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ARTICLE INFO ABSTRACT

Keywords: Flexible piezoelectric generators are promising energy harvesters for future self-powered electronics by converting
Flexible surrounding mechanical energy into electricity. Although many types of flexible piezoelectric generators have been
Piezoelectric demonstrated, their output behaviors are still not systematically reported due to the complexity since the behaviors
Nanogenerators

depend on many ingredients including piezoelectric device parameters and external mechanical energy conditions. In
this research, numerical simulations based on a buckle-bending model were carried out to systematically investigate the
output characteristics of flexible piezoelectric generators. The reliability of the numerical results were verified through
experimentation using group Ill-nitride thin-film flexible piezoelectric generators. The ideal open-circuit voltage and
short-circuit current density are proportional to the strain and strain rate of the piezoelectric material, respectively. For
a specific device at a certain mechanical condition, the piezoelectric output varies with load resistance and shows a
maximum power density at a certain load resistance, i.e., optimum load resistance. The optimum load resistance
increases linearly with piezoelectric material thickness, inverse of device area, and bending time, while does not change
with flexible substrate thickness, and bending extent. The optimum power density increases linearly with piezoelectric
material thickness, square of flexible substrate thickness, inverse of bending time, and bending extent, while does not
change with device area. The detailed understanding of the output characteristics of flexible piezoelectric generators
can help the optimization of device configuration for better piezoelectric energy harvesting.

Output characteristics

* Corresponding author.
E-mail address: jryou@uh.edu (J.-H. Ryou).

https://doi.org/10.1016/j.apenergy.2019.113856
Received 5 June 2019; Received in revised form 27 July 2019; Accepted 3 September 2019
0306-2619/ © 2019 Published by Elsevier Ltd.


http://www.sciencedirect.com/science/journal/03062619
https://www.elsevier.com/locate/apenergy
https://doi.org/10.1016/j.apenergy.2019.113856
https://doi.org/10.1016/j.apenergy.2019.113856
mailto:jryou@uh.edu
https://doi.org/10.1016/j.apenergy.2019.113856
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2019.113856&domain=pdf

J. Chen, et al.

1. Introduction

With increasing applications of health and environmental mon-
itoring electronics [1,2], traditional power supply options face tech-
nological advancement demands, since both small size and long service
time are preferred. Disposable or rechargeable batteries, the most
widely used power supplies, fall short of these demands due to constant
battery replacement or recharging, which is impossible in large
amounts. Therefore, the concept of self-powered electronics have been
proposed to solve this problem since an endless amount of electricity
can be scavenged from the surroundings by energy harvesters [3,4].
Among the energy harvesters, piezoelectric generators and triboelectric
generators are starting to attract a lot of attention since they can con-
vert the widely available mechanical energy into electricity [5-8]. This
capability is especially suitable for wearable or implantable applica-
tions since a large amount of biomechanical energy is readily available
[9,10]. The generators are preferred to be flexible in order to have a
better interface with the soft human body. A wide variety of flexible
piezoelectric generators have been developed recently, such as flexible
piezoelectric generators (F-PEGs) using lead zirconate titanate (PZT, Pb
[ZryTi; —«]03) [11,12], polyvinylidene difluoride (PVDF) [13,14],
barium titanate (BaTiOs3) [15,16], zinc stannate (ZnSnOs3) [17,18], zinc
oxide (ZnO) [19,20], group II-nitride (III-N) thin films [21-23], and
composite thin films [24]. Although increased piezoelectric output
power has been demonstrated by these F-PEGs, few researchers have
systematically studied the output behavior due to its complicated de-
pendence on both the piezoelectric device parameters and external
mechanical energy conditions. In practical applications, especially for
system level design, the output requirement for F-PEGs such as the
optimum load resistance, voltage, current, and power level may vary
from case to case. It is unrealistic to make a large number of generators
by trial and error to design a suitable F-PEG for each application.
Therefore, theoretical studies based on a reliable model is required to
help investigate the piezoelectric output comprehensively [25,26].
However, traditional theories developed for piezoelectric generators
working by vibration mode [27-29] cannot be applied directly since F-
PEGs usually work at low frequencies with non-vibration mode, for
example devices attached onto skin surface to harvest biomechanical
energy. A buckle-bending model has been proposed recently to simulate
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a PZT ribbon based F-PEG [30], showing a voltage and current response
complying well with the experimental results, indicating its feasibility
to simulate the piezoelectric output of F-PEGs.

