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 Atomic layer deposition (ALD) is a powerful thin fi lm growth 
technique on the basis of sequential self-limiting surface reac-
tions. [ 24,25 ]  When implemented to certain polymer materials, 
the large permittivity of metalorganic precursors allows deep 
infi ltration of the inorganic compounds during the ALD pro-
cess, leading to inorganic/organic hybrid materials. [ 26–32 ]  This 
process is known as sequential infi ltration synthesis (SIS). [ 33,34 ]  
It has been successfully used to convert the block co-polymer 
nanopatterns into more durable inorganic patterns [ 35–37 ]  and 
to improve the polymeric lithography resistance to subse-
quent etching. [ 38–40 ]  Inspired by this development, we expect 
SIS could effectively tailor the internal composition and elec-
trical properties of polymer fi lms, which may provide an ulti-
mate solution for triboelectric material design in the develop-
ment of high-performance TENGs. In this Communication, 
we report an internal AlO  x   doping of several polymers via SIS, 
including polydimethylsiloxane (PDMS), polyimide (Kapton), 
and poly(methyl methacrylate) (PMMA). We showed that SIS 
can introduce AlO  x   molecules ≈3 µm deep into these poly-
mers, which effectively tuned the bulk electrical property of the 
fi lm. TENG devices using the modifi ed polymer fi lms exhib-
ited enhanced power output; and this enhancement remained 
effective after the surface of polymer fi lm was polished off for 
more than 2 µm. This polymer doping approach opens a new 
route to bulk electrical property modifi cation of polymer fi lms, 
demonstrating a promising strategy for improving the perfor-
mance of functional polymer based devices, such as TENGs. 

 AlO  x   was selected as the inorganic material to dope the 
polymer fi lm since trimenthy aluminum (TMA, ALD pre-
cursor of Al 2 O 3 ) has desirable permittivity in a number of 
polymers including polystyrene, polypropylene, polyethylene, 
poly(vinyl chloride), and PMMA. [ 32 ]  A homemade ALD system 
was applied to sequentially introduce TMA and H 2 O vapor 
toward the polymer fi lm at 80 °C with controlled exposure 
time and cycles. The SIS doping process followed a typical 
ALD operation procedure except that the supplying time of 
TMA was extended to 5 s to promote its infi ltration into the 
polymer fi lm (see the Experimental Section for details). The 
infi ltration results were fi rst characterized by scanning elec-
tron microscopy (SEM) and energy dispersive spectroscopy 
(EDS).  Figure    1  a,b shows the cross-sectional images and cor-
responding elemental mappings of the pristine PDMS fi lm 
and the same fi lm after 5-cycle sequential TMA/H 2 O infi ltra-
tion (marked as AlO  x  -doped PDMS), respectively. PDMS ele-
ments including silicon (Si), oxygen (O), and carbon (C) were 
all identifi ed uniformly distributed in the pristine fi lm and 
no aluminum (Al) signal was detected (Figure  1 a, ii–v). From 

