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Persistent electrical energy generation
from organic diodes under constant
pressure: toward organic gravity nanogenerators

Sooyong Lee," Hwajeong Kim,"? and Youngkyoo Kim'3*

SUMMARY

Here it is demonstrated that electricity can be continuously generated by press-
ing organic diodes with the poly(3-hexylthiophene) (P3HT) layers which are sand-
wiched between indium-tin oxide and aluminum (Al) electrodes. The optimized
single devices with the 150-nm-thick P3HT layers are able to generate 60 nVv
and 45 pA by pressing, while persistent voltage (50 1V) and current (45 pA) gen-
erations are achieved by continuous pressing for 7 days. The charge generation
by pressing of organic diodes is supported by the current density-voltage and
capacitance measurements, while the friction of pi-orbital electrons in the P3HT
chains upon pressing is proposed for the mechanism of persistent electricity gen-
eration. Organic diode modules with 14 sub-cells in series deliver ca. 0.4 V and ca.
20 pW. The present technology is expected to pave the way for next-generation
energy conversion devices, organic gravity nanogenerators that enable contin-
uous electricity generation by gravitational forces.

INTRODUCTION

Generation of electrical energy has been one of the utmost important tasks in human history since the dis-
covery of electrons and electrical bulbs (Gaurmieri, 2015, 2018). Although the power stations based on fos-
sil and nuclear fuels have mainly contributed to the electrical energy supply, these stations are expected to
be continuously minimized and will eventually disappear because of fatal environmental issues and unre-
coverable disasters (Martins et al., 2019; Ramirez et al., 2019). For alternative big-scale electrical energy
generation, renewable energy sources such as solar photovoltaics and wind powers are being globally
installed, but there are a lot of keen concerns including inevitable environmental damages and noise issues
(Wilberforce et al., 2019; Kasaei et al., 2017; Amrouche et al., 2016).

In this regard, nanogenerators based on piezoelectricity and triboelectricity have been proposed as one of
the promising approaches owing to their potential for easy and eco-friendly generation of electrical energy
because these devices need a mechanical pressing or rubbing component only (as an energy source) (Han
etal., 2019; Patnam et al., 2020). Piezoelectricity stands for the induction of electric charges in solid mate-

rials via the rearrangement of electric dipole moments by mechanical stress (pressure) (Kim et al., 2017; 'Organic Nanoelectronics
Zhang et al., 2018). When piezoelectric materials such as zinc oxide and barium titanate are placed under l{‘;bﬁ;a;‘;&z:gngu Institute
mechanical stress, the positive and negative charge centers (dipole directions) are deformed leading to Applications (KINPA),
changes in electrical field for charge flow (Shin et al., 2017; Singh and Khare, 2018). However, the piezoelec- Department of Chemical
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National University, Daegu
41566, Republic of Korea

2Research Institute of
Environmental Science &
Recently, it has been reported that Schottky diodes based on polymer-metal interfacial charges could Technology, Kyungpook

generate electricity. The Schottky diodes with 1- to 2-mm-thick polypyrrole (PPy) plates, which were Z‘f;;%”i;;’jgﬁfg}"'ifzgu
prepared by mechanically pressing the PPy powders and sandwiched between gold and aluminum (Al) 2L adlco ot

e n
electrodes, delivered 0.7 V and 62.4 um/cm? upon strain change but could not maintain the electricity gen-

electrical charge generation by friction forces, has been reported but showed a limitation similar to piezo-
electricity in terms of instant charge generation (Zheng et al., 2018; Dudem et al., 2017).
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oxide between PPy plates and Al electrodes, but the voltage and current signals were measured only under https://doi.org/10.1016/].isci.
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energy generation based on Schottky diodes has been reported by moving the silver/graphene electrodes
placed on the silicon films, with a principle which is similar to triboelectricity, even though the voltage
output was only measured by the electrode movement (Lin et al., 2019).

Considering the gravitational force that is constantly applied in our daily life, it can be used as an unlimited
energy source for electricity generation if a suitable energy conversion device is available (Raja et al., 2020,
Park et al., 2017). However, the conventional piezoelectric and triboelectric nanogenerators cannot be
actually utilized for gravitational force-based nanogenerators because of their drawbacks of instant power
generation upon applying single mechanical stress. To achieve gravitational force-based nanogenerators,
it is necessary to secure materials of which atoms and/or molecules under constant gravitational forces can
move against the direction of gravitational force.