In the present study, output characteristics of flexible piezoelectric
generators were systematically studied by both numerical simulation
with the buckle-bending model and experimental tests using the III-N
thin-film F-PEG as an example. The results from the numerical simu-
lation and experiment were compared in order to confirm the validity
of the model. The investigated relationships include: piezoelectric thin-
film strain and open-circuit voltage, strain rate and short-circuit cur-
rent, and power change with load resistance. Additionally, the effect of
external mechanical conditions, such as degree of bending and bending
speed, as well as the effect of device parameters such as device area and
flexible substrate thickness on optimum load resistance, voltage, cur-
rent density, and power density were investigated systemically. The
results can also be useful to design other types of flexible piezoelectric
generators.

2. Numerical and experimental methods
2.1. Device structure and operating conditions

Many kinds of piezoelectric thin films have a polarization direction
perpendicular to the thin film surface, i.e., along the surface normal, as
schematically shown in Fig. 1a. Examples include: the wurtzite struc-
ture thin films grown on basal-plane (Supplementary Material Fig. A.1),
such as GaN, AIN, and ZnO, and ferroelectric thin films that are po-
larized by a vertical electric field. When a uniaxial compressive or
uniaxial tensile strain is applied on such thin films, for example by
bending, the change of polarization occurs along the surface normal
direction, as shown in Fig. 1b-c. Since piezoelectricity is caused by a
change in polarization [31], the piezoelectric thin film shows a po-
tential difference only along the vertical direction, which was con-
firmed by the COMSOL simulation results shown in Fig. 1d. As a result,
piezoelectric devices with polarization along the surface normal gen-
erally require a sandwich structure with top and bottom electrodes
[22,32], as schematically shown in Fig. 1e.

The piezoelectric thin film can be assumed at plane-strain condition
during bending with top surface traction free [30], since its thickness,
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Fig. 1. Piezoelectric device design based on polarization. Schematic illustration of piezoelectric thin film with polarization perpendicular to the thin film, (a) without
strain, (b) with uniaxial compressive strain, and (c¢) with uniaxial tensile strain. (d) Potential distribution on the piezoelectric thin film when uniaxial strain is applied,
obtained by COMSOL simulation. (e) Schematic illustration of the sandwich device structure, with top and bottom electrodes on the top and bottom surfaces of the

piezoelectric thin film, respectively.
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several nanometers to micrometers, is much smaller than its lateral
dimension, several millimeters to centimeters, resulting the strain in
bending axis direction negligible. Under the plane-strain approxima-
tion, both the piezoelectric coefficient and dielectric permittivity can be
simplified and related to the thin film uniaxial strain. The effective
piezoelectric coefficient € can be reduced to [30],

e =e3 — 2‘?33

C33 (1)

where e3; and es3 are piezoelectric coefficients, c¢;3 and c33 are elastic
constants. The III-N thin film is transversely isotropic with polarization
direction 3 (i.e., c-axis) normal to the surface. For III-N thin films,

€ < 0. The effective dielectric permittivity k can be reduced to [30],

33 2

where ks3 is the dielectric permittivity along thin film normal direction.