  Triboelectric nanogenerator (TENG) is rising as a promising 
technology for converting mechanical energy into electricity 
with merits of high output, simple design, and low cost. [ 1,2 ]  
Recent research efforts have largely improved its power den-
sity and thus enabled a number of applications varying from 
driving small electronics, to charging batteries, and to acti-
vating chemical reactions. [ 3–12 ]  The working principle of 
TENG is based on the combined effect triboelectrifi cation 
and electrostatic induction. Specifi cally, upon the contact of 
two dissimilar surfaces (mostly polymer) with different elec-
tron affi nities, electrons transfer across the interface to com-
pensate for the difference of surface potentials. This charge 
separation is the primary principle of mechanical to electric 
energy conversion. [ 1,13 ]  A typical TENG design possesses two 
electrodes attached to the triboelectrifi c active materials, where 
electrostatic charges are induced. Once the device capacitance 
changes (e.g., by displacement), current fl ow occurs between 
the two conductive electrodes and thus outputs electric power. 
Therefore, controlling the charge density on the triboelectric 
surfaces is the most fundament strategy for improving the per-
formance of TENG. Nowadays, surface modifi cation of tribo-
electric polymer is the predominate approach to regulate the 
charge density. For instance, morphologies like nanowire, [ 14–19 ]  
nanoparticle, [ 20 ]  or other nanoscale patterns [ 21,22 ]  are frequently 
adopted to raise the surface area of triboelectric materials and 
thus enable more charge carrying site. In addition, surface 
functionalization [ 13 ]  and ionized species [ 23 ]  can also be intro-
duced to improve the charge density on polymer surfaces. 
However, operation of TENGs requires intimate contact and 
sometimes friction between the triboelectric materials, which 
inevitably induces wearing of surface. In this regard, surface 
modifi cation/engineering yields little contributions toward 
the performance gain in long-term operation. Therefore, one 
essential solution is to extend the property engineering from 
mere surface to the bulk of material. 
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the SIS-treated PDMS fi lm, Al signal was clearly detected and 
was concentrated within the top ≈3 µm region revealing the 
effective infi ltration depth (Figure  1 b, ii). No Al signal could be 
detected deeper inside the fi lm (Figure S1, Supporting Infor-
mation). Other than the Si element that was still uniformly dis-
tributed in the entire PDMS fi lm (Figure  1 b, iii), both O and C 
elements exhibited a concentrated signal within the top ≈3 µm 
region that was in good accordance with Al distribution. The 
concentrated O element could be attributed to H 2 O precursor 
infi ltration that reacted with TMA forming Al O bonds. The 
unreacted methyl groups on TMA could be the main source 
responsible for the concentrated C signal. This elemental dis-
tribution analysis evidences the successful deep infi ltration of 
both precursors in the polymer fi lm and no surface coating of 
Al 2 O 3  was identifi ed.  

 The elemental feature and bonding state of AlO  x  -doped 
PDMS fi lm were further studied by X-ray photoelectron spec-
troscopy (XPS). Figure  1 c shows the XPS spectra of both pris-
tine PDMS and AlO  x  -doped PDMS samples. The characteristic 
peaks of PDMS including Si 2p, Si 2s, C 1s, O 1s, and O KLL 
peaks were identifi ed from both fi lms. From the AlO  x  -doped 
PDMS sample, a small signal of Al 2p also appeared in the low 

binding energy region, suggesting the existence of Al element. 
To reveal the chemical environment of Al inside the polymer, 
Al 2p spectrum was individually scanned and compared with 
Al 2p peak of standard ALD-grown Al 2 O 3  on silicon substrate 
(Figure  1 d). The shift of peak position from 75.6 to 74.7 eV 
evidenced the presence of unstable defective oxides such as 
Al 2 O and AlO. [ 41 ]  The nonstoichiometric aluminum oxide may 
introduce extra charge carrier sites, which could raise the total 
charge capacitance of AlO  x  -doped PDMS fi lm and therefore 
enhance the output of TENGs. To evaluate this hypothesis, 
the dielectric constant was measured from both PDMS fi lms. 
As shown in Figure  1 e, AlO  x   doping raised the dielectric con-
stant from ≈2.4 of the pristine PDMS to ≈2.7 within the testing 
frequency range. Higher dielectric constant suggests that the 
AlO  x  -doped PDMS fi lm could handle more induced electro-
static charges resulted from the triboelectric effect. 