In this work, we demonstrate continuous generation of electricity from organic devices under constant
pressure without a change in pressing intensity. The organic devices were fabricated with a geometry of
conventional diode that consists of an indium-tin oxide (ITO)/poly(3-hexylthiophene) (P3HT)/Al structure.
The examination of electricity generation was performed in the dark condition by employing a home-built
pressing-measurement system. The evidences of charge generation were explained by current density-
voltage characteristics and frequency-dependent capacitance measurements. The long-term continuous
generation of electricity was examined by pressing the devices for 7 days. To prove the extension capability
of the present concept, organic diode modules with 14 sub-cells were fabricated by employing a series
connection architecture.

RESULTS AND DISCUSSION

As shown in Figure 1A, organic diodes were fabricated by sandwiching the P3HT layers between the ITO
and Al electrodes via typical spin-coating processes. The thickness of P3HT layers was controlled to be 50,
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Figure 1. Device structure and basic characteristics for organic diodes

(A) Device structure (left) for organic diodes (glass/ITO/P3HT/AI) fabricated in this work: The photograph in the middle
shows the top view of device, while the cross-section part of the device with the 150-nm-thick P3HT layer is given on the
SEM image.

(B) Optical absorption spectra of the P3HT layers according to the P3HT thickness (inset: optical transmittance).

(C) Dark current density-voltage (J-V) curves for the organic devices with the P3HT layers.
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150, and 300 nm, while the top electrode (Al) thickness was fixed as ca. 95 nm for all devices. The optical
absorption spectra showed that the absorbance of P3HT layers was increased with the thickness but the
spectral shape was almost unchanged (refer Figure 1B). As plotted in the inset graph, all the P3HT layers
exhibited very low optical transparency (less than 20%) at the wavelength of 500 nm. The current den-
sity-voltage (J-V) curves in Figure 1C inform that all devices show typical diode characteristics with a recti-
fication ratio of 236.8 (50 nm), 67.7 (150 nm), and 4.71 (300 nm) at +1.0 (refer Figure S1 for the rectification
mechanism in the present organic diodes). This result reflects that the present devices were well fabricated
without a physical leakage path leading to device breakdown phenomena. The well-formed P3HT layers
can be supported by the cross-section part of devices (refer to the scanning electron microscope (SEM) im-
age in Figure 1A [right]).

The devices (organic diodes) were installed inside a sample holder that is connected with a double-acting
cylinder-piston assembly controlled by the nitrogen gas pressure (refer Figure 2). The pressure controller
adjusts the amount of incoming nitrogen gas to pass into the double-acting cylinder, and then the piston
rod moves up to the bottom part of organic diodes. The voltage and current signals, which are generated
from the devices by the pressing of piston rod, are measured at the same time but individually by the semi-
conductor parameter analyzer (see the left bottom in Figure 2). To monitor in situ signals of current and
voltage before and after pressing the devices, the piston rod is controlled to move up and down by pro-
gramming the pressure controller. Note that all device measurements were carried out in the inert and
dark condition.

As shown in Figure 3A, the increase of voltage (Vp) by pressing (pressure = 5 kg/cm?) was obviously
measured for the devices with the 50-nm-thick P3HT layers. The highest Vp reached 55 pV (ON state)
compared with 5.2 uV before pressing (note that the non-zero values before pressing can be attributed
to the flow of minority charge carriers in the devices). However, the voltage was gradually decreased to
35 uV even upon pressing for 180 s and returned to the original value after removing the pressure (OFF
state). The similar behavior was measured for the current (lp) signal. The peak current by pressing (Ip)
reached 30 pA, compared to 4.5 pA before pressing, for the devices with the 50-nm-thick P3HT layers. Inter-
estingly, as shown in Figure 3B, the devices with the 150-nm-thick P3HT layers exhibited relatively stable Vp
and lp signals upon pressing with a smaller decay. The peak Vp and |p values reached ca. 60 pV and 45 pA
with pressing, respectively, comparedto Vp = 5.0 uV and Ip = 4.3 pA without pressing. As shown in Figure S2,
the stable Vp and Ip signals were also measured by pressing the devices at a pressure of 2-5 kg/cm?, but the