2.2. Output of flexible piezoelectric generator

Since piezoelectricity originates from Maxwell’s displacement cur-
rent [33], the piezoelectric generator can be modeled by an equivalent
circuit as shown in Fig. 2a, a current source coupled with a capacitor
and a resistor [34]. The current source is the electric displacement
current Ip, as a result of mechanical energy applied on the piezoelectric
thin film,

d d d _ _de

Ip = AED = AEP = AE(%) = Aea 3)
where D is the electric displacement, or surface charge density of the
dielectric, P is the polarization, which is equal to D when no external
electric field is applied, ¢ is the uniaxial strain of the piezoelectric thin
film while bent, and A is the effective device area, i.e., the overlap area
between the top and bottom electrodes. The capacitance C of the ca-
pacitor can be calculated as,

(a) (b)
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_ kA kA

by(1 —ve) Iy 4)
where v and t,, is Poisson’s ratio and the thickness of the piezoelectric
thin film, respectively. For a good piezoelectric device, the parasitic
resistor can be neglected since its resistance Rp should be very high

(> GQ).
When measuring the short-circuit current, as shown in Fig. 2d, both
the capacitor and parasitic resistor are shorted by the electrometer. The
measured short-circuit current I, equals to the displacement current I,

de

L. =1Ip = Ae—

TP T )

When measuring the open-circuit voltage, as shown in Fig. 2e, the

voltage will be determined by the electric charge Q collected on the

capacitor. If neglecting the parasitic resistance, the ideal open-circuit
voltage V,. can be calculated as,

_Q _AD _ A(ee) _ e
Ve=Co=C¢ = m T
tpz (6)

The electrical energy W, stored in the piezoelectric material under

applied strain is,
52

We = %CVOZC = %(Atpz)%fz @

In addition to the piezoelectric coefficients and dielectric permit-
tivities, which are determined by the quality and type of piezoelectric
materials, the generated piezoelectricity is also related to the device
parameters such as device area, piezoelectric thin film thickness, and
the applied uniaxial strain on the piezoelectric thin film. For certain
piezoelectric materials under a fixed strain condition, the generated
piezoelectricity is proportional to the volume of piezoelectric material
in the device. As a result, piezoelectric generators using nanoparticles
[32], nanowires [35], or porous structures dispersed in polymer matrix
[36] may improve in flexibility and durability; however, their piezo-
electric output will be compromised due to a less effective piezoelectric
volume.

(c)
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Fig. 2. Equivalent circuit of piezoelectric device (a) without load, (b) with load R;, (c) combining the parasitic resistance Rp and load resistance R, into a reduced

resistance R, (d) current measurement, and (e) voltage measurement.
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The mechanical energy W,, needed to apply strain on the piezo-
electric material can be calculated [37],

W, = %(Atpz)Eez ®
where E is the elastic modulus. The mechanical to electrical energy
conversion efficiency 7 can be calculated,
W _e

7= W, T kE ©
which is similar to the piezoelectric coupling coefficient of bulk pie-
zoelectric material that quantifies the ability to convert one form of
energy into another [38]. In terms of energy conversion efficiency, a
high piezoelectric coefficient and low dielectric permittivity is pre-
ferred. Although the well-known PZT ferroelectric materials exhibit
relatively high piezoelectric coefficients after proper electrical poling,
their energy conversion efficiency is traded off with the corresponding
high dielectric permittivities.

In practical applications, there will be an external load R; on the
piezoelectric device, as shown in Fig. 2b. To simplify the analysis, we
can combine the parasitic resistance Rp with the load resistance R; and
use a reduced resistance R (Fig. 2c) that can be represented as,

_ RPRL

R= =
Rp + R;,

1
1 1
R TR 10
By analyzing the equivalent circuit, with detailed derivation shown
in Supplementary Material, the piezoelectric voltage response can be
written as,

— —Bt ¢ BIE 4
V= Ve [‘/O’ e+ V] an

where V, = “’Tfe, with a unit of [V], B = %, with a unit of [1/s], and V;
is the initial condition. When B approaches zero, i.e., time constant
7 = 1/B approaches infinity, the voltage response is simplified to the
ideal open-circuit voltage in Eq. (6).
The corresponding piezoelectric current density J is,
|4

T AR a2
and the corresponding piezoelectric power density P is,
VZ
T AR as)
The power consumed by the external load resistance P, is,

Rp

P=——"—P
Rp + Ry,

(14)