 The deep infi ltration of Al is attributed to the good solubility 
of TMA precursor in the polymer material. With the similar 
chemical property, diethylzinc (DEZ) also exhibited excellent 
infi ltration capability into PDMS to dope PDMS with ZnO  x  . 
EDS elemental mapping of the PDMS fi lm after 5-cycle SIS 
of DEZ and H 2 O clearly identifi ed Zn elements within the top 

Adv. Mater. 2015, 
DOI: 10.1002/adma.201502546

www.advmat.de
www.MaterialsViews.com

 Figure 1.     Elemental characterizations of AlO  x  -doped PDMS fi lm. a,b) Cross-sectional SEM images (i) and EDS mappings of a) a pristine PDMS fi lm 
and b) an AlO  x  -doped PDMS fi lm for Al, Si, O, and C elements (ii–v). c) Full range XPS spectrum acquired from an AlO  x  -doped PDMS fi lm, where 
small Al 2p peak was detected. d) Al 2p scan for pristine PDMS, AlO  x  -doped PDMS fi lm, and ALD grown Al 2 O 3  on silicon substrate. The peak position 
shift indicates the presence of defective oxides in AlO  x  -doped PDMS fi lm. e) Dielectric constant measured from pristine PDMS and AlO  x  -doped PDMS, 
showing enlarged dielectric constant of PDMS due to the AlO  x   doping.
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of ≈4 µm region (Figures S2 and S3, Supporting Information). 
Because inorganic precursors typically exhibit very limited sol-
ubility in organic polymer materials, they are not desirable for 
SIS polymer doping. As a demonstration, titanium tetrachlo-
ride (TiCl 4 ) and vanadium oxytrichloride (VOCl 3 ) were applied 
to infi ltrate PDMS. EDS elemental mapping of the PDMS fi lm 
after 5-cycle SIS of TiCl 4  and VOCl 3  revealed nearly none Ti 
and V signal from the entire cross-section region (Figures S4 
and S5, Supporting Information). However, it should be noted 
that TiO  x  , VO  x  , and other metal oxides doping in polymers are 
expected to be effective if metal organic ALD precursors like 
titanium isopropoxide (TTIP) and vanadium oxytriisopropoxide 
(VTIP) were used. [ 42 ]  The broad selection of metal organic ALD 
precursors evidences the excellent fl exibility of the SIS tech-
nique in triboelectric polymer doping. 

 Typically, materials with distinct electron affi nities (i.e., max-
imum difference in the tendency to gain or repulse electrons 
from each other) are desired to maximize the charge genera-
tion upon contact for high-performance TENG design. [ 13 ]  Same 
materials or materials with close electron affi nities are not able 
to produce appreciable electric output. The SIS doping tech-
nique allows us to arbitrarily tune the bulk electron affi nities 
of polymer materials and thus largely broadens the material 
choices. To elucidate this advantage, the SIS doping enhance-
ment in triboelectrifi c charge generation was investigated 
using a simple double-layered confi guration (the TENG design 
is schematically shown in Figure S6, Supporting Information) 
and compared with the untreated materials. The testing devices 
were built with an identical size (1 cm × 1 cm × 260 µm) on 
fl exible indium tin oxide/polyethylene terephthalate (ITO/PET) 

