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Self-biased silicon transistor with a piezoelectric
gate for an efficient mechanical energy harvesting
device†
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In this study, a piezo potential gated self-biased transistor was fabricated on a heavily doped silicon (p+-

Si) (111) substrate and used for efficient mechanical energy harvesting applications. The drain and source

(S–D) electrode of this top gated transistor was made of LiF(5 nm)/Al(65 nm) and MoO3(5 nm)/Ag(65 nm),

respectively, whereas piezoelectric poly (vinylidene fluoride-co-hexapropelene) (PVDF-HFP) thin film was

used as the gate dielectric. Drain bias (VDS), which was required to transport the hole carrier through the

channel, was developed from the work function difference of the S–D electrodes, whereas the piezopo-

tential, which worked as the gate bias of this transistor, was developed from the external force applied on

the PVDF-HFP thin film. Consequently, this device efficiently converted mechanical energy into electrical

energy. For an applied pressure of 4 bar for ∼5 s, the extracted electrical power per cycle of this device

was 1.6 × 10−9 watts with a conversion efficiency of ∼75%, which was an exceptionally high value com-

pared with conventional energy harvesting devices. Besides, the electrical characterization showed its

transistor-like behavior, and the extracted device parameters, including threshold force, on–off ratio, and

subthreshold swing (SS), were 0.5 N, 4.56 × 102, and 3.16 N A−1, respectively.

1. Introduction

The escalating demand for energy and the global energy crisis,
exacerbated by the continual rise in environmental pollution,
have driven researchers to explore alternative energy techno-
logies capable of harnessing ambient energies.1,2 Mechanical
energy, which is prevalent in the ambient environment, can be
captured and converted into electrical power for small-scale
power generation.3,4 It is well-known that energy harvesting
devices are a promising alternative power source for portable
low-power electronic devices such as medical implants, porta-
ble electronics, wireless sensors, and low-power integrated cir-
cuits (ICs).4–6 In contrast to traditional chemical batteries,
energy harvesters function as perpetual power sources by con-
tinuously obtaining energy from the environment. There are a
variety of inorganic (ceramics), organic (polymers), and com-
posite materials that exhibit piezoelectricity, which can convert
mechanical energy into useful electric output.7,8 Among these
materials, ceramic materials have very high dielectric and
piezoelectric coefficient values; however, their high brittleness,

toxicity, and density limit their use for various applications in
certain contexts.7,9–12 Besides, piezoelectric polymers, such as
poly (vinylidene fluoride) (PVDF) and its copolymers
(PVDF-HFP and PVDF-TrFE), offer advantages like enhanced
flexibility, durability, biocompatibility, and easy
processability,13–16 and they are considered more promising
piezoelectric materials for the coming years. A semi-crystalline
PVDF can exist in five distinct polymeric forms, namely, α, β, γ,
δ and ε. Among these phases, the β-phase (TTTT configur-
ation) of the PVDF is an electroactive phase, which is respon-
sible for high piezoelectric properties.17 Additionally, the semi-
polar γ-phase in the T3GT3G configuration is also an electroac-
tive phase of PVDF.18–20 However, the proportion of the
electro-inactive α-phase in PVDF is usually higher owing to its
thermodynamically favored state. In the past, a number of pro-
cessing techniques, such as electric poling,21 mechanical
starching,22 filler incorporation or electrospinning23 and use
of different composite materials,24–26 have been used to
improve the β-phase in PVDF for its utilization for energy har-
vesting devices.27,28 However, reports on the enhancement of
the β-phase through thin film engineering are limited.

Until now, a good number of device structures have been
developed to scavenge mechanical energy for practical appli-
cations, including cantilever (bimorph or unimorph), piezo-
electric film configuration, piezoelectric stack configuration,
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etc.29,30 Depending on the dimensions, these devices are classi-
fied into three main groups: (a) macro/meso, (b) microelectro-
mechanical system (MEMS), and (c) nanoscale devices.31 The
macro/meso electromechanical system (MEMS) devices operate
on a larger scale, integrating mechanical and electrical com-
ponents to offer precision, power, and versatility across appli-
cations. However, they are constrained by their larger size,
higher material costs, complex manufacturing processes,
reduced precision, and increased power consumption com-
pared to micro-electromechanical systems.32 Mechanical
energy sources, such as motion and vibration, can be har-
nessed using MEMS through mechanisms such as piezoelec-
tric and triboelectric transducers.33–35 In the realm of MEMS,
energy harvesting can be achieved through diverse mecha-
nisms, such as electromagnetic, electrostatic, piezoelectric
transducers, and triboelectric generators, all of which rely on
contact electrification between two distinct layers.33 These
devices are used in wearable electronics and wireless sensor
networks due to their small size and multifunctionality.36,37