In order to increase the usable piezoelectricity, i.e., increase the

(a)

Movable
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power consumed by the external load resistance, the parasitic resistance
should be much higher than the load resistance, Rp>>R;, so that the
power consumed by the external load approaches the total piezoelectric
output power. The well-known piezoelectric material zinc oxide (ZnO)
was widely researched due to its biocompatibility and easy synthesis.
However, the piezoelectric output of ZnO is low due to the low parasitic
resistance as a result of the uncontrolled doping in ZnO, although re-
searchers have tried to compensate or reduce the doping. PZTs also
show low parasitic resistance with high leakage current within a vol-
tage range of —10 to 10 V [39]. For III-N materials, including AIN, GaN,
InN, and their alloys, the parasitic resistance can be increased by re-
ducing the free carriers with controlled deposition process.

2.3. Buckle-bending model

Uniaxial strain in the piezoelectric thin film is of critical importance
to obtain a piezoelectric response. Since most flexible piezoelectric
generators works by bending mode, stress/strain in the piezoelectric
thin film is modeled by mechanical bending in this study. While pure
bending is preferred to create uniform strain in the piezoelectric thin
film, it is difficult to apply pure bending in practice. In real tests, fixed-
ended buckle-bending is widely used to bend the flexible device
[23,30,40], with one end fixed and another end moved by an actuator,
as shown in Fig. 3a. The strain at the buckling device center, point O in
Fig. 3a, has a maximum value and can be calculated by [41],

— h
Em = 4nEI,mi0?/AL/L 1s)

where

— EI
Elaiio = ﬁub
ml

with El,,; and El,,, representing the plane-strain bending stiffness of the
flexible substrate and the piezoelectric device, respectively. By at-
taching the piezoelectric device onto a flexible supporter with tape, as
schematically shown in Supplementary Material Fig. A.2, the flexible
piezoelectric device can be bent along with the supporter. For a rea-
sonably thick supporter, the supporter can be bent almost without re-
sistance and the El,,;, can be regarded as 1. The h represents the dis-
tance of piezoelectric thin-film center to the mechanical neutral plane,
as schematically illustrated in Supplementary Material, Fig. A.3a. A
detailed calculation of h can be found in reference [22], with para-
meters shown in Supplementary Material Tables A.1 and A.2. L re-
presents the original length of the supporter, and AL represents the
corresponding compression with time in one buckle-bending period, as
shown in Fig. 3b, which can be expressed as [40],

(b)
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Fig. 3. Buckle-bending test. (a) Experimental setup of flexible piezoelectric device fixed-ended buckle-bending test, and (b) corresponding compression with time in a

typical buckle-bending period.
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In this buckle-bending model, the maximum compression ALpqy
characterizes the amount of bending; the compression times T; and T3
characterize the speed of bending; and the holding times T, and T4
characterize the idle status between bending and releasing. For sym-
metric buckle-bending, T3 = T;. If T4 = T = 0, a smaller T; value will
correspond to a higher bending frequency at a fixed maximum com-
pression. A large variety of mechanical bending conditions can be si-
mulated by tuning the time constants and maximum compression. For
example, the biomechanical energy like walking can be approximated
with this buckle-bending model [42].

The uniaxial strain during buckle-bending varies along the hor-
izontal direction from thin film center (point O) to thin film edge
(Fig. 3a). Since the piezoelectric output depends only on the overall
change of polarization in the whole thin film, an averaged strain can be
used to calculate the piezoelectric output. The averaged uniaxial strain
¢ in the whole piezoelectric thin film can be estimated by introducing a
coefficient a (0 < a < 1),

— h
£ =g, = oc47rEImn~,,Z AL/L

17)
which can be further calculated as,
€
— 1
= aElq,Const—
T
7t
[1—cos(ﬁ)], te [0, 1)
2, te[h, T+ 1)
11— cos [ IR e (B4 T T+ T+ T)
0, e[+ L+ NG, T+ 5L+T
+ 1) 18)
where
Const = 2 2h(AL /2
onst = 2w W max
(a) Rielease
20
10 -
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The strain rate can be calculated accordingly,

de
dt

= aEly,Const { Lgin [ T-N-D-1) ]’

te (o, )
0, te[T, T+ B)