substrates (see the experimental details in the Experimental 
Section). Since AlO  x   and PDMS have strong tendency in 
repulsing and gaining electron, respectively, [ 1,43,44 ]  the AlO  x   
doping is expected to signifi cantly lower electron affi nity of 
intrinsic PDMS. This could enable considerable charge redis-
tribution between the pristine PDMS and AlO  x  -doped PDMS 
friction surfaces ( Figure    2  a). Upon the contact of PDMS and 
AlO  x  -doped PDMS fi lms, electrons were injected from the 
AlO  x  -doped PDMS to PDMS fi lm as a consequence of the 
large difference of electron affi nity. Subsequently, positive ( σ +) 
and negative ( σ −) charges accumulated on the AlO  x  -doped 
PDMS and PDMS fi lms, respectively, offering the primary 
electric energy stored between the two electrodes. Upon the 
separation of the two surfaces, the stored electric energy was 
released in the form of current fl ow through the external cir-
cuit, which was recorded as current and voltage pulses. On the 
other hand, if two identical PDMS fi lms without any modifi -
cation or functionalization were brought together, they would 
not create the redistribution of surface charge and would result 
in negligible electric outputs. Figure  2 b–d compares typical 
open-circuit voltage ( V  oc ), short-circuit current density ( J  sc ), 
and the total amount of charge transferred under short-circuit 
condition ( ΔQ  sc ) of TENGs with these two confi gurations. For 
the device composed of AlO  x  -doped PDMS, the average peak 
values of the  V  oc ,  J  sc , and  ΔQ  sc  reached 2.3 V, 2.2 µA cm −2 , and 
45 µC m −2 , respectively. The  J  sc  and  ΔQ  sc  values are compa-
rable with the performance of TENGs made from two typical 
triboelectric materials with distinct electron affi nities such as 
PDMS-ITO [ 22 ]  and tefl on-metal [ 23 ]  pairs. Whereas, only 0.3 V of 
 V  oc , 0.3 µA cm −2  of  J  sc , and 5 µC m −2  of  ΔQ  sc  were detected 
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 Figure 2.     Design and performance of AlO  x  -doped PDMS TENG. a) Schematic of charge redistribution between pristine PDMS and AlO  x  -doped PDMS 
fi lms upon contact as a consequence of triboelectrifi cation. b) The open-circuit voltage ( V  oc ), c) short-circuit current density ( J  sc ), and d )  charge transfer 
amount under short-circuit condition ( ΔQ  sc ) of TENGs composed of PDMS with and without AlO  x   doping. The inset in (c) is the enlarged current 
output (dashed square box in (c)) created by one pressing and releasing cycle.
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pair was not supposed to exhibit any electric output, the small 
signal might be caused by the slight variation of PDMS fi lms in 
terms of size, thickness, and surface roughness. The electrical 
property engineered by SIS doping was found very durable. A 
TENG device was repeatedly tested for 60 days and no dete-
rioration of output voltage could be identifi ed (Figure S7, Sup-
porting Information).  

 An individual peak profi le of the  J – t  curve further reveals 
the infl uence of AlO  x   doping to the electron affi nity of PDMS 
fi lms. During the measurement, the positive and negative elec-
trodes of the current meter were connected to pristine PDMS 
and AlO  x  -doped PDMS fi lms, respectively. Therefore, posi-
tive signal represents current fl ow from the pristine PDMS to 
AlO  x  -doped PDMS, and vice versa. As shown in the inset of 
Figure  2 c, a positive current pulse was generated fi rst when 
both surfaces were brought into contact, suggesting electrons 
were moved from AlO  x  -doped PDMS electrode to pristine 
PDMS electrode. This evidenced the AlO  x   doping enabled 
strong tendency of giving away electrons to the untreated 
PDMS. When the two surfaces were detached, the local charge 
equilibrium was broken again and electrons fl ew back gen-
erating a negative current pulse. The AlO  x  -doped PDMS and 
pristine PDMS fi lms were also assembled with traditional 
positive (PMMA) and negative (polytetrafl uoroethylene, PTFE) 
triboelectric materials. Due to the reduced electron affi nity, 
enhanced output was obtained from the pair of PTFE-AlO  x  -
doped PDMS, while PMMA-AlO  x  -doped PDMS exhibited 
reduced output (Figure S8, Supporting Information). These 
results further evidenced this SIS polymer doping strategy can 
be effectively and generally applied to polymer-based TENG 
devices. 

