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Quantum dots for hybrid energy harvesting: from integration 
to piezo-phototronics 

Yuljae Cho,[a] Sangyeon Pak,[b] Geon-Hyoung An,[c] Bo Hou,*[d] and SeungNam Cha*[b] 

 
Abstract: Energy harvesting, which converts wasted 

environmental energy into electricity by utilizing various 

physical effects, has been attracted to tremendous research 

interests as is one of the key technologies to realize advanced 

electronics in the future. In this review, we introduce recent 

progress in the field of hybrid energy harvesting technology. 

In particular, we focus on a quantum dots (QD)-based hybrid 

energy harvesting device. Attributed to fascinating material 

properties that QD possess, employment of QDs into hybrid 

energy harvesting has shown great potential for independent 

and sustainable energy supply. 

First, an integration of a QD solar cell into a mechanical 

energy harvester is discussed to harness different types of 

environmental energy sources simultaneously. Second, a 

comprehensive explanation of a piezotronic and piezo-

phototronic effect is provided, which is followed by QD-based 

piezo-phototronic applications. Finally, we summarize recent 

progress that has been made in energy harvesting 

technology involving a photovoltaic and piezo/triboelectric 

effect. 

Keywords: Quantum dot, hybrid energy harvesting, solar cell, mechanical energy harvesting, piezo-phototronic 

1. Introduction 

Energy harvesting technology is aiming for independent and 

sustainable energy supply for powering smart electronics, for 

example, sensor network and personal health care that need a 

wireless communication system. Over the past decades, the 

field of energy harvesting has been extensively studied using 

unique physical phenomena, such as photovoltaic, 

piezoelectric and triboelectric effects. Among various energy 

harvesting devices, a solar cell and a mechanical energy 

harvester are the representative devices for energy harvesting 

which utilize a photovoltaic effect and piezo-/triboelectric 

effect, respectively.[1-9] 

A solar cell is unarguably a long-standing topic of energy 

harvesting, dating back to the late 19th century. Taking into 

account the loss of solar energy due to atmospheric 

absorption and scattering, stochastic variations, and climate 

effects, the average global solar irradiance to the surface of 

the Earth is still approximately 200 Wm-2, meaning that the 

solar power is one of the most desirable environmental energy 

sources.[10-12] In contrast to the solar power, mechanical 

energy sources are in a variety of different forms which are 

not dependent on the region, climate, time, and seasons. By 

taking advantages of different energy forms, various types of 

mechanical energy harvesters for the desired application have 

been demonstrated, such as wearable and implantable 

medical devices.[13-16] 

Deploying QDs into a hybrid system containing a solar 

cell, piezoelectric and triboelectric are still challenging in 

terms of the processability as well as device performance. 

There are several questions to be answered; (1) how we can 

further improve the performance of a hybrid QD energy 

harvesting device to be widely used in practical applications, 

and (2) how we can combine four physical effects, such as 

quantum confinement, photovoltaic, piezoelectric and 

triboelectric, in order to enhance the overall performance of 

the harvester. In this regard, two promising hybrid 

technologies have been introduced; (1) an integration of 

various energy harvesters and (2) utilization of a piezotronic/ 

piezo-phototronic effect. These fields are experiencing 

unprecedentedly fast progress in recent years. [17-20] 

In this review paper, we introduce recent progress in the 

field of hybrid energy harvesting, largely focusing on the 

solar cell and mechanical energy harvester. First, a basic 

theory and mechanism of each device is explained, and then 

we expand our focus to an integrated energy harvester. 

Second, we introduce piezotronics and piezo-phototronics for 

a hybrid energy harvester, combining two different physical 

effects, such as a photovoltaic and piezoelectric effect. 