N, gas

|

Pressure
........... § Cable Controller

I —
. Valve

Semiconductor Parameter Analyzer

Figure 2. Schematic illustration for the pressure-induced electricity generation measurement system

The organic devices were mounted inside a sample holder that has an inert atmosphere on the top part of the
measurement system. The pressing intensity from the double-acting cylinder was controlled by the nitrogen gas via the
pressure controller. The output voltage and current signals were recorded in the dark condition by a semiconducting
parameter analyzer (see the left bottom part).
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Figure 3. Short-term voltage and current signals generated from the organic devices with the P3HT layers by pressing (pressure = 5 kg/cm?)

according to the P3HT thickness (t)

(A)t=50nm, (B) t =150 nm, (C) t = 300 nm. “"ON" and “"OFF" stand for pressing on (pressure = 5 kg/cmz) and off (pressure = 0 kg/cmz), respectively.

highest signals were obtained at 5 kg/cm?. However, very poor Ve and Ip signals were measured for devices
with the 300-nm-thick P3HT layers (refer Figure 3C). Here it is noted that the voltage level was still high even
after removing the pressure, and the current generation was very small. The net amount of Vp and lp was
only 13 uV and 1.6 pA, respectively, for the thickest devices. These results imply that there is a transport
limitation for charges generated inside devices by pressing. The optimum thickness leading to the highest
Vp and lp is 150 nm in the present study.

Based on the short-time pressing results, a longer time pressing test was carried out to investigate whether
the optimized devices with the 150-nm-thick P3HT layers can continuously generate both voltage and current
signals. As shown in Figure 4, the first two short-time pressing events confirm that the devices are able to
generate both voltage and current signals even though there was a gradual decay upon pressing as
measured in Figure 3B. Then, the third pressing was performed and then kept constant for 30 min. Very inter-
estingly, the voltage and current signals showed an initial decay for 3 min but were stabilized for 27 min
before removing the pressure. The net amount of Vp and Ip reached 50 uV and 30 pA, respectively. The re-
sulting electrical power was 2.0 nW (see the bottom graph in Figure 4). After the 30-min pressing test, the
devices could still work to generate the similar level of Vp and Ip (see the last two short-time pressing events).
To further confirm much longer time operations, the devices with the 150-nm-thick P3HT layers were pressed
with the same pressure (5 kg/cmz) for 7 days (note that the continuous data acquisition was carried out for
1 day owing to the limited storage memory in the measurement system). As shown in Figures S3 and 54 (sup-
porting information), the output voltage and current values were almost unchanged with marginal fluctua-
tions for the first day, which was almost similar for the other days (note that there is a noticeable gap in signals
between days because the measurement system was turned off and on again for next-day measurements).
Although these day-by-day drops in the voltage and current signals could be assumed actual, it is obvious
that the signals became almost constant in the presence of some oscillations after the fourth day. This result
indicates that the present devices can act as an energy conversion device, from constant mechanical (pres-
sure) energy to electrical energy, and can be organic gravity nanogenerators when it comes to the contin-
uous electrical power generation by placing a heavy material on top of the devices.

To further understand, the electrical characteristics of devices were measured upon pressing. As shown in
Figure 5A, the current density at forward bias (8.4 mA/cm? at 1.0 V) was greatly increased by pressing
compared with that (1.4 mA/cm? at 1.0 V) before pressing. This huge jump in the current density (ca. 4-
fold) can be ascribed to the transport of charges generated by pressing because it cannot be explained
by the possible thickness reduction of the P3HT layers by pressing (only 0.01 mA/cm? at 1.0 V can be
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Figure 4. Long-term (30 min) voltage and current signals generated from the organic devices with the 150-nm-
thick P3HT layers by pressing (pressure = 5 kg/cm?)