 To further investigate the SIS doping effect, multiple 
PDMS fi lms were subjected to SIS doping with different 
cycles and then assembled into TENG devices with identical 
confi guration as described previously (Figure S6, Supporting 
Information). The open circuit voltage was tested under 
identical conditions as the measure of their electrical prop-
erty variation. The peak  V  oc  was plotted as a function of the 
SIS cycle and shown in  Figure    3  a. It was found that only two 
cycles of SIS were able to boost the average value of  V  oc  from 
0.3 to 1.9 V, suggesting the high effectiveness of this polymer 
modifi cation approach. The  V  oc  further increased following 
the SIS cycles and saturated at ≈2.4 V after ten cycles of infi l-
tration. The  V  oc  variation is believed to be closely related to 
the unique reaction process of SIS AlO  x   in polymer mate-
rials. During the fi rst approximately ten cycles of infi ltration 
synthesis, TMA diffused into PDMS and accumulated inside 
the polymer fi lm, resulting in the rapid increase of  V  oc . Fur-
ther deposition might saturate the surface layer and prevent 
further infi ltration inside. Thus the growth mode switched 
back to regular ALD deposition of continuous Al 2 O 3  fi lm on 
the surface. [ 24 ]  Because additional cycles of infi ltration con-
tributed no internal doping, the electric property and corre-
sponding triboelectric voltage output would not exhibit any 
further change. This investigation reveals the up limit of the 
SIS doping strategy.  

 Compared to conventional surface modifi cation/functionaliza-
tion, a unique merit of SIS doping is the property engineering in 

bulk volume, which is substantially important for TENG applica-
tion because of the inevitable wearing issue during operation. To 
illustrate this merit, we polished the AlO  x  -doped PDMS fi lm to 
different level and measured the performance of corresponding 
TENG devices. As shown in Figure  3 b, the polymer fi lm was still 
capable of delivering ≈95% of the highest  V  oc  after the top ≈2 µm 
was polished away from the polymer surface. This favorable out-
come can be intuitively expected since the detectable penetration 
depth of AlO  x   was ≈3 µm and considerable amount of AlO  x   still 
existed in the PDMS fi lm with a tailored electric property after 
the removal of top ≈2 µm. After removing ≈3 µm PDMS from 
the surface, the voltage output started to reduce dramatically and 
eventually reached the minimal  V  oc  at ≈0.3 V when more than 
≈5 µm polymer was removed. The minimal voltage output was 
at the same level as that generated by a pair of untreated PDMS 
surfaces (Figure  2 b) because of the complete removal of AlO  x   
dopants in the polymer. The insets of Figure  3 b compare the 
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 Figure 3.     Doping cycle and performance evaluation of AlO  x  -doped 
PDMS TENG. a)  V  oc  variation versus the doping cycles of AlO  x   on PDMS 
fi lm. b) Normalized  V  oc  of TENGs as a function of the material thickness 
that was polished off. Voltage output of AlO  x  -doped PDMS fi lm without 
any polishing was defi ned as unit. Insets are Al element EDS mapping of 
AlO  x  -doped PDMS fi lms before (left) and after (right) �5 µm polishing.
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EDS mappings of PDMS fi lm before and after removing the top 
≈5 µm material, confi rming the absence of Al element. 

 This SIS doping strategy is versatile in engineering the 
property of a broad range of polymer materials because of the 

appreciable permittivity of the metalorganic precursor within 
most polymer chains. [ 24 ]  As a demonstration, two more poly-
mers, Kapton and PMMA, were selected for SIS AlO  x   doping. 
EDS analysis confi rmed successful infi ltration of Al-containing 
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 Figure 4.     Design and performance of a–d) AlO  x  -doped Kapton and e-h) AlO  x  -doped PMMA TENGs. a) Schematically illustration of AlO  x  -doped Kapton 
TENGs with a confi guration of pristine Kapton/ITO/PET as the bottom electrode and AlO  x  -doped Kapton/ITO/PET as the top electrode. b)  V  oc , c)  J  sc , 
and d)  ΔQ  sc  of TENGs made from Kapton with and without AlO  x   doping. e) Schematic of AlO  x  -doped PMMA TENGs with a confi guration of ITO/PET 
as the bottom electrode and AlO  x  -doped PMMA/ITO/PET as the top electrode. f)  V  oc , g)  J  sc , and h)  ΔQ  sc  characterizations of TENGs assembled from 
PMMA with and without AlO  x   doping.
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molecules. For both materials, the depth of infi ltration is ≈3 um 
for fi ve cycles of SIS, which is similar to PDMS (Figures S9 
and S10, Supporting Information). Based on the polymer’s 
intrinsic electron affi nity, the output of voltage could be tuned 
toward different directions. Similar to PDMS, Kapton has 
strong capability of acquiring electrons and always presents a 
negatively charged surface when contacts most other materials. 
By SIS doping of AlO  x  , the electron affi nity of Kapton could 
be signifi cantly reduced, same as PDMS. When AlO  x  -doped 
Kapton was brought together with a pristine Kapton fi lm for 
triboelectrifi c charge generation, drastic electron transfer was 
enabled from AlO  x  -doped Kapton to untreated Kapton leaving 
positive charges on the AlO  x  -doped Kapton surface and the 
other one charged negatively ( Figure    4  a). Based on the same 
operating mechanism described for the PDMS case, triboelec-
trifi c outputs were substantially increased by SIS doping. As 
shown in Figure  4 b–d, the AlO  x  -doped Kapton TENG device 
yielded average peak values of 5.1 V for  V  oc , 5.6 µA cm −2  for  J  sc , 
and 47 µC m −2  for  ΔQ  sc , which were approximately one order 
of magnitude higher than those generated by the untreated 
Kapton pairs.  