5 te[li+ L T+ T+ T)

0, te[hi+L+ 5, L+5L+T
+ 1)
19

The maximum piezoelectric surface charge density generated per

bending is,

_ - h
Qpz = emax(e) = 47'roceEIm,i0m ALjax (20)
The ideal peak open-circuit voltage during buckle-bending is,
3 e — 2 [Z—
Voepk = ?tpzmax (e) = ithaEInm-o Const; = 47rotitszImﬁ0m AL,ax
2D

The ideal peak short-circuit current density during buckle-bending

is,

de — 1 —
Joepe = Emax (E) = eaELyio ConstF = 2m%«@El,

h
== —~/AL
1
; 10 L3/2 Yi max

(22)

Plugging Eq. (19) into Eq. (11), the voltage response at a certain

load resistance is,

H®,
L,
5@,
£ 0,

V = aEl,y;i, ConstVy

where

1

hO= Gy e

[BTlsi

ol
(BL)? + %

te o, 1)

telh, T+ T)
te[L+ T L+ T+ T)
teh+ L+ 5, T+ L+ TG+ T)

7t 7t
ny— | — 7mcos| —
V[,:le—Bt

(23)
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Fig. 4. Verification of piezoelectric response. Dynamic open-circuit voltage response during (a) bend up and release process and (b) bend down and release process.
The inset figures in (a) and (b) illustrate the bend up and bend down conditions of the flexible piezoelectric device.
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Fig. 5. Dynamic piezoelectric response during buckle-bending. (a) Simulated strain, simulated open-circuit voltage, and experimental (pink) open-circuit voltage. (b)
Simulated strain rate, simulated short-circuit current, and experimental (pink) short-circuit current.
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With the voltage response, other piezoelectric output such as the
current density and power density can also be obtained according to
Egs. (12) and (13)

2.4. II-N thin-film F-PEG device fabrication and test

Single-crystalline III-N thin-film, which consists of a AIN buffer
layer (100nm), Al,Ga;_,N interlayers (600 nm) with composition
grading to manage strains during growth, and a top GaN layer (1.8 pm),
was grown on Si (11 1) substrate by metalorganic chemical vapor de-
position (MOCVD), as schematically illustrated in Supplementary
Material Fig. A.4a. III-N thin-film F-PEG (with a detailed device struc-
ture shown in Supplementary Material Fig. A.3a) was fabricated with a
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short-circuit current density J,. response with time, and corresponding fitting of (c) peak open-circuit voltage V.« with compression, and (d) peak short-circuit

current density Jyp with compression time.

layer-transfer method, by depositing a flexible metal substrate on III-N
thin film, followed by removing the rigid Si with wet etching. Details of
both III-N thin film growth conditions and F-PEG fabrication processes
can be found in a previous report [22]. Copper (Cu) was used as the
flexible substrate in this research due to its convenience to be deposited
by electroplating.

II-N thin-film crystal structure and quality were characterized by
high-resolution X-ray diffraction (HR-XRD) (D8 Discover, Bruker). The
F-PEG buckle-bending test was performed on a program-controlled
linear actuator (Anaheim Automation). The piezoelectric voltage and
current were measured by an electrometer (Model 6514, Keithley). The
current-voltage (I-V) characteristic curve was measured by a source
meter (Model 2602B, Keithley).