“ON" and "OFF" stand for pressing on (pressure = 5 kg/cmz) and off (pressure =0 kg/cmz), respectively. Note that the first
and last two short-term pressing events were performed to check whether the present organic devices were still working
well upon pressing. The initial decay in the device performances is marked with the pink arrows.

increased by ca. 20 nm reduction of thickness). Particular attention is paid to the J-V curve after removing
pressure because it returned to almost the same shape as original curve (before pressing). This supports
that the present devices were not damaged by pressing, and the thickness was almost completely restored.
To get further solid evidence, the frequency-dependent capacitance of devices was measured as shown in
Figure 5B. The capacitance was greatly increased up to 1304 F at 0.01 Hz and 0.09 F at 100 Hz by pressing,

iScience 24, 102546, June 25, 2021 5
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Figure 5. Electrical characteristics of organic diodes according to pressing conditions

(A) Current density-applied voltage (J-Vapp) curves (dark condition) before pressing (0 kg/cmz), upon pressing (5 kg/cmz),
and after pressing (0 kg/cm?) for the organic devices with the 150-nm-thick P3HT layers (inset: semi-logarithmic scale).
(B) Capacitance as a function of frequency before pressing (0 kg/cm?), upon pressing (5 kg/cm?), and after pressing (0 kg/
cm?) for the organic devices with the 150-nm-thick P3HT layers.

compared with that before pressing (0.09 F at0.01 Hz and 2.23 x 10° F at 100 Hz). This huge jump in capac-
itance can be attributed to the increased number of charges that are generated by pressing because the
P3HT thickness reduction is unable to explain this phenomenon by pressing (only 5.8 x 107" F at 0.01 Hz
can be increased by ca. 20 nm reduction of thickness). However, the capacitance was not perfectly restored
even after removing the pressure, which can be attributed to the trapping of charges during the alter-
nating-current-like cyclic measurement of capacitance-frequency plots (note that the J-V curves were
measured with a direct current mode).

A mechanism on the electricity generation by pressing is proposed as illustrated in Figure 6. Considering
the self-assembled and well-stacked (ordered) states of P3HT chains (edge-on alignment mostly and poly-
crystalline), the pi-orbitals of P3HT chains may locate close to each other (Figure 6A). Upon pressing, the pi-
orbitals can be further closer leading to friction among their electrons (Figure 6B). This electron friction may
relocate electrons, which in turn induces mobile charges (electrons and holes) similar to triboelectricity
(Figure 6C) (Huang et al., 2020). Then the mobile charges are transported to corresponding electrodes
(ITO and Al) by the built-in electric field (Figure 6D). Here, the pressed P3HT chains are considered to
strongly vibrate toward the opposite direction of pressing in order to restore their stable original states.
Therefore, continuous processes between pressing (contraction) and restoring (expansion) actions in the
P3HT films can make endless frictions in the pi-orbitals of P3HT chains leading to the persistent generation
of charges upon pressing (as measured in Figure 4). Note that the gradual decay of voltage and current
signals by the short-time pressing (refer Figures 3 and 4) can be explained by the initial stabilization
step of P3HT chains inside as-fabricated devices. After the initial stabilization step, the P3HT chains might
step into the stable contraction-expansion cycles upon constant pressure (refer to the stabilized voltage
and current signals for the 30-min pressing in Figure 4). During the contraction-expansion cycles, the thick-
ness of P3HT layers in the devices is considered to slightly change as described in Figure S5.

To prove and confirm that the present electricity generation is scalable, organic diode modules were fabri-
cated by designing 14 sub-cells on single substrates (30 mm x 30 mm) as shown in Figure 7A. Note that the
150-nm-thick P3HT layers were used for the module fabrication. Because the sub-cells are connected in se-
ries, it is expected that the voltage of modules can be increased, compared to a single device, but the cur-
rent will remain constant (Figure 7B). As shown in Figure 7C, the current of organic module (Ipp) by pressing
was measured ca. 35-40 pA, which is similar to that of single cell in Figures 3 and 4. However, the voltage of
organic diode module (Vpy) by pressing reached ca. 0.3-0.4 V, which is 6600-fold higher than that (ca. 60 nV)
of single cell. Considering the voltage of single cell, 14 sub-cells should deliver 0.84 V theoretically. The
discrepancy can be explained by the resistive loss of sub-cell connections. As a result, the present organic
diode modules can generate ca. 20 pW, which is ca. 1,000 times higher than ca. 2.5 nW of single cell. This
result implies that further enhancement in electricity generation can be achieved by connecting more sub-
cells and stacking single modules vertically toward a 3-dimensional assembly.
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Figure 6. A mechanism proposed for the continuous generation of electricity upon pressing the organic devices

with the P3HT layers with constant pressure

(A) Before pressing: close arrangement of t-orbitals in the P3HT chains layer, (B) excited state formation by friction

of w-orbitals (see “1” and “2" for example) in the P3HT chains by the pressed force, (C) charge generation from excited states
and transport, and (D) charge collection by corresponding electrodes in the presence of high internal stress. Note that

the constraint polymer chains under pressing try to return to the stable (original) unconstraint states by the driving force

of internal stress, which enables the cycle (contraction-expansion) between (B) and (D) leading to the continuous generation

of electricity.