 Different from PDMS and Kapton, PMMA is a polymer 
with a strong tendency to give away electrons when con-
tacts other materials. This is the same capability offered 
by AlO  x   doping. Therefore, higher positive charge density 
can be expected by introducing AlO  x   doping into PMMA. 
Such enhancement is highly desirable for raising the per-
formance of TENGs built with dissimilar materials since it 
increases the top limit of induced free charges that in turn 
raises the maximum triboelectrific output. To demonstrate 
this effect, a TENG device was assembled using AlO  x  -doped 
PMMA and ITO as two contacting surfaces (schematically 
shown in Figure  4 e). In this design, electrons are always 
injected from PMMA to ITO surface during the contact 
and results in the accumulation of positive electrostatic 
charge on the PMMA surface. Figure  4 f–h compares the 
triboelectrific outputs of PMMA-based TENGs with and 
without AlO  x   doping. The measurements clearly showed 
that upon AlO  x   doping, the  V  oc  was improved from 0.9 to 
3.1 V,  J  sc  was raised from 1.0 µA cm −2  to 5.5 µA cm −2 , and 
 ΔQ  sc  was increased from 12 µC m −2  to 54 µC m −2 . Such a 
significant enhancement is the consequence of increased 
positive charge density on the PMMA surface due to AlO  x   
infiltration. 

 In summary, the SIS technique was successfully applied to 
infi ltrate AlO  x   molecules into polymer fi lms and tune their 
electrical properties. TMA precursor was found to be able to 
travel into various polymer materials (e.g., PDMS, Kapton, 
and PMMA) with a diffusion depth of ≈3 µm under mild dep-
osition conditions and form AlO  x   species inside the polymer 
fi lm. Due to the AlO  x   molecules’ strong tendency of repulsing 
electron, the electron attaining capability of AlO  x  -doped 
poly mer with strong electron affi nity was signifi cantly reduced 
compared to its original state. This effect allows the creation 
of high-performance TENG devices with the same polymer 
materials. If the host polymer has the same trend of repulsing 
electron as the AlO  x   dopant, such as PMMA, the capacitance 
of induced charge can be raised and signifi cant performance 
gain of TENG devices can be expected. Furthermore, different 

from surface modifi cation/functionalization that was com-
monly implemented in TENG performance tuning, the SIS 
doping changes the polymer's bulk property. Therefore, the 
resulted enhancement would not be diminished even after 
the polymer surface was worn during long-term operation. 
Therefore, the SIS doping strategy holds a great promise in 
tuning the performance of polymer-based electronic or dielec-
tric devices, such as TENGs for effective mechanical energy 
harvesting.  