3. Results and discussion
3.1. Verification of piezoelectric response

The HI-N thin film used in this research has a c-axis crystal or-
ientation, i.e., polarization direction perpendicular to the thin-film
surface, which was verified by the XRD data shown in Supplementary
Material Fig. A.4b—e. By designing a reasonably thick substrate for this
research, i.e., a Cu substrate thicker than 4 um for a 2.5 um III-N thin
film, the neutral plane is shifted out of the piezoelectric thin film
(Supplementary Material Fig. A.5). This design shift results in pure
negative and positive uniaxial strain in the piezoelectric thin film while
being bent up and bent down (Supplementary Material Fig. A.3b). The
opposite sign of strain can cause opposite change of polarization
(Fig. 1b—c), i.e., opposite piezoelectric response, according to Egs. (5)
and (6). This can be confirmed experimentally by measuring the open-

circuit voltage of a III-N thin-film F-PEG, as shown in Fig. 4. This test
verifies the piezoelectric response and confirms the growth direction of
III-N thin films, which was also brifely mentioned in our previous re-
search [21].

3.2. Dynamic piezoelectric response

In order to test the piezoelectric performance, the electrical output
was measured while buckle-bending the flexible device, as described by
Fig. 3. The open-circuit voltage (V,.) and short-circuit current (I;) are
the basic parameters that characterize the quality of piezoelectric de-
vices. For the as-fabricated flexible device, with an effect area of
~1 cm?, open-circuit voltage and short-circuit current were simulated
and measured with a designated buckle-bending process.

The III-N thin film uniaxial strain and strain rate and the piezo-
electric device open-circuit voltage and short-circuit current were si-
mulated according to Eq. (18), Eq. (19), Eq. (6), and Eq. (5), respec-
tively, which are shown in Fig. 5. The simulated open-circuit voltage
response follows the trend of strain response (Fig. 5a) since they are
related by a coefficient. Similarly, the simulated short-circuit current
response follows the strain rate (Fig. 5b).

The experimental open-circuit voltage roughly follows the simu-
lated one, except when showing a voltage decay during the two strain-
holding periods (i.e., T, and T4 sub-periods), as shown in Fig. 5a. The
voltage decay is a result of piezoelectric charge leakage through the
internal resistance of the device and external measurement circuit, both
of which are not infinitely high. A current on the scale of nA can leak
through the III-N thin film piezoelectric device in the voltage range of
—40V to 40V, as indicated by the I-V characteristics in Supplementary
Material Fig. A.6. The impedance of the Keithley 6514 electrometer
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Fig. 8. Piezoelectric response with a load resistance. (a) Voltage response at a load resistance of 10 MQ. (b) Schematic illustration of the piezoelectric voltage
depends on piezoelectric charge accumulation. Simulated peak voltage Vy; with (¢) maximum compression ALj,q,. and compression time T;, and with (d) device area
A and load resistance R. (e) Simulated and (f) experimental peak voltage V,, peak current density Jy, and peak power density Py with load resistance, showing a
maximum peak power density Pyyop, at an optimum load resistance R, with a corresponding optimum peak voltage Vjop:, and optimum peak current density Jyope.

Ty = 0.2558, ALjg = 20 mm, tg,, = 28 pm.

used to measure the open-circuit voltage is 200 TQ, corresponding to a
current leakage less than 1 pA within the voltage range of 200 V. Thus,
the minimal voltage decay is mainly caused by the electric charge
leakage through the piezoelectric device.

The experimentally measured short-circuit response well matches
the simulated one (Fig. 5b) since the external circuit is shorted, through
which most of the piezoelectric charge will go and be measured. Since
the applied compression on the flexible device by the linear actuator
during buckle-bending is not exactly the same as the function input due
to inertia and friction, the experimental short-circuit response shape is
slightly different from the simulation.

3.3. Effect of mechanical bending and device parameters on open-circuit
voltage and short-circuit current density

The open-circuit voltage and short-circuit density are the basic
output parameters that characterize piezoelectric device performance.
These parameters can be tuned by both external mechanical bending

and the internal device parameters. For a designated piezoelectric de-
vice with fixed device parameters, such as the thickness of the piezo-
electric thin film and flexible substrate, the piezoelectric output can be
tuned by mechanical bending, which is related to the source of me-
chanical energy to be harvested. The ideal peak open-circuit voltage
Voepke — and similarly the maximum strain — increases with the square
root of maximum compression AL, and is independent of the time it
takes to reach the maximum strain, as described by Eq. (21) and shown
in Fig. 6a. The ideal peak short-circuit current density Jypr not only
increases with the square root of maximum compression, but also in-
creases with the inverse of the compression time 1/T;, as described by
Eq. (22) and shown in Fig. 6b.