However, they face challenges such as size complexity,
reliability issues, and high power consumption.31,38

Additionally, they produce AC signals that require rectification
and generate output as spikes, complicating power extraction
and efficiency calculations.39–41

In this work, a piezo potential gated self-biased Si transistor
was fabricated using PVDF-HFP as the gate dielectric in combi-
nation with asymmetric work function source–drain (S–D) elec-
trodes. This top-gated transistor was fabricated on a heavily
p-doped silicon (p+-Si) substrate where LiF(5 nm)/Al(65 nm)
and MoO3(5 nm)/Ag(65 nm) are used as the source and drain
electrodes, respectively, and variation of drain current (ID) was
observed due to the variation of mechanical force on top of
the PVDF-HFP thin film. By considering mechanical forces
equivalent to the gate bias, the device exhibits transistor-like
electrical characteristics, efficiently converting mechanical
energy to electrical energy without any external bias. More
interestingly, the electrical energy output of the device in DC
can be sustained for a period of time. Therefore, the power
conversion efficiency of this device can be calculated accurately
from its electro-mechanical characteristics by measuring the
area under the curve of the current vs. time (I–t ) data. On the
other hand, the applied mechanical energy was extracted from
the calculation of ‘work done’ on the PVDF-HFP thin film
using its Young modulus parameter determined by the
Nanoindentation technique. The generated electrical energy to
mechanical energy ratio determined the power conversion
efficiency, which reached as high as ∼75%.

2. Experimental session
2.1. Material synthesis

A 10 wt% PVDF-HFP solution was prepared by dissolving the
poly (vinylidene fluoride-co-hexapropelene) (PVDF-HFP) pellets
(Sigma, average Mw ∼ 455 000, average Mn ∼ 110 000) in N,N-
dimethyl formamide (DMF) (SRL, extra pure 99%) solvent

through vigorous magnetic stirring for 24 hours at room temp-
erature to make a homogeneous and transparent solution.
Then, the solution was left overnight before use.

2.2. Device fabrication

This piezo-potential gated transistor was fabricated on a
heavily doped silicon (p+-Si) (111) substrate, which serves as
the substrate and semiconductor channel. At the beginning of
this fabrication, the p+-Si substrate was etched with 10%
hydrofluoric (HF) acid for 2 min to remove the native oxides
from the surface of the silicon substrate.42 The substrate was
then cleaned using a three-solution cleaning process43 that
involved successive sonication in DI water, acetone, and IPA
for 15 minutes each. Subsequently, the sample was dried by
blowing dry air over the cleaned substrate. Afterward, the sub-
strate surface was subjected to a 10 minute oxygen plasma
treatment at 20 W m−2 power to remove organic substances
and make it hydrophilic. After cleaning, the source–drain elec-
trodes are deposited in two individual steps using the thermal
evaporation process via the shadow mask technique.44 For this
purpose, lithium fluoride (LiF = 5 nm) was deposited before
aluminum (Al = 65 nm) to form the LiF/Al electrode on top of
the cleaned p-Si+ substrate, which serves as the source of the
transistor. Then, this mask is removed and another pattern
mask is placed in such a way that it can form the drain elec-
trode of the transistor with a width-to-length (W/L) ratio of 118
(23.6 mm/0.2 mm).45 For this drain electrode deposition, mol-
ybdenum oxide (MoOx = 5 nm) is deposited below silver (Ag =
65 nm) to form the MoO3/Ag electrode. After the source–drain
electrode deposition, the PVDF-HFP thin film was deposited
by spin coating the PVDF-HFP solution with a speed of 1500
rpm for 50 seconds on top of the electrode materials and
placed on the preheated hotplate at 60 °C for 30 min for
drying. This PVDF-HFP deposition step was repeated once to
achieve the desired thickness, and the sample was placed on a
preheated hot plate at 60 °C for 6 hours. During this device
fabrication process, a reference device was fabricated with the
same device geometry, but with a symmetric electrode where
both the source and drain are made with Al (70 nm) instead of
the asymmetric S–D electrodes. The schematic diagrams of the
symmetric and asymmetric S–D electrode devices are shown in
Fig. 1(a) and (b), respectively. In addition, for XRD and FTIR
measurements, the PVDF-HFP thin film was deposited on the
p+-Si substrate under the same conditions as those used for
device fabrication. Moreover, for ultraviolet photoelectron
spectroscopy (UPS) measurements, asymmetric MoO3/Ag and
LiF/Al electrodes have been fabricated on the ITO-coated glass
substrate in a similar manner.

2.3. Material and device characterization

The structural analysis of the PVDF-HFP thin films was con-
ducted using an X-ray diffractometer (Rigaku, Clever Lab) with
monochromatized Cu K radiation (λ = 0.15405 nm). The
surface morphology of the thin films was examined using an
EVO-scanning electron microscope MA15/18 (CARL ZEISS
MICROSCOPY Ltd). The surface roughness and contact poten-
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tial measurements were investigated using atomic force
microscopy (AFM) (NTMDTNTEGRA-prima). The mechanical
property of the PVDF-HFP was determined using a nanoinden-
ter (Hysitron TI 950 TriboIndenter, Hysitron, Minneapolis,
Minnesota) with a Berkovich tip and a radius of about 100 nm
using depth-sensing indentation experiments. Additionally,
the structural analysis of the PVDF-HFP thin film was per-
formed using Fourier transform infrared spectroscopy-attenu-
ated total reflection (FTIR-ATR) (Nicolet iS5) within the range
of 700 to 1300 cm−1, with a resolution of 4 cm−1. The local
work function of the electrode materials was analyzed using
ultraviolet photoelectron spectroscopy (UPS) (k-Alpha, Thermo
Fisher Scientific). Electrical characterizations of the device
were conducted with a semiconductor parameter analyzer
(Keysight B1400 A) connected to a manual probe station. All
electrical measurements were performed in an open atmo-
sphere. For external force application, a force gauge (Lutron,
FG-5000A) was used, which measures forces in the range of
0.01 N to 176.40 N.

3. Results and discussion
3.1. Structural analysis of the spin-coated PVDF-HFP film

The XRD pattern of the PVDF-HFP thin film (Fig. 2(a)) exhibits
two distinct diffraction peaks located at 2θ ∼ 17.9° (100) and
26.9° (021), corresponding to its α-phase. However, the stron-
gest diffraction peak located at 2θ ∼ 20.3° (200/110) is associ-
ated with the PVDF-HFP β-phase, indicating the presence of a
crystalline β-phase with a significantly larger ratio. This higher
percentage of the β-phase in PVDF-HFP occurs due to the
mechanical forces generated by the centrifugal forces during
the spin coating and subsequent drying process of the
PVDF-HFP solution.46 Furthermore, the FTIR-ATR spectroscopy
of the PVDF-HFP thin film (Fig. 2(b)) shows a peak at
490 cm−1, which is related to the α-phase, while stronger peaks
at 509, 840, and 1401 cm−1 correspond to the electroactive
β-phase of the spin-coated PVDF-HFP thin film. Furthermore,
the PVDF-HFP thin film’s crystalline γ-phase is represented by
the peak located at 1176 cm−1. Besides, there are a few mixed
phases present in the film that correspond to 880 cm−1 for the
(β + γ phase) and 1071 cm−1 for the (α + γ phase),

respectively.47,48 Overall, from these FTIR spectra, it is clear
that the intensity of the bands corresponding to the β-phase is
noticeably higher than that of the α-phase, demonstrating a
significantly larger amount of the β-phase in the PVDF-HFP
thin film. The amount of β-content in the PVDF-HFP thin film
spin-coated over the p+-Si substrate is 71.54%, as determined
from the ATR-FTIR absorbance spectra. This value is signifi-
cantly higher than those of the bulk PVDF-HFP (46.6%) and
the PVDF-HFP film coated on a glass substrate (53%), as sche-
matically shown in Fig. 2(c). The ATR-FTIR absorbance spectra
of bulk PVDF-HFP, PVDF-HFP on glass, and PVDF-HFP on the
p+-Si substrate are shown in Fig. ESI 1(a), (b), and (c),† respect-
ively. The reason for the high content of β-phase in the
PVDF-HFP film is the centrifugal forces generated in the
PVDF-HFP thin film during the spin-coating process and the
nature of the substrate, as explained in Fig. ESI 2.† When a
drop of the PVDF-HFP solution is placed on the substrate, it
spreads across the surface due to the substrate’s hydrophilic
nature. Once spinning begins, the spread solution experiences
a centrifugal force, causing stretching within the PVDF-HFP
polymer chains. During spin coating, the centrifugal forces
align the dipoles in the PVDF-HFP film, promoting the for-
mation of the electroactive β-phase. With a specific spinning
duration and speed, the PVDF-HFP film achieves optimal con-
ditions for forming the maximum amount of β-phase without
the need for external electric poling.49–51 This results in a
higher β-content in the spin-coated PVDF-HFP thin film com-
pared to bulk PVDF-HFP. Additionally, the polarity and surface
characteristics of the substrate play a critical role in enhancing
this effect. Specifically, the p+-Si substrate, with its low surface
roughness and high density of positive charges (holes), estab-
lishes excellent contact with the PVDF-HFP film. This inter-
action induces a significant number of dipoles in the
PVDF-HFP film with opposite polarity, thereby increasing the
probability of self-polarization and enhancing β-phase for-
mation. Furthermore, the mobile hole carriers in the p+-Si sub-
strate influence the dipoles in the PVDF-HFP thin film, attract-
ing the negative unit (–C–F2) towards the substrate, which
further promotes the TTTT conformation in the PVDF-HFP
film.52,53

The amount of β-phase content of the PVDF-HFP thin film
was measured with an attenuated total reflection Fourier trans-

Fig. 1 Schematic of the (a) piezo-potential gated transistor (symmetric S–D electrode) and (b) piezo-potential self-biased (asymmetric S–D elec-
trode) transistor.
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form infrared spectrometer. The following formula was used to
determine the phase separation of the β-phase content (F(β))
in the film.54

FðβÞ ¼ Aβ
Kβ

Kα
� Aα þ Aβ

¼ Aβ
1:26� Aα þ Aβ

ð1Þ

Kα and Kβ are the absorption coefficients of the corresponding
peaks, with values of 6.1 × 104 and 7.7 × 104 cm2 mol−1,
respectively, and Aα and Aβ are the absorbances of the α and β
phases at wavenumbers of 763 and 840 cm−1, respectively.

Scanning electron microscopy (SEM) was used to investigate
the surface morphology and microstructure of the PVDF-HFP
thin film (Fig. 2(d)). In this investigation, the SEM images of
the spin-coated PVDF-HFP thin film showed no discernible
α-spherulitic structures (α-phase).48 This also provides
additional evidence of the contribution of the electroactive
β-phase in the PVDF-HFP thin film.

3.2. Surface morphology and thickness study of the
PVDF-HFP film

The surface morphology of the PVDF-HFP thin film was exam-
ined using atomic force microscopy (AFM), and its 2D and 3D

images are shown in Fig. 3(b) and (c), respectively, indicating
its root mean square roughness (RRMS) of ∼40 nm, which is
significantly low. This data reveals the compact nature of the
PVDF-HFP thin film. Besides, its granular features arise due to
the crystalline β-phase, which is discussed in the earlier sec-
tions. Moreover, the AFM study was performed on a scratched
PVDF-HFP thin film to determine the PVDF-HFP film thickness.
The 2D and 3D micrographs for this measurement are shown in
Fig. 3(d) and (e), respectively, indicating its thickness is ∼2 μm.
Besides, a cross-sectional SEM study also identified the thick-
ness of the PVDF-HFP thin film, which is ∼2 μm (Fig. 3f).

3.3. Mechanical properties of the PVDF-HFP film on the p+-Si
substrate

A nanoindentation test was performed on the PVDF-HFP thin
film to measure its Young’s modulus, which is strongly depen-
dent on the substrate, processing conditions, and film thick-
ness. The primary method of this measurement required a
very small probe or indenter, which allowed it to interact with
the thin film by penetrating its tip into the film to determine
properties such as Young’s modulus and hardness. A nanoin-
denter (Hysitron TI 950 TriboIndenter, Hysitron, Minneapolis,
Minnesota) with a Berkovich tip and a radius of about 100 nm

Fig. 2 Structural and phase analysis of spin-coated PVDF-HFP thin film: (a) XRD spectra, (b) FTIR spectra, (c) β-phase content, and (d) SEM image.
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was used for the depth-sensing indentation experiments. The
half angle between the pyramid’s axis and its three faces is set
at 65.35°. The tip is made of diamond, which has a Young’s
modulus of 1140 GPa and Poisson’s ratio of 0.07. For these
measurements, a load of 500 μN was employed at 50 μN s−1

with loading, holding and unloading times of 10, 20 and 10 s,
respectively. The measured values of the nano hardness (h)
and Young’s modulus of this PVDF-HFP thin film are 74 ± 11
MPa and 1.4 ± 0.5 GPa, respectively. The typical indentation
curve is shown in Fig. 4.

3.4. Cross-sectional study of the asymmetric electrode

A cross-sectional SEM analysis was performed to determine
the thickness of both the interface layers and the complete
electrode, as depicted in Fig. 5. In this investigation, the LiF/Al
and MoO3/Ag electrodes were prepared on a p+-Si substrate, as
described in the device fabrication part. The calculated thick-
ness of the MoO3 layer in the MoO3/Ag electrode is approxi-
mately 5 nm, and the overall thickness of the MoO3/Ag elec-
trode is around 70 nm, with 65 nm of Al, as illustrated in

Fig. 3 (a) Schematic of the PVDF-HFP thin film deposited on the p+-Si substrate; (b) 2-D and (c) 3-D AFM images of the PVDF-HFP thin film
surface; (d) 2-D and (e) 3-D height profile micrographs, and (f ) cross-sectional FESEM image of the PVDF-HFP thin film.

Fig. 4 Load-displacement plot for PVDF-HFP/p+-Si obtained from nanoindentation.
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Fig. 5(a). Furthermore, the overall thickness of LiF/Al is
approximately 70 nm, comprising 5 nm of LiF and 65 nm of
Al, as shown in Fig. 5(b).

3.5. Work function analysis of electrode materials through
ultraviolet photoelectron spectroscopy (UPS)

The work function of a material refers to the energy required
to remove an electron from its surface. Essentially, it rep-
resents the electrostatic potential difference between electrons
at the Fermi level (EF) and the maximum potential, i.e., the
vacuum level. Beyond its fundamental association with the
Fermi energy, the work function holds practical significance in
electron emission, contact potentials, chemical reactivity, and
catalysis.

In this work, ultraviolet photoelectron spectroscopy (UPS)
was used to determine the work functions of the Ag/MoO3 and
LiF/Al electrodes, as shown in Fig. 6(a) and (b), respectively.
For the work function study of the Ag/MoO3 electrode, the

measurement was performed through a reference, cleaned Ag
and Ag/MoO3 electrodes. Similarly, for the Al/LiF electrode,
UPS measurements were performed on a clean Al and an Al/
LiF electrode. In both cases, the photon source used was a He
I discharge lamp with a photon energy of 21.22 eV. The energy
scale is initially set by grounding the sample to define the
kinetic energy of the Fermi edge electrons as the maximum
available energy, i.e., 21.22 eV. Under these conditions, the
measurement was performed, and the magnitude of the work
function was calculated using the following equations.55

Ф ¼ hν� ðB:Eþ K:EÞ ð2Þ

Ф ¼ hν� ðB:EÞ Max ð3Þ
Fig. 6a shows the UPS spectra of Ag and Ag/MoO3, and the

extracted value of the work function of Ag and Ag/MoO3 are
−4.37 eV and −4.89 eV, respectively. This is in agreement with
the work function of Ag and provides an indication of work

Fig. 5 Cross-sectional SEM images of (a) MoO3/Ag and (b) LiF/Al electrodes on the p+-Si substrate.

Fig. 6 Secondary photoemission cutoff acquired through UPS (He I ∼ 21.22 eV), measuring the work function of the modified Ag and Al electrodes.
(a) Ag and Ag–MoO3 and (b) Al and Al–LiF.
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function enhancement of ∼0.55 eV in the Ag/MoO3 electrode
at the optimal thickness of the MoO3 layer in the Ag elec-
trode.56 The UPS spectra of Al and Al/LiF are shown in Fig. 6b,
and the work functions of Al and Al/LiF are −3.99 eV and
−3.73 eV, respectively. This result suggests a decrement in the
work function of the Al/LiF electrode by 0.26 eV compared to
the Al electrode. This decrement in the resultant work function
of Al/LiF is due to the LiF layer before the Al electrode.57,58

Therefore, the UPS-measured work function difference
between MoO3/Ag and LiF/Al is −1.16 eV. However, in practical
devices, the measured potential difference using the digital
multimeter (KEITHLEY DMM6500 6 1/2) between the source
and the drain is −0.55 V, which is still high enough to drive
carriers from the channel.

3.6. Electrical characterization of the piezopotential gated
self-biased transistor

The transient current response of the device under the appli-
cation of the periodic pressure is shown in Fig. 7. This
measurement has been performed under zero external biasing
(Vapp = 0 V) with an applied cyclic pressure of 4 bar at intervals
of 5 s successively. Here, it is observed that under self-biasing
(Vapp = 0 V) conditions and in the absence of applied pressure
(P = 0 bar), the current level of the device is minimal (<10−9 A),
but as soon as the pressure was applied on the PVDF-HFP

film, the current instantly jumped to the μA level (∼10−6 A),
which is more than three orders greater than initial current.
This high current remains almost at the same level for that
entire 5 s period of time. Such characteristics in the device
have been observed due to the piezo-potential generated in the
PVDF-HFP thin film under mechanical pressure, which works
as a gate biasing in the device, resulting in mobile hole
accumulation in the p+-Si/PVDF-HFP interface; meanwhile, the
asymmetric work function of the source–drain electrodes pro-
vides negative drain biasing in the device due to their work
function difference (∼−1.16 eV). The mobile charge accumu-
lation, in combination with the potential difference of the
source–drain electrodes under pressure, enhances the current
level between the two electrodes. Thus, the device converts the
applied mechanical energy to electrical energy under self-
biasing conditions. This pattern was repeated with the applied
cycle pressure, as shown in Fig. 7(a), whereas Fig. 7(b) shows
the single-cycle current response under pressure off (blue
region) and on conditions (red region). Furthermore, the tran-
sient response of the device featuring aluminum electrodes
(symmetric electrode) was investigated, both under biasing
(Vapp = 0.5 V) and self-biasing conditions (Vapp = 0 V) with 4
bar cyclic pressure, as illustrated in Fig. ESI 3(a) and (b),†
respectively. Notably, the device with symmetric electrodes
exhibits a 100-fold increase in current under pressure when

Fig. 7 Transient response of the device in self-biasing (V = 0 V) condition under 4 bar cyclic pressure for (a) multiple cycles and (b) single cycle.
Maximum power transfer analysis (c) I–t at different resistance values (1 kΩ–10 kΩ) and (d) power vs. resistance plot of the device.
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the external bias is 0.5 V, whereas the current level remains
negligible under self-biasing conditions. This observation con-
firms that the asymmetric work function electrode configur-
ation of MoO3/Ag and LiF/Al, which generates ∼−0.55 V bias
across the electrodes, is the primary factor in converting
mechanical energy to electrical energy under self-biasing con-
ditions. However, this mechanical-to-electrical power gene-
ration is not a continuous process. Instead, it depends on the
duration of work done on the PVDF-HFP film, which is utilized
to align the electric dipoles of the ferroelectric PVDF-HFP film
defined by the following equation.

Work ðWÞ ¼ Force ðFÞ � Displacement ðDÞ ð4Þ
When D becomes zero, the applied mechanical energy will

also turn to zero. However, current conduction continues for a
while due to the dipole relaxation time. As a consequence,
hole accumulation decreased from its peak value to zero,
resulting in a steady reduction of current over time, as
observed from the long-term current (I) vs. time (t ) measure-
ment (Fig. SI 5a†). For this reason, external pressure needs to
be applied periodically to convert mechanical energy to electri-
cal energy with this device. The efficiency of the device was cal-
culated by the ratio of the input mechanical energy to the
output stored electrical energy. The individual mechanical and
electrical energies are calculated using eqn (5) and (6), respect-
ively. Moreover, eqn (7) gives the conversion efficiency of the
device.

EMechanical ¼ F � D
d
� d ¼ F � ε� d ¼ F � σ

Y
� d ð5Þ

EElectrical ¼ I 2 � R� Δt ð6Þ

Conversion efficiencyðηÞ ¼ Estored electrical
EMechanical

¼ EElectrical½ �on � EElectrical½ �off
EEMechanical

ð7Þ

where F and ε are the applied mechanical force and strain (σ/
Y) generated in the film (σ is the applied stress (force/area) and
Y is the Young’s modulus) and d is the thickness of the film.
Moreover, I, R, and Δt are the generated current, internal resis-
tance of the device, and time of the applied force, respectively.
Apart from this, the (EElecrical)on and (EElecrical)off are the electri-
cal energy of the device under on and off conditions, and their
difference gives the stored electrical energy.

Since the device can store mechanical energy and convert it
into electrical energy, the measurement was performed to
extract the maximum power from the device under external
load. For this purpose, variable loads are added in series to
the device, ranging from 1 kΩ to 10 kΩ, and the I–t plot at
different resistances is shown in Fig. 7(c). Then, the power was
calculated using the formula (P = i2R), and the power vs. resis-
tance plot is shown in Fig. 7(d). From this plot, it can be
observed that the device can extract maximum power across
the 4 kΩ load under such operating conditions.

Additionally, the device’s repeatability was examined over
an extended duration under 4 bar cyclic pressure, with 5

second intervals under self-biasing conditions. The device
maintains stability for over 400 seconds (equivalent to 80
cycles), as depicted in Fig. SI 4(a) and 4(b).† The optimization
of the pressure application was conducted across a range of
pressures, from 1 bar to 4 bar, as illustrated in Fig. SI 5(b).†
This ensures that the device yields its highest response at 4
bar. Moreover, the I–t measurement was performed under con-
stant pressure for an extended period of time, showing expo-
nential decay of the current, as shown in Fig. SI 5(a).† This
study also indicates the current level decays to half after
∼3.5 min, implying its prolonged current generation ability.

3.7. Transistor characteristics of the device

The current–voltage (I–V) measurement of the device was per-
formed under a −2 V external bias between the electrodes
under different applied forces ranging from 0 N to 18 N, with a
step size of 3 N. It is observed that the magnitude of the
current increases with the applied force on the device under
−2 V operating voltages. The obtained characteristics under
these conditions resemble the output characteristics of a
p-channel transistor, as shown in Fig. 8(a), where a constant
force applied to the PVDF-HFP thin film is equivalent to a con-
stant gate bias. With these characteristics, the applied voltage
between the electrodes can be considered as a drain–source
voltage (VDS), while the piezo-potential is generated due to the
applied force as gate voltage (VGS). The piezo-potential
increases with the applied force, as the piezoelectric properties
of the PVDF-HFP film facilitate the conversion of mechanical
stress into an electrical potential. This piezo-potential acts as
the gate potential, modulating the accumulation channel
within the device. As a result, an increase in the piezo-poten-
tial enhances the drain current, reflecting the force-dependent
operation of the device.

In the same device, when the currents (I) were measured
under different applied forces (0–18 N) and a constant external
bias between electrodes (−2 V), the characteristics appeared
similar to the transfer characteristics (ID–VG) of the p-channel
transistor, as shown in Fig. 8(b). Therefore, the external force
acted as a substitute for gate bias, and this device can be con-
sidered a force-induced piezopotential gated transistor. From
this consideration, all the transistor parameters of the device
were extracted from the transfer characteristics. The
Subthreshold swing (SS) of the device was calculated using eqn
(8) by extracting the slope of the log(ID) vs. VG (force) plot.59

The obtained parameters, threshold force, on–off ratio, and
subthreshold swing (SS), are 0.5 N, 4.56 × 102, and 3.16 N A−1,
respectively, as summarized in Table 1.

SS ¼ @ log IDð Þ
@VG

� ��1

ð8Þ

3.8. Working mechanism of the piezo-potential gated
transistor

The working mechanism of the piezo-potential gated transistor
is presented schematically in Fig. 9. The band diagram of the
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band bending due to the work function difference between
LiF/Al and MoO3/Ag with respect to p+-Si is represented in
Fig. SI 6.† Initially, the potential difference between the
source–drain electrodes originated from the work function
difference between the LiF/Al and MoO3/Ag electrodes, but the

accumulated holes in the p+-Si are negligible due to the
absence of any gate polarization, as schematically shown in
Fig. 9(a). Under such conditions, negligibly small current flows
in the device (off-state current in Fig. 7). However, as soon as
external pressure is applied from the top, the piezoelectric
PVDF-HFP thin film is compressed, and subsequently, a piezo-
potential is generated across the PVDF-HFP film, as shown in
Fig. 9(b). Since there is no significant stretching occurring
along 1 or 2 directions in the device (as shown in Fig. 9), the
piezoelectricity in PVDF-HFP due to d31 and d32 modes is neg-
ligible. However, due to the external force, a significant stretch-
ing occurs in the direction of 3. Therefore, the PVDF-HFP

Fig. 8 I–V characteristics of the device (a) output and (b) transfer characteristics.

Table 1 Summary of the transistor parameters of the device

Device
Threshold
force (N)

On–off
ratio

Subthreshold
swing (N A−1)

Silicon transistor 0.5 4.56 × 102 3.16

Fig. 9 Working mechanism of the piezo-potential self-biased transistor under (a) normal state, (b) stressed state and (c) relaxed state.
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film’s d33 coefficient predominates over d31 and d32, indicating
that the d33 coefficient is primarily responsible for the piezo-
potential.60,61 Since the PVDF-HFP layer is laminated on top of
the p-type silicon (p+-Si), dipoles in the PVDF-HFP under com-
pression are aligned in such a way that creates a negative
potential at the bottom layer of the PVDF-HFP, i.e., at the inter-
face of PVDF-HFP/p+-Si as reported earlier.52,62 This negative
piezo potential in PVDF-HFP facilitates the accumulation of
holes in the top layer of p+-Si, which results in the formation
of a conducting channel. The associated energy band and
charge accumulation, both without and with pressure, are
shown schematically in Fig. SI 6(a) and (b),† respectively.
Thus, a conducting channel of holes was created. These
mobile holes can move through the channel under the driving
potential generated due to the work function difference
between the LiF/Al and MoO3/Ag electrodes.63–65 Hence, a sig-
nificant enhancement in the current was obtained in the I–t
plot even without any external voltage. When the pressure was
removed from the piezoelectric layer, the polarized dipoles try
to regain their initial state. However, this reorientation of
dipoles takes a relatively longer time. After removing the
pressure from the PVDF-HFP film, the dipoles reorient in
opposite polarity for a short time, with a much smaller magni-
tude, before attaining the relaxed state, as shown in Fig. 9(c).

Therefore, it creates a strong depletion region at the
PVDF-HFP/p-Si+ interface, resulting in a quick turn-off of
channel conduction. This process is repeated in consecutive
cycles of applied pressure in a similar manner, as realized in
the I–t plot (Fig. 7). As the applied force on the device is raised
from 0 N to 18 N, the piezo potential increases proportionally,
which acts as the gate bias of the device, leading to a pro-
portional augmentation in the magnitude of the drain current,
as shown in Fig. 8(b), which is equivalent to the transfer
characteristics of a transistor.

4. Conclusion

In conclusion, a piezo-potential self-biased transistor was fab-
ricated on a heavily doped silicon (p+-Si) (111) substrate and
used as a mechanical energy harvesting device, which efficien-
tly converts mechanical energy to electrical energy. The self-
bias nature of this top-gated transistor was achieved by devel-
oping two voltage sources in its device design. For developing
the drain bias, asymmetric work function electrodes were used
in the source and drain. Specifically, LiF/Al and MoO3/Ag are
used as the source and drain electrodes, respectively, with a
work function difference of ∼−1.16 V (measured by UPS),
which serves as the driving voltage of the channel. In addition,
a piezoelectric PVDF-HFP layer was used as a gate dielectric on
which external pressure was applied. Under pressure, the
PVDF-HFP layer deforms and generates a polarization that
works as a gate bias of the device. Due to gate polarization,
holes accumulate on the top layer of p+-Si, conducting between
the source and drain electrodes due to the work function
difference between the source and drain. The maximum power

conversion efficiency of this device depends on the external
pressure, and it reaches ∼75% under 4 bar external pressure.
To the best of our knowledge, this is one of the highest
reported efficiencies for a mechanical energy harvesting
device, which is made possible by its unique design and
working principle. Besides, this device shows electrical charac-
teristics equivalent to a transistor where the gate bias is
replaced by external forces. By considering this device as a
force-induced piezopotential gated transistor, the extracted
device parameters, including the threshold force, on–off ratio,
and subthreshold swing (SS) are 0.5 N, 4.56 × 102, and 3.16 N
A−1, respectively.
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