Conclusions

Pressure-induced electricity generation in organic diodes was examined by employing the P3HT layers as
an active medium. All devices showed the increased voltage and current signals upon pressing. The de-
vices with the thin P3HT layers (50 nm) exhibited a large drop in voltage and current even upon pressing,
while the pressure-induced voltage and current signals were very small for the devices with the thick
P3HT layers (300 nm). However, the devices with the 150-nm-thick P3HT layers delivered relatively
good voltage (60 uV) and current (45 pA) signals, with a small decay by short-time pressing, upon press-
ing. The optimized devices with the 150-nm-thick P3HT layers exhibited very stable and continuous
voltage (50 pV) and current (45 pA) signals upon continuous pressing for 30 min (marginal drop after
7 days) even though there was an initial decay for ca. 3 min. The resulting electric power was ca.

¢? CellPress

OPEN ACCESS

iScience 24, 102546, June 25, 2021

7




¢? CellPress

OPEN ACCESS

Constant Pressure

AU AV AV

iScience

|@@

©

Substrate

- Plate |
- C-1 Al C-2 Al Cc-14 Al
= ?—o ITO I ITO I
ITO

0.5 ON 25
lOFF ON
40!} " ‘ > A oy s i loiF I
=3 " ' So03 ‘ 2 15
%30 Eo.2 J 10 '
=20t > o®
10 0.1 5
ol \ — 0.0 0
0 50 100 150 200 0 50 100 150 200 50 100 150 200
Time (s) Time (s) Time (s)

Figure 7. Organic diode modules with 14 single cells in series connection

(A) Photograph for the organic diode module with 14 single sub-cells (C-1 ~ C14) in series connection: Note that the signal lines were connected between the

ITO electrode in C-1 and the Al electrode in C-14.
(B) Schematic illustration for the organic diode module under constant pressure.

(C) Current (Ipw), voltage (Vpm), and power (Ppy) from the organic diode module by pressing. “ON" and "OFF" stand for pressing on (pressure = 5 kg/cmz)

and off (pressure = 0 kg/cm?), respectively.

20 nW for the optimized single devices. The current density-voltage and capacitance measurements
confirmed the charge generation by pressing as well as the restored device characteristics after pressing.
The pressing-restoring mechanism of P3HT chains, leading to pi-orbital frictions, has been proposed to
explain the present charge generation phenomenon by pressing. The organic diode modules fabricated
with 14 sub-cells in series demonstrated that the voltage of modules was greatly increased up to ca. 0.4V
(compared with ca. 60 pV of single cell) leading to the electrical power of ca. 20 pW. Therefore, it is ex-
pected that the present technology of pressure-induced electricity generation from organic diodes can
be a breakthrough to open organic gravity nanogenerators that enable continuous electricity generation
by gravitational forces.

Limitation of the study

Although the present work demonstrates electricity generated from organic diode devices under con-
stant pressure, there is a limitation to provide an exact evidence for the contraction-expansion mecha-
nism of P3HT chains (pressing-restoring of P3HT films) leading to pi-orbital frictions. This is why no instru-
ment is available to accurately monitor the vibration of polymer chains and/or contraction-expansion of
ca. 150-nm-thick polymer films. Because the bottom and top plates are placed to compress the organic
diode devices, it is very difficult to directly apply a nanoscale tip in the currently available atomic force
microscope or surface profilometer. However, it is expected that the continuous contraction-expansion
behavior of nanoscale polymer films can be measured if an extremely precise laser interferometer or a
brand-new nanoscale tip-monitoring system is constructed together with the sophisticated electrical
measurement system equipped with a transparent electrode in the future. It is carefully predicted that
the thickness change (displacement) in the present P3HT films of devices upon contraction-expansion
cycles might fall within ca. 10% when it comes to the roughly measured piston oscillations in the dou-
ble-acting cylinder system.