Mechanisms of the piezotronics and piezo-phototronics are 

explained, which is followed by theoretical studies and 

demonstration of the device applications. For all hybrid 

energy harvesting applications, we particularly focus on 

[a] Dr. Yuljae Cho 
Department of Engineering Science, University of 
Oxford 
Parks Road, Oxford OX1 3PJ, United Kingdom 

[b] Dr. Sangyeon Pak and Prof. SeungNam Cha 
Department of Physics, Sungkyunkwan University 
Suwon, Republic of Korea 
e-mail: chasn@skku.edu 

[c] Prof. Geon-Hyoung An 
Department of Energy Engineering, Gyeongnam 
National University of Science and Technology 
Jinju-si, Geyongsangnam-do 52725, Republic of Korea 

[d] Dr. Bo Hou 
Department of Engineering, University of Cambridge 
9 JJ Thomson Avenue, Cambridge CB3 0FA, United 
Kingdom 
e-mail: bh478@cam.ac.uk 

mailto:chasn@skku.edu
mailto:bh478@cam.ac.uk


 

 2 

colloidal quantum dots (QDs) as they possess fascinating 

material properties for solar energy harvesting, such as (1) 

bandgap tunability by engineering the size of nanocrystals, 

(2) high absorption coefficient, and (3) solution 

processability, enabling facile material deposition technique 

as shown in Figure 1, which is universal phenomena for 

various kinds of QDs, for example Cd-based,[21-23] Pb-

based,[24-29] and recently developed perovskite QDs.[30-33] 

 
Figure 1. (a) Bandgap tunability by engineering the size of QD 
nanocrystals. The inset illustrates the photoluminescence of QDs 
concerning crystal sizes. Reprinted from reference 34 with permission. 
Copyright 2016, Springer Nature. (b) An example of the absorption 
spectrum of a QD solution where ϕ indicates the Bohr exciton radius. 
(c) Various colloidal QD deposition techniques, such as spray, reel-
to-reel, and ink-jet printing for a flexible QD solar cell application. 
Reprinted from reference 35 with permission. Copyright 2012, 
Springer Nature. 

 

2. Integration of a quantum dot solar cell for a 
hybrid energy harvester 

2.1. Mechanism of a QD solar cell 

Researches on a solar cell date back to late 19th century 
when the first solar cell was invented using the 
photovoltaic effect. Then, half of century later, the first 
commercialized solar cell was produced at Bell Labs. 
Nowadays, solar cell research is one of the major research 
topics in the interdisciplinary field. Among various 
materials for solar cell applications, QDs have attracted 
great interest for solar cell applications because of their 
excellent properties such as tunability of bandgap, 
quantum confinement, high light absorption coefficient, 
and solution processability. [29,36]  

When a solar cell absorbs light, an electron-hole pair 
(exciton) is generated by a photovoltaic effect. Then, the 
photo-generated electron and hole pair is dissociated into 
an electron and a hole which are collected at 
electrodes.[37] Collection of charges at the electrodes 
generates current (I) which can be described as an 
equation (1) below. 𝐼 =  𝐼𝑠(𝑒𝑉𝑎/𝑉𝑡 − 1) − 𝐼𝑝ℎ     (1) 

where Is is the dark saturation current, Va is the applied 
bias, and Vt is the thermal voltage (typically kT/q). [37] 
Short circuit current (ISC) of a solar cell refers to a current 
generated by a solar cell at zero voltage bias. Meanwhile, 
an open circuit voltage is where a current of a solar cell 
crosses a value of zero on the x-axis, i.e. I = 0, which can 
be described as an equation (2). { I = 0 and thus 𝐼𝑆(𝑒𝑉𝑎 𝑉𝑡⁄ − 1) −  𝐼𝑝ℎ = 0 𝑉𝑎 =  𝑉𝑡 ln (𝐼𝑝ℎ𝐼𝑠 + 1) =  𝑉𝑜𝑐       (2) 

Because the power of a device is a product of current 
and voltage, the output power of a solar cell is simply 
calculated by an equation (3). P = 𝐼 × 𝑉𝑎 =  𝐼𝑠𝑉𝑎(𝑒𝑣𝑎 𝑣𝑡⁄ − 1) − 𝐼𝑝ℎ𝑉𝑎     (3) 