  Experimental Section 
  Fabrication of Polymer Films : PDMS fi lms were made from a mixture 

of liquid PDMS elastomer and cross-linker with a ratio of 10:1, which 
was uniformly casted on a fl at silicon substrate. After degasing in 
vacuum for 20 min and curing at 80 °C for 2 h, a PDMS fi lm was 
received. PMMA fi lms were fabricated by spin-coating the liquid 
precursor onto ITO/PET substrate at 2000 rpm for 120 s and annealing 
at 70 °C for 30 min. The liquid precursor was made by dissolving 
PMMA powder (molecular weight: ≈550 000) into chlorobenzene 
solvent with a concentration of 4 wt%. Commercial Kapton and PTFE 
tape was directly attached to ITO/PET substrate for TENG assembly. 
For the wearing test of AlO  x  -doped PDMS, the polymer fi lm was 
polished using the tripod method [ 45 ]  with a speed of 30 rpm. The fi nest 
sandpaper (100 nm) was used to achieve maximal fl atness of the 
polished surface. 

  Doping Polymer via SIS : A home-made ALD system was used to 
infiltrate AlO  x   into the polymer films. The target polymer film was 
loaded on a quartz boat and placed at the position 5 cm away from 
the precursor inlet nozzle. N 2  gas with a flow rate of 40 sccm was 
introduced into the chamber as the carrier gas, which yielded a base 
pressure of 650 mTorr. The chamber temperature was maintained 
at 80 °C during the entire infiltration process. TMA and H 2 O 
vapors were pulsed into the deposition chamber separately with a 
pulsing time of 5 and 1 s, respectively, and separated by 60 s N 2  
purging. Therefore, one SIS cycle involves 1 s of H 2 O pulse + 60 s 
of N 2  purging + 5 s of TMA pulse + 60 s of N 2  purging. After the 
infiltration, the chamber was cooled down naturally under N 2  flow. 
The DEZ, TiCl 4 , and VOCl 3  infiltration experiments were conducted 
following the same procedure of AlO  x   penetration except replacing 
TMA with DEZ, TiCl 4 , and VOCl 3 . 

  Assembly and Measurements of TENGs : For PDMS- and Kapton-based 
TENGs, AlO  x  -doped polymer fi lms with a size of 1 cm × 1 cm were 
attached to the center of an ITO/PET substrate (2 cm × 5 cm), which 
was considered as the top electrode. Bottom electrode was composed of 
an unmodifi ed polymer fi lm with the same size and location on another 
ITO/PET substrate. Two electrodes were separated by two pieces of 
glass spacers (1 mm in thickness) and connected to the external circuit 
through copper tapes. For PMMA-based TENGs, a blank ITO/PET and 
an ITO/PET attached with a AlO  x  -doped PMMA fi lm (1 cm × 1 cm) were 
used as the bottom and top electrodes, respectively. For PDMS/PTFE 
and PDMS/PMMA TENGs, PDMS with or without AlO  x   doping (1 cm 
× 1 cm) was attached on ITO/PET substrate as the top electrode. PTFE 
and PMMA fi lm (1 cm × 1 cm) attached on ITO/PET substrate were 
used as the bottom electrode. During the performance measurement, 
the top electrode was pressed to the bottom electrode by a computer-
controlled shaker with a frequency of 10 Hz and the bottom electrode 
was anchored on the table surface. The voltage outputs were recorded 
using an Agilent DSO1012A oscilloscope. The current outputs and 
charge transfer amount of TENGs were measured using an Autolab 
PGSTAT302N station. 

  Morphology and Elemental Characterizations : SEM measurements 
and EDS mappings were performed on Zeiss Leo 1530 fi eld-emission 
microscope. XPS was conducted on a Thermo Scientifi c K-alpha XPS 
instrument. The survey range was from 0 to 1000 eV. The Al 2p spectra 
were measured for characterizing the chemical structures of AlO  x   in the 
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PDMS fi lm. Dielectric constant measurements were conducted on the 
Agilent E4980A Precision LCR Meter.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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