8 iScience 24, 102546, June 25, 2021
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Table 1. Summary of device parameters under pressing (5 kg/cm?) from the organic diodes with the P3HT layers
according to the P3HT thickness (t)

Before pressing Pressing on Pressing off After pressing

t (nm)
Parameters 50 150 300 50 150 300 50 150 300 50 150 300
Ve (wV) 5.28 3.89 36.7 53.5 60.7 49.9 31.2 57.3 49.8 5.48 3.69 37.1
Ip (HA) 4.35 4.34 1.77 38.7 49.9 3.35 131 44.2 3.37 4.02 3.61 1.95
Pp (NW) 0.02 0.01 0.06 2.07 3.03 1.67 0.41 2.53 0.17 0.02 0.01 0.07
STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLES
® RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
e METHOD DETAILS
O Materials and solutions
O Film and device fabrication
O Measurements

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102546.

ACKNOWLEDGMENTS

This work was financially supported by the National Research Foundation (NRF) of Korea
(2018R1D1A3B07046214, 2018R1D1A1B07051075, Basic Science Research Program_2018R1A6A1A03024962)
and the Ministry of Trade, Industry and Energy (MOTIE)—Korea Institute for Advancement of Technology
(KIAT) through the International Cooperative R&D program (Project No. P0011262). The authors thank Dr. Sun-
gho Nam for his initial contribution to the pressure-dependent electricity generation work.

AUTHOR CONTRIBUTIONS

Y.K. designed this work and supervised whole experimental processes. S.L. (main) carried out experiments
including device fabrications and measurements. H.K. was involved in data analysis and discussion. S.L. and
Y.K. wrote the manuscript and edited the final versi on.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: January 12, 2021
Revised: March 20, 2021
Accepted: May 12, 2021
Published: June 25, 2021

REFERENCES

Amrouche, S.O., Rekioua, D., Rekioua, T., and
Bacha, S. (2016). Overview of energy storage in
renewable energy systems. Int. J. Hydrogen
Energy 41, 20914-20927.

Dudem, B., Huynh, N.D., Kim, W., Kim, D.H.,
Hwang, H.J., Choi, D., and Yu, J.S. (2017).
Nanopillar-array architectured PDMS-based
triboelectric nanogenerator integrated with a

windmill model for effective wind energy
harvesting. Nano Energy 42, 269-281.

Gaurmieri, M. (2015). Switching the light: from
chemical to electrical [Historical]. IEEE Ind.
Electron. 9, 44-47.

Gaurmieri, M. (2018). An historical survey on light
technologies. IEEE Access 6, 25881-25897.

Han, S.A., Lee, J., Lin, J., Kim, S.-W., and Kim, J.H.
(2019). Piezo/triboelectric nanogenerators based
on 2-dimensional layered structure materials.
Nano Energy 57, 680-691.

Huang, L.-B., Xu, W., Tian, W., Han, J.-C., Zhao,
C.-H., Wu, H.-L., and Hao, J. (2020). Ultrasonic-
assisted ultrafast fabrication of polymer

iScience 24, 102546, June 25, 2021 9


https://doi.org/10.1016/j.isci.2021.102546
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref1
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref1
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref1
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref1
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref2
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref2
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref2
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref2
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref2
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref2
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref3
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref3
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref3
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref4
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref4
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref5
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref5
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref5
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref5
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref6
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref6
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref6

¢? CellPress

OPEN ACCESS

nanowires for high performance triboelectric
nanogenerators. Nano Energy 71, 104593.

Kasaei, M.J., Gandomkar, M., and Nikoukar, J.
(2017). Optimal management of renewable
energy sources by virtual power plant. Renew.
Energy 114, 1180-1188.

Kim, J., Lee, J.H., Ryu, H., Lee, J.-H., Khan, U.,
Kim, H., Kwak, S.S., and Kim, S.-W. (2017).
High-performance piezoelectric, pyroelectric,
and triboelectric nanogenerators based on
P(VDF-TrFE) with controlled crystallinity and
dipole alignment. Adv. Funct. Mater. 27, 1700702.

Lin, S., Lu, Y., Feng, S., Hao, Z,, and Yan, Y. (2019).
A high current density direct-current generator
based on a moving van der waals Schottky diode.
Adv. Mater. 37, 1804398.