Then, by using the first-order differential, the 
maximum power can be calculated, from which the fill 
factor (FF) of a solar cell can be obtained which is the 
ratio between the maximum power and the theoretical 
power (Pt = Isc × Voc) as the equation (4) describes. FF =  𝑃𝑚𝑎𝑥𝑃𝑡 =  𝐼𝑚𝑎𝑥𝑉𝑚𝑎𝑥𝐼𝑠𝑐𝑉𝑜𝑐      (4) 

Using solar cell parameters obtained from the equations 
(1), (2), and (4), a power conversion efficiency of a solar cell 
is obtained (equation (5) where Pin is the incident light power, 
Air Mass (AM) 1.5G, i.e., 1 sun, (100 mWcm-2).[37,38] PCE =  𝑃𝑜𝑢𝑡𝑃𝑖𝑛 = 𝐹𝐹 𝐼𝑠𝑐𝑉𝑜𝑐𝑃𝑖𝑛      (5) 

 

Figure 2. (a) Illustration of organic and inorganic ligands of QDs 

(b) Energy level diagrams of PbS QDs treated by different kinds 

of ligands. QDs used in the figure have approximately 1.3 eV 

bandgap. Reprinted from reference 39 with permission. 

Copyright 2014, American Chemical Society. (c) Schematics of 

a QD solar cell structure employing ungraded, graded and 

antigraded junction. Reprinted from reference 40 with 

permission. Copyright 2011, American Chemical Society. (d) An 

example of a graded junction using two different ligands with a 

structure of ZnO/PbS-TBAI/PbS-EDT. Reprinted from reference 

41 with permission. Copyright 2014, Springer Nature.  

 
Generally, colloidal QDs are capped with ligands 

consisting of a long carbon chain, such as oleic acid (OA) 
and oleylamine (OLA) to stabilize them in a solution 
phase. Due to the long chain ligands, however, the freshly 
synthesized QDs have poor electric conductivity. 
Therefore, the functionalization of QDs using short chain 
ligands is required for electronic/optoelectronic 
applications (Figure 2(a)). Figure 2(b) describes energy 
levels of a QD layer treated by each ligand, which is 
resulted from the sum of the dipole moment induced by 
interaction between the surface of QD and binding ligand, 
and intrinsic dipole moment of the ligand.[39] The energy 
level difference in a QD film can be judiciously used to 
form a graded junction structure in order to facilitate 
charge transport as shown in Figure 2(c). [40] Using this 
strategy in Figure 2(d), Chuang et al. demonstrated the 
significantly improved performance of a QD solar cell 
and its stability up to 150 days in ambient air. [41] 
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2.2. Mechanism of mechanical energy harvester 

Mechanical energy sources which are generally in the 
form of vibrations, such as sound and wind, are 
ubiquitous and bountiful in our daily lives. Unlike solar 
power, mechanical energy sources are not dependent on 
the time and region. However, unfortunately, most of the 
mechanical energy sources are wasted because of the lack 
of abilities to harvest these energy sources. In 2006, the 
first piezoelectric nanogenerator (PENG) was invented 
using a piezoelectric effect of ZnO nanowire arrays, 
which demonstrated that wasted energy could be 
converted into useful electrical energy.[1] Ever since the 
first invention of a PENG, this area has attracted 
tremendous research interest. [1,42-44] Furthermore, in 2012, 
Fan et al. introduced a triboelectric nanogenerator 
(TENG) for the first time, which is based on the contact 
electrification.[4] 

 

Figure 3. (a) An illustration of the operating principle of a 

mechanical energy harvester. Output characteristics of a 

mechanical energy harvester; (b) Potential and (c) current, 

driven at a frequency of 50 Hz. Reprinted from reference 17 with 

permission. Copyright 2018, Royal Society of Chemistry. 