For a certain type of mechanical energy condition in practical ap-
plications, the degree of bending and bending speed applied on the
flexible piezoelectric device are roughly fixed, and can be approximated
by a fixed AL4 and T; in this simulation. Under this designated me-
chanical energy condition, the piezoelectric output can still be tuned by
designing the device parameters such as the thickness of the
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Fig. 9. Effect of mechanical bending on optimum piezoelectric output. (a) Optimum load resistance R, and corresponding (b) optimum peak voltage Vpiop, (€)
optimum peak current density Jykop, and (d) optimum peak power density Ppope With maximum compression ALy, and compression time T7.

piezoelectric thin film and flexible substrate. With the neutral plane
lying outside of the piezoelectric thin film, the peak open-circuit vol-
tage increases linearly with both the thickness of the piezoelectric thin
film and the thickness of the flexible substrate (Fig. 6c), as does the
maximum thin film strain. The peak short-circuit current density in-
creases linearly mainly with the flexible substrate thickness and slightly
with the piezoelectric thin film thickness, as shown in Fig. 6d.

The experimental open-circuit voltage (Fig. 7a) and short-circuit
current density (Fig. 7b) were measured at different bending conditions
in order to verify the validity of the numerical simulation. The ex-
perimental results of the open-circuit voltage and short-circuit current
density are comparable to the simulation, with the peak open-circuit
voltage proportional to the square root of maximum compression
(Fig. 7¢), and the peak short-circuit current density proportional to the
inverse of the compression time (Fig. 7d).

3.4. Effect of load resistance on piezoelectric output

For generator applications, an external load resistance will be con-
nected to the piezoelectric device. Even without applying an intentional
external load during the piezoelectric device measurement, a low in-
ternal impedance of the electrometer can be seen as a load resistance.
Under these circumstances, the piezoelectric output deviates from the
ideal open-circuit and short-circuit condition and are described by Egs.
(11)—(13). A typical piezoelectric voltage response with a limited load
resistance is shown in Fig. 8a, showing a peak voltage in each bending
period. The voltage is determined by the accumulation of piezoelectric
charge, as schematically illustrated in Fig. 8b. On the one hand, the
piezoelectric charge, i.e., the driving source of piezoelectricity, is
pumped into the device and the pumping speed is proportional to the
device area and strain rate. On the other hand, the piezoelectric charge
continuously leaks through the load resistance. The voltage of the

piezoelectric device with a load resistance is determined by the overall
build-up of the electric charge. By increasing the bending speed, which
can be accomplished by increasing maximum compression and de-
creasing compression time, the peak voltage increases until approaches
the ideal open-circuit voltage limit, as shown in Fig. 8c. Also, by in-
creasing the device area, the peak voltage will increase until approach
the ideal open-circuit voltage limit (Fig. 8d).

Unlike the voltage that monotonically increases with load resistance
and the current that monotonically decreases with load resistance, the
power, which is the product of the current and voltage, shows a max-
imum point at a certain load resistance, e.g., the optimum load re-
sistance or matching resistance as shown in Fig. 8e, with a corre-
sponding optimum peak power density, optimum peak voltage, and
optimum peak current density. The variation of piezoelectric output
with load resistance was confirmed by the experimental results shown
in Fig. 8f. In practical piezoelectric generator designs, especially for the
system level applications, the device optimum load resistance should be
designed to match the load resistance such that the piezoelectric output
power can be maximized. The optimum piezoelectric output can be
tuned by both the external mechanical bending conditions and the
device parameters.

