaborately analyze their dielectric properties and 497 

leakage current behaviors. As a result, suppressed Vo in La0.1Zr0.9Ox thin film decreases 498 

the leakage current, while increased Vo in La0.2Zr0.8Ox could generate more leakage 499 

paths and thus lead to increased leakage current under low electrical field (E1/2 < 0.55 500 

MV1/2/cm1/2). The energy barrier built between triboelectric layer and electrode layer 501 

presents as the key factor of the electron blocking, and in-depth investigation on 502 
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influence of interfacial electric field induced leakage current illustrates the electron 503 

blocking ability. It optimizes the charge regulation mechanism and offers a general 504 

pathway to build stable and high-performance TENG, which is conducive to future 505 

applications in advanced manufacturing and intelligent self-powered sensing, such as 506 

power supply for wearable electronics, self-powered neuromorphic sensor, etc. 507 
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Figure Captions 730 

Fig. 1 High-permittivity electron blocking layer (HPEBL) based triboelectric nanogenerator (TENG). (a) 731 
Schematic illustration of the interfacial LaZrO HPEBL based TENG (H-TENG). (b) Cross-sectional 732 
view scanning electron microscope (SEM) images of i) La0.1Zr0.9Ox HPEBL with PDMS as the 733 
triboelectric layer and enlarged image, ii) unique La0.1Zr0.9Ox layer, iii) ZrOx layer and iv) La0.2Zr0.8Ox 734 
layer. (c) Energy level diagram. (d) Concise recapitulation on relative permittivity and leakage current 735 
density at 1.5 MV/cm of ZrOx, La0.1Zr0.9Ox, and La0.2Zr0.8Ox. (e) open-circuit voltage (Voc), short-circuit 736 
current (Isc) and transfer charge density (σtr) of different TENGs without LaZrO, with ZrOx, La0.1Zr0.9Ox, 737 
and La0.2Zr0.8Ox, respectively. (f) Voc, Isc and σtr of TENGs with La0.1Zr0.9Ox HPEBL with different 738 
thicknesses of 55 nm, 110 nm and 165 nm. (g) A summary of transfer charge density of TENGs with the 739 
intermediate layer [19-21, 37-52]. (h) V-Q curves of La0.1Zr0.9Ox H-TENG under various external 740 
resistance load. 741 

Fig. 2 Comparison between traditional TENG and La0.1Zr0.9Ox H-TENG. (a) Working mechanism of 742 
electron blocking and enhanced polarization of the LaZrO intermediate layer within the TENG. (b) 743 
Potential simulation results of conventional TENG and La0.1Zr0.9Ox H-TENG. (c) Surface potential 744 
distributions of i) pure PDMS before and ii) after contact electrification with an AFM tip, iii) PDMS with 745 
the interfacial La0.1Zr0.9Ox HPEBL before and iv) after contact electrification with an AFM tip. (d) 746 
Concise contact potential difference and (e) surface potential decay with time of triboelectric PDMS 747 
layer without and with the interfacial La0.1Zr0.9Ox HPEBL. (Insets show the surface roughness of PDMS). 748 
Energy band diagram of traditional TENG (f) before and (g) after contact electrification. Energy band 749 
diagram of La0.1Zr0.9Ox H-TENG (h) before and (i) after contact electrification. 750 

Fig. 3 Characterizations of the interfacial LaZrO HPEBL with a role of La doping concentrations varying 751 
from 0 to 20%. O 1s peaks and spectra deconvolution of (a) ZrOx, (b) La0.1Zr0.9Ox, and (c) La0.2Zr0.8Ox. 752 
(d) Summarized calculated atomic percentages of M-O, Vo, and M-OH. (e) The survey X-ray 753 
photoelectron spectroscopy (XPS) spectrum. (f) Thermogravimetric analysis-differential scanning 754 
calorimetry (TGA-DSC) results. The inset shows the X-ray diffraction (XRD) patterns. 755 

Fig. 4 Metal-insulator-metal (MIM) device with Al/LaZrO/ITO structure. (a) Scheme illustration of the 756 
MIM device (Inset shows the optical photograph of the MIM device). (b) Areal capacitance-frequency 757 
(Ci-f), (c) leakage current density-electrical field (Jleak-E), and (d) Poole–Frenkel (PF) emission plot of 758 
La0.1Zr0.9Ox and La0.2Zr0.8Ox thin films. (e) Working mechanism of leakage current generation with 759 
different oxygen vacancies density. 760 
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