 
Figure 3 shows a mechanism of the mechanical energy 

harvesting processes where we assume that an active 
layer has negative surface charges. It is worth noting that 
for negative and positive surface charges the mechanism 
is still the same except for that charge polarity is opposite 
to Figure 3(a). Triboelectric series can be found in 
reference 45 and 46. Due to the negative surface charges, 
positive charges are induced to the top electrode when the 
top electrode is approaching the active layer. This again 
leads to induce negative charges at the bottom electrode 
(Figure 3(a)-(i)). Then, electrons induced at the bottom 
electrode are transported to the top electrode to neutralize 
electric potential difference between the two electrodes 
(Figure 3(a)-(ii)). On the contrary, when the pressure is 
realized, electrons on the top electrode move back to the 
bottom electrode to neutralize the potential difference 
which was caused by transport of electrons to the top 
electrodes (Figure 3(a)-(iii)).[47-49] Figure 3(b) and (c) 
illustrate rectified potential and current output 
characteristics of the mechanical energy harvester at the 
input frequency of 50 Hz, respectively. 
Governing equations for each a piezoelectric or 
triboelectric effect are described below. ∇E =  𝜌 𝜀⁄ , 𝜌 = 𝑑𝑖𝑗𝑋 for a piezoelectric harvester (6) V =  −𝜌𝑑 𝜀0⁄  for a triboelectric harvester (7) 

where ρ is the polarization charge density, ε is the 
dielectric permittivity, dij is the piezoelectric coefficient, 
X is the applied stress, d is an interlayer distance, and ε0 
is the vacuum permittivity.[12] As both equations describe, 
basically a potential generated by a mechanical energy 
harvester is a function of the charge density (ρ). The 
difference between a PENG and TENG is that a potential 
of the TENG is also a function of an interlayer distance 
(d). This is because the piezoelectric charges are related 
to the crystal structure whereas the triboelectric charges 
are associated with the contact electrification effect. The 
typical materials for a mechanical energy harvester are 
ZnO nanowires, PbZrTiO, BaTiO, and poly(vinylidene 
fluoride) (PVDF)-based polymers for a PENG,[45-49->50-54] 

and PTFE, PDMS, and PVDF-based polymers for a 
TENG.[55-59] 

2.3. Hybrid energy harvesting device  

Mechanisms of energy harvesting involving photovoltaic, 
piezoelectric and triboelectric effects are discussed in the 
previous section. An energy harvester harnessing each 
phenomenon has demonstrated fascinating device 
performances. However, the energy harvesting device 
involving only one physical effect mentioned above is 
susceptible to suffer from interruption of power supply 
due to the intermittency of environmental energy sources, 
such as sunlight, wind, and mechanical vibrations. 
Moreover, high contrast in output characteristics of 
different types of energy harvesters was observed; for 
example, a PENG and TENG typically have high voltage 
whereas low current output where a solar cell exhibits an 
opposite characteristic to a PENG and TENG. [47,60] The 
high contrast of output performance suggests that a 
hybrid energy harvester is highly desirable to achieve a 
high current from one harvester while enhancing a 
potential limit from the other. Furthermore, hybridized 
energy harvesting can harness various kinds of 
environmental energy sources simultaneously. This 
significantly reduces sudden power interruption caused 
by intermittence of environmental energy. [47,61] 

In this regard, hybrid energy harvesting is one of the 
potential approaches to overcome limitations that an 
energy harvesting device is harnessing a particular 
environmental energy source, which ultimately realizes 
sustainable power supply to sensor networks for the 
Internet of Things (IoT). In this section, we review a 
hybrid energy harvesting technology involving a QD 
photovoltaic and piezo/triboelectric device. 

A hybrid energy harvester which can simultaneously 
harness mechanical vibrations and photons has been 
intensively researched after the first demonstration by 
Wang’s group in 2009.[62] This hybrid energy harvester 
typically consists of a mechanical energy harvester 
(PENG or TENG) and a solar cell. As shown in Figure 4, 
all different kinds of solar cells, such as a dye-sensitized 
solar cell (DSSC), quantum dots, silicon (Si), and 
organic-inorganic hybrid solar cells, successfully 
demonstrated the integration with a mechanical energy 
harvester.[63-66] Here, we focus more on a hybrid energy 
harvester with a QD-based solar cell. 
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Figure 4. Schematics of hybrid energy harvesters consisted of 

a mechanical energy harvester and a solar cell using different 

kinds of materials, such as (a) CdS/CdTe QDs (Reprinted from 

reference 64 with permission. Copyright 2010, American 

Chemical Society), (b) polymer (Reprinted from reference 65 

with permission. Copyright 2009, American Chemical Society), 

(c) dye-sensitizer (Reprinted from reference 62 with permission. 

Copyright 2015, Elsevier), and (d) silicon (Reprinted from 

reference 66 with permission. Copyright 2013, American 

Chemical Society). 

 
In 2010, Lee et al. reported a hybrid energy harvester 

based on ZnO NWs and infiltrated CdS/CdTe QDs among 
vertical structure ZnO NW. The harvester was driven by 
acoustic vibrations, of which working range was 35 – 
1000 Hz.[64] However, output performances of the hybrid 
energy harvester were relatively low to power electronic 
devices. Meanwhile, an invention of a TENG in 2012 
significantly enhanced an output performance of a 
mechanical energy harvester, which spurred tremendous 
research interests in a hybrid energy harvester as 
well.[4,67,68] 

 
Using a TENG, in 2018, Cho et al. reported a hybrid 

TENG and a PbS QDSC energy harvester for a reliable 
and sustainable sensor system to realize IoT technology 
as the IoT is a prerequisite condition in the era of smart 
life which will enrich lives of human beings in the near 
future.[17] This work suggested two possible routes to 
enhance the overall performance of the hybrid energy 
harvester: (1) By employing a highly transparent P(VDF-
TrFE-CTFE) (full name) and graphene electrode, the 
hybrid energy harvester maximized absorption of 
sunlight coming to PbS QD layers as shown in Figure 
5(a); (2) In order to increase Voc of a solar cell, six 
patterned ITOs connected in series were used as shown 
in Figure 5(b). Circuit design to integrate two distinct 
signals, direct current from a PbS QD solar cell and 
alternative current from a TENG, is also shown at the 
bottom of Figure 5(b). The energy harvester 
demonstrated dual mode and simultaneous energy 
harvesting with respect to input energy sources: photons 
(i), both photons and vibrations (ii), and vibrations (iii) 
as shown in Figure 5(c). Accordingly, capacitor charging 
rates with respect to the input energy sources were 
investigated. Figure 5(d) shows the complimentary and 
synergetic effects of a hybrid system. The potential in an 
external capacitor was charged approximately to 2.6, 7.5 
and 11 V for photons, vibrations, and both, respectively. 

In addition, the calculated charging rate was found to be 
14, 40, and 58 mV sec-1 for photons, vibrations, and both, 
respectively. Lastly, the author demonstrated an 
operation of an IR sensor powered only by the hybrid 
energy harvester as shown in Figure 5(e) and (f), 
suggesting that the hybrid energy harvester can be used 
as a stable power supply to realize IoT technology. 

 

 

Figure 5. (a) Illustration of a hybrid energy harvester. (b) 

Pictures on top show a patterned ITO electrode (left), a 

fabricated QDSC (middle), and a TENG (right). A bottom image 

shows an integration circuit for a hybrid energy harvester. (c) 

Performances of the hybrid energy harvester with respect to 

input signals. (d) Potential in an external capacitor charged by 

photons (yellow), mechanical vibrations (green), and both 

photons and vibrations simultaneously (red). (e) An IR sensor 

powered by a hybrid energy harvester. (f) Operation of the IR 

sensor when IR was detected. Reprinted from reference 17 with 

permission. Copyright 2018, Royal Society of Chemistry.  

 
In this section, we reviewed hybrid energy harvesting 

technology with a QDSC and a mechanical energy 
harvester. Hybridization of different types of energy 
harvesters enables simultaneous energy harvesting from 
various kinds of input energies, such as solar power and 
mechanical vibrations. This method mitigates and 
resolves sudden power interruption due to intermittence 
of energy from nature. 

3. Piezotronic and piezo-phototronic effect 
on a quantum dot solar cell 

Photon energy harvesting has attracted tremendous 
research interests for many decades. However, current 
solar cell technology, whether it is a commercialized or 
laboratory photovoltaic cell, has not yet achieved PCE 
over the Schockley-Queisser limit, i.e. the detailed 
balance limit. One of the reasons for the below theoretical 
limit stems from inherent material properties, for 
example mid-band gap states, defects, and non-ideal 
interfaces. One possible route to overcome the inherent 
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material-related limitations is the introduction of an 
additional electric potential on top of a built-in potential 
at a semiconductor junction, and this can be achieved 
through a strain-induced piezoelectric charge/potential. 
This additional piezoelectric potential prevents loss of 
charges prior to recombination at the defect sites.[25,27,69]  

In this section, we review the mechanism and theoretical 
backgrounds of piezotronics as well as piezo-
phototronics and discuss a potential route towards 
enhancing the solar cell efficiency using a piezo-
phototronic effect. An additional electric field that was 
induced by a piezoelectric was found to be able to modify 
the properties at an interface between a piezoelectric 
layer and photo-active layer. 

3.1. Piezotronic and Piezo-phototronic mechanism 

3.1.1. Piezotronics 

A piezotronics introduced by Zhong Lin Wang in 2006 
explains piezoelectric properties of a semiconductor. 
This phenomenon generally occurs at an interface 
between a piezoelectric semiconductor and 
metal/semiconductor.[70-72] Through strain engineering, 
local band structure and/or band alignment can be 
modulated, which consequently tunes junction properties. 
Since the first demonstration of the piezotronics, it has 
attracted tremendous research interests from 
interdisciplinary areas such as electronics, 
optoelectronics, and electrochemistry. [73-81] 

 

Figure 6. Illustrating mechanisms of (a), (b) a piezotronics effect, 

and (c), (d) a piezo-phototronic effect. Reprinted from reference 

70 with permission. Copyright 2016, Springer Nature.  

 

A mechanism of the piezotronics effect is illustrated 
in Figure 6(a) and (b). Upon application of strain, a 
piezoelectric material produces polarization charges due 
to deformation of a crystal structure. The polarized 
charges lead to retribution of free charges, which results 
in a modulation of energy band structure at the interface. 
For example, when positive charges are induced at the 
interface between an n-type piezoelectric material and a 
p-type semiconductor (Figure 6(c)), a depletion width on 
n-type decreases whereas a depletion width on p-type 
increases. As the depletion region on the n-type side 
becomes much narrower, a local band structure is 
changed due to the positive polarized charges at the 
interface. The opposite phenomena can be observed when 

negative polarization is induced at the interface as shown 
in Figure 6(b). 

3.2.2. Piezo-phototronics 

The piezo-phototronic effect refers to the coupling of 
piezoelectricity, optical processes, and charge transport 
in semiconductors to modulate characteristics of charge 
carrier behaviors in optoelectronic devices. [65,66] It was 
first reported in 2010 in a metal-ZnO NWs system with 
an observation of the coupling between piezoelectricity 
and photoexcitation.[82-84] The Schottky barrier height 
was modulated by the coupling effect, which resulted in 
engineering optoelectronic processes.[82,83] Ever since the 
first demonstration of the piezo-phototronic effect, 
tremendous experimental studies were carried out for 
various optoelectronic devices, such as photodetectors, 
solar cells, and light-emitting diodes (LEDs), while 
theoretical studies were performed to support 
experimental results.[85-93] 

Mechanism of a piezo-phototronic effect is shown in 
Figure 6(c) and (d). Similar to the piezotronics effect, 
local energy band is modulated with respect to induced 
piezoelectric charge/potential at the interface between an 
n-type piezoelectric material and a p-type semiconductor. 
This modulated local energy band changes behavior of 
electron-hole pairs generated by a photonic effect. For 
example, when positive charges are induced at the 
interface a depletion width and accordingly a local band 
structure is modified as explained in the piezotronics 
effect (Figure 6(c)). This results in less effective charge 
separation and thus deterioration of device performance. 
In contrast, when negative charges are induced at the 
junction a depletion width increases on the n-type 
piezoelectric material, which reduces the effective series 
resistance and consequently charge injection is facilitated 
(Figure 6(d)). As a result, non-radiative recombination is 
suppressed, which results in improvement in device 
performance. 
 

3.2. Theoretical analysis of piezo-phototronic effect 

on solar cells 

Prior to review piezo-phototronic effect on a solar cell, 
first a basic theory of the piezo-phototronic will be 
discussed. The core idea of the piezo-phototronic effect 
on a solar cell is that it uses an additional piezoelectric 
potential/field generated by strain/stress in order to 
improve charge extraction and exciton dissociation, 
which results in increase in the overall performance of a 
solar cell.[18] Deep theoretical studies were performed by 
Zhang et al. by using a typical n-type piezoelectric ZnO 
NWs and p-type non-piezoelectric material.[92] Assuming 
that JSC is free from stress/strain, photocurrent of a solar 
cell with a piezoelectric effect can be written as the 
equation (8) below, where ρpiezo is the density of 
piezoelectric charges, Wpiezo is the width of the created 
piezoelectric charge zone.[88,94,95] J =  𝐽𝑝𝑛0 ∙ exp [−𝑞2𝜌𝑝𝑖𝑒𝑧𝑜𝑊2(2𝑘𝑇𝜖𝑠)−1] [𝑒𝑥𝑝 (𝑞𝑉 𝑘𝑇⁄ ) − 1] −  𝐽𝑆𝐶     (8) where 𝐽𝑝𝑛 =  𝐽𝑝𝑛0 ∙ exp [−𝑞2𝜌𝑝𝑖𝑒𝑧𝑜𝑊2(2𝑘𝑇𝜖𝑠)−1] 
From the equation (8), Voc can be obtained by assuming 
J = 0. Then, Voc of a solar cell with a piezoelectric effect 
can be written as the equation (9). 
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𝑉𝑂𝐶 = 𝑘𝑇𝑞 ∙ ln (𝐽𝑆𝐶𝐽𝑝𝑛 + 1)      (9) 

Voc of a solar cell can be re-written as the equation 
(10) by assuming that JSC ≫ Jpn, which holds for a typical 
solar cell.[94,95] 𝑉𝑂𝐶 ≈ 𝑘𝑇𝑞 ∙ ln (𝐽𝑠𝑜𝑙𝑎𝑟𝐽𝑝𝑛 ) = 𝑘𝑇𝑞 ∙ [ln (𝐽𝑠𝑜𝑙𝑎𝑟𝐽𝑝𝑛0 ) + 𝑞2𝜌𝑝𝑖𝑒𝑧𝑜𝑊2(2𝑘𝑇𝜖𝑠)−1]     (10) 

The equation (10) describes that piezoelectric charge 
through the application of strain/stress is one of the key 
parameters that determine Voc of a solar cell as shown in 
Figure 7(a) and (b). This mechanism also holds for a case 
of an n-type non-piezoelectric material and a p-type 
piezoelectric material as shown in Figure 7(c) and (d). 
More details about theoretical studies of piezo-
phototronic effect on a solar cell can be found in 
numerous references.[96-98] 

 

Figure 7. (a) Current curves as a function of voltage and (b) 

modulation of open circuit voltage with respect to applied strains 

(0.9% to 0.9%) where an n-type material is a piezoelectric 

semiconductor. (c) Current curves as a function of voltage and 

(d) modulation of open circuit voltage with respect to applied 

strains (0.9% to 0.9%) where a p-type material is a piezoelectric 

semiconductor. Reprinted from reference 92 with permission. 

Copyright 2012, Royal Society of Chemistry. 

 

3.3. Experimental demonstrations of piezo-

phototronic effect on quantum dot solar cells 

Along with the theoretical studies, a number of 
experimental studies demonstrate the piezo-phototronic 
effect on charge carrier characteristics and performances 
of a solar cell.[88,95,99-103] The experimental results are 
consistent with the theoretical analysis in the previous 
section. Demonstrations of piezo-phototronic effect on 
solar cells have been made in various photoactive 
materials, such as quantum dots, nanowires, and 
organic/polymers. Here, we focus on the piezo-
phototronic effect on QD solar cells (QDSCs), in 
particular. 

3.3.1. Depletion-heterojunction QDSCs 

Piezoelectric-polarization-enhanced depletion-
heterojunction QDSCs (DH QDSC) has demonstrated by 
Shi et al. in 2013.[90] Piezocharges between (0001)-
oriented texture ZnO film and p-type 1,2-ethanedithiol 
(EDT)-treated PbS QDs layers were induced by an 

application of strains to a QDSC. Accordingly, interfacial 
energy band at the junction between ZnO-PbS QDs was 
modulated by piezoelectric potential (PPZ), which led to 
modulation of PCE. The working mechanism of 
piezoelectric-polarization-enhanced depletion-
heterojunction QDSCs is shown in Figure 8(a)-(d). When 
positive PPZ is generated at the interface, a depletion 
width in PbS layers increased whereas a deletion width 
in a ZnO layer became narrower Figure 8(a) and (c). 
Because the electron mobility of p-type PbS QDs is 
slower than that of a n-type ZnO layer, charge extraction 
is facilitated, resulting in enhanced solar cell 
performance. On the contrary, when negative PPZ is 
induced at the interface, a band offset is reduced to Øbi,PbS 
– ΔØPZ,PbS and the depletion region in the PbS layers 
decreased (δPZ,PbS < δ0,PbS) as shown in Figure 8(b) and 
(d). Therefore, overall charge extraction at the junction is 
aggravated, resulting in a poor solar cell performance. 

 

Figure 8. Schematics of QDSC energy band diagram with (a) 

positive and (b) negative piezocharges at the ZnO/PbS QDs 

interface, respectively. Schematics of changes of depletion 

region with respect to (c) positive and (d) negative piezocharges 

at the ZnO/PbS interface, respectively. (e) Photocurrent curves 

as a function of the potential of a ZnO/PbS QDSC under different 

strains applied. (f) Conversion efficiency and short circuit current 

as a function of applied strain to the device. Reprinted from 

reference 90 with permission. Copyright 2013, John Wiley and 

Sons. 

 
As shown in Figure 8(e) and (f), performances of 

QDSCs under an illumination intensity of 25 mWcm -2 are 
modulated with respect to the strain applied. The 
efficiency was modulated from 0.51 to 0.55 %, changing 
rate for 0.01 % strain, respectively. Under an illumination 
intensity of 0.0047 mWcm-2, QDSCs exhibited a much 
higher rate of JSC and PCE modulation, for example, 
increase in JSC was from approximately 1.5 to 2.5 µA cm -

2 and improvement in PCE was from 3.1 to 4.0 %, 
respectively. The piezo-phototronic effect assisted JSC 
and PCE modulation strategy using PPZ gives a new 
insight into the improvement of charge carrier extraction 
and transport in DH QDCSs. 

3.3.2. An inverted structure flexible PbS QDSC 

Inverted PbS QDSC structure was introduced by Chuang 
et al. in 2014.[41] By forming a QD junction between 
tetrabutylammonium iodide (TBAI)- and 1,2-
ethanedithiol (EDT)-treated PbS QD layers, significantly 
improved performance and stability of QDSCs were 
achieved. However, a heterojunction between electron 
transport ZnO and QD layers still need to be improved to 
enhance the performance of QDSCs. In particular, a 
flexible QDSC suffers severely from charge carrier loss 
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at the heterojunction because of defects and traps that 
arise from the straining of semiconducting layers during 
fabrication and measurement processes. This 
recombination pathway needs to be resolved to improve 
the performance of a flexible QDSC.[104,105] 

 

Figure 9. (a) Schematics of the junction property modulation 

concerning the strain applied; no strain, the application of a 

compressive and a tensile strain. (b)-(d) Simulation results to 

demonstrate modulation of junction properties upon the 

application of a compressive and tensile strain. (e) Modulation