Martins, F., Felgueiras, C., Smitkova, M., and
Caetano, N. (2019). Analysis of fossil fuel energy
consumption and environmental impacts in
european countries. Energies 12, 964.

Park, S., Kim, Y., Jung, H., Park, J.-Y., Lee, N., and
Seo, Y. (2017). Energy harvesting efficiency of
piezoelectric polymer film with graphene and
metal electrodes. Sci. Rep. 7, 17290.

Patnam, H., Dudem, B., Alluri, N.R., Mule, AR,

Graham, S.A., Kim, S.-J., and Yu, J.S. (2020).
Piezo/triboelectric hybrid nanogenerators based

10 iScience 24, 102546, June 25, 2021

on Ca-doped barium zirconate titanate
embedded composite polymers for wearable
electronics. Compos. Sci. Technol. 188, 107963.

Raja, V., Umapathy, M., Kumar, B.P., and
Premkuma, S. (2020). Design, analysis and
experimental investigation of a rotational
piezoelectric energy harvester with storage
system. J. Mech. Sci. Technol. 34, 4475-4487.

Ramirez, A.D., Rivela, B., Boero, A., and
Melendres, A.M. (2019). Lights and shadows of
the environmental impacts of fossil-based
electricity generation technologies: a
contribution based on the ecuadorian
experience. Energy Policy 125, 467-477.

Shao, H., Fang, J., Wang, H., Dai, L., and Lin, T.
(2016). Polymer—metal Schottky contact with
direct current outputs. Adv. Mater. 28, 1461.

Shao, H., Fang, J., Wang, H., Zhou, H., and Lin, T.
(2017). Direct current energy generators from a
conducting polymer-inorganic oxide junction.

J. Mater. Chem. A 5, 8267.

Shin, S.-H., Choi, S.-Y., Lee, M.H., and Nah, J.
(2017). High-performance piezoelectric
nanogenerators via imprinted sol-gel BaTiO3
nanopillar array. ACS Appl. Mater. Interfaces 9,
41099-41103.

iScience
Article

Singh, H.H., and Khare, N. (2018). Flexible ZnO-
PVDF/PTFE based piezo-tribo hybrid
nanogenerator. Nano Energy 51, 216-222.

Song, J., Yang, B., Zeng, W., Peng, Z., Lin, S., Li, J.,
and Tao, X. (2018). Highly flexible, large-area, and
facile textile-based hybrid nanogenerator with
cascaded piezoelectric and triboelectric units for
mechanical energy harvesting. Adv. Mater.
Technol. 3, 1800016.

Wilberforce, T., Naroutaji, A., Hassan, Z.E.,
Thompson, J., Soudan, B., and Olabi, A.G. (2019).
Prospects and challenges of concentrated solar
photovoltaics and enhanced geothermal energy
technologies. Sci. Total Environ. 659, 851-861.

Yousry, Y.M., Yao, K., Mohamed, A.M., Liew,
W.H., Chen, S., and Ramakrishna, S. (2020).
Theoretical model and outstanding performance
from constructive piezoelectric and triboelectric
mechanism in electrospun PVDF fiber film. Adv.
Funct. Mater. 30, 1910592.

Zhang, X.-S., Han, M., Kim, B., Bao, J.-F., Brugger,
J., and Zhang, H. (2018). All-in-one self-powered
flexible microsystems based on triboelectric
nanogenerators. Nano Energy 47, 410-426.

Zheng, Q., Fang, L., Guo, H., Yang, K., Cai, Z,,
Meador, M.A.B., and Gong, S. (2018). Highly
porous polymer aerogel film-based triboelectric
nanogenerators. Adv. Funct. Mater. 28, 1706365.


http://refhub.elsevier.com/S2589-0042(21)00514-9/sref6
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref6
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref7
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref7
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref7
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref7
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref8
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref8
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref8
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref8
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref8
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref8
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref8
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref8
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref9
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref9
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref9
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref9
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref9
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref10
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref10
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref10
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref10
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref11
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref11
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref11
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref11
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref12
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref12
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref12
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref12
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref12
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref12
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref13
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref13
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref13
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref13
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref13
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref14
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref14
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref14
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref14
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref14
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref14
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref15
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref15
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref15
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref16
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref16
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref16
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref16
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref17
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref17
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref17
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref17
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref17
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref18
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref18
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref18
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref19
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref19
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref19
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref19
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref19
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref19
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref19
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref19
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref20
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref20
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref20
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref20
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref20
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref21
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref21
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref21
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref21
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref21
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref21
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref22
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref22
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref22
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref22
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref23
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref23
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref23
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref23
http://refhub.elsevier.com/S2589-0042(21)00514-9/sref23

iScience

¢? CellPress

OPEN ACCESS

STARXMETHODS

KEY RESOURCES TABLES

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals

P3HT Solaris Chem Inc. SOL4106
Chlorobenzene Sigma-Aldrich Cat# 270644
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Other

Surface profiler Bruker DektakXT-E
Scanning electron microscope Hitachi High-Technology S-4800
UV-visible spectrometer PerkinElmer Lambda 750
Electrometer Keithley Keithley 2400
Semiconductor parameter analyzer Keithley Keithley 4200 SCS
Pressure controller CHIYODA SEIKI Model 2001
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Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Youngkyoo Kim (ykimm@knu.ac.kr).

Materials availability

This study did not generate new materials.

Data and code availability
This study did not generate any data sets.

METHOD DETAILS

Materials and solutions

P3HT (regioregularity = 95%, weight-average molecular weight = 5.3%10% Da, polydispersity index = 1.5)
was used as received from Solaris Chem Inc. (Canada). The P3HT solutions were prepared using chloroben-
zene (solvent) at a solid concentration of 13.3 ~ 33.3 mg/ml for various film thicknesses (50 ~ 300 nm). The
P3HT solutions were subjected to continuous stirring with a magnetic bar prior to spin-coating.

Film and device fabrication

For the fabrication of organic devices and modules, the pre-patterned indium tin oxide (ITO)-coated glass
substrates were immersed into acetone and isopropyl alcohol and ultrasonically cleaned for 30 min each.
The cleaned ITO-glass substrates were exposed to a UV-ozone (UVO) environment for 20 min to remove
some organic residues on the ITO surface. On the top part of the UVO-treated ITO-glass substrates, the
P3HT solutions were spun and soft-baked at 60°C for 15 min. The thickness of the resulting P3HT layers
was 50, 150, and 300 nm due to the different concentrations of P3HT solutions. The P3HT-coated samples
were transferred into a vacuum chamber inside an argon-filled glovebox system. Then, the aluminum (Al,
95 nm) electrodes were deposited on the P3HT layers at a base pressure of ~ 1.0 x 10 torr. Finally, the Al-
deposited samples (devices) were thermally annealed at 140°C for 30 min.

Measurements

The thickness of P3HT layers and electrodes was measured using a surface profiler (DektakXT-E, Bruker).
The cross-section of devices was measured using a scanning electron microscope (5-4800, Hitachi High-
Technology, Japan). The optical absorption spectra of P3HT layers (coated on the ITO-glasses) were
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measured using a UV-visible spectrometer (Lambda 750, PerkinElmer, USA). The current density-applied
voltage (J-Vapp) curves of devices were measured using a home-built measurement system equipped
with an electrometer (Keithley 2400, USA) and a semiconductor parameter analyzer (Keithley 4200 SCS,
USA). The time-dependent current and voltage characteristics under pressing were measured using the
same measurement system connected to a semiconductor parameter analyzer (Keithley 4200 SCS, USA).
The pressure between the bottom (ITO-glass) and top (Al electrode) parts of devices was controlled via
a double acting cylinder assembly controlled by a pressure controller (Model 2001, CHIYODA SEIKI,
Japan). All devices were measured in the dark condition to avoid photovoltaic effects.

12 iScience 24, 102546, June 25, 2021

iScience



	ISCI102546_proof_v24i6.pdf
	Persistent electrical energy generation from organic diodes under constant pressure: toward organic gravity nanogenerators
	Introduction
	Results and discussion
	Conclusions
	Limitation of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources tables
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Method details
	Materials and solutions
	Film and device fabrication
	Measurements