3.5. Effect of mechanical bending conditions on optimum piezoelectric
output

For a designated flexible piezoelectric device with a fixed piezo-
electric thin film thickness, flexible substrate thickness, and device
area, the optimum piezoelectric output can be controlled by the me-
chanical bending conditions. The optimum load resistance increases
linearly with compression time, however, it does not change with
maximum compression, as shown in Fig. 9a. Similar to the ideal peak
open-circuit voltage (Fig. 6a), the optimum peak voltage is also
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proportional to square root of the maximum compression and it does
not change with compression time (Fig. 9b). The optimum peak current
density is also proportional to the square root of maximum compression
and inverse of the compression time (Fig. 9¢), like the ideal peak short-
circuit current (Fig. 6b). Combining the change of voltage and current,
the optimum peak power density increases linearly with the maximum
compression and the inverse of the compression time (Fig. 9d).

3.6. Effect of device parameters on optimum piezoelectric output

For a designated mechanical energy source, the available amount of
bending and bending speed to the flexible piezoelectric device is almost
fixed. The optimum piezoelectric output can be tuned by designing the
device parameters. The optimum load resistance increases linearly with
the piezoelectric thin film thickness, and it does not change with flex-
ible substrate thickness (Fig. 10a). Like the effect on ideal peak open-
circuit voltage (Fig. 6¢), the optimum peak voltage increases linearly
with both the piezoelectric thin film thickness and the flexible substrate
thickness (Fig. 10b). Also, like the change of ideal peak short-circuit
current density (Fig. 6d), the optimum peak current density is mainly
proportional to the flexible substrate thickness (Fig. 10c). However, the
optimum peak current density slightly decreases with the piezoelectric
thin film thickness, which is just the opposite of the ideal short-circuit
current density. Combining the effects of voltage and current, the op-
timum peak power density increases with the square of flexible sub-
strate thickness and linearly with piezoelectric thin film thickness, as
shown in Fig. 10d. In practical applications, if two load devices are
connected in series, the load resistance, required voltage and power will
be twice as much, while the current will be the same. A F-PEG with a
twice piezoelectric materials thickness can be designed for this appli-
cation.

The optimum piezoelectric output can also be tuned by the effective
device area, i.e., the area on which piezoelectric charge can be col-
lected. Increasing the device area decreases the optimum load re-
sistance with a inverse relationship (Fig. 11a), however, it does not
change the corresponding optimum peak voltage (Fig. 11b), optimum
peak current density (Fig. 11c), and optimum peak power density
(Fig. 11d). In other words, at the same mechanical bending condition,
the optimum current and optimum power can be scaled with device
area without changing the optimum voltage. In practical applications, if
two load devices are connected in parallel, the load resistance will be
half, the required voltage will not change, while the required current
and power will be twice. A F-PEG with a twice device area can be de-
signed for this application.

4. Conclusions

A clear understanding of the output behaviors of flexible piezo-
electric generators is helpful to optimize the device design and related
systems for specific applications. Output characteristics of flexible
piezoelectric generators were systematically investigated numerically
with a buckle-bending model, and they were verified experimentally
using group Ill-nitride thin-film piezoelectric generators. For a desig-
nated device, the piezoelectric output can be tuned with a detailed
relationship by external mechanical bending conditions, such as
bending extent and bending speed. At a specific mechanical energy
condition, the piezoelectric output can be tuned with a detailed re-
lationship by the device parameters, such as the piezoelectric thin film
and substrate thickness, as well as the device area. Since the piezo-
electric output depends on a combination of device parameters and
mechanical conditions, detailed device structure and test conditions
should be provided in order to evaluate the device performance. The
optimum load resistance of piezoelectric generators is typically higher
than conventional electromagnetic generators due to limited displace-
ment currents. A higher optimum load resistance can keep the voltage
higher and make full use of the piezoelectric charges. The optimum load
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resistance can be tuned to a target value with a detailed relationship by
changing the device area and bending speed. Since the optimum vol-
tage, current density, and power density do not change with device
area, the overall output current and power can be scaled linearly with
device area, as long as the device works with an optimum load re-
sistance. Although the data was obtained using III-N thin-film, the
output characteristics are still helpful for designing flexible piezo-
electric generators using other types of materials since the working
mechanism is the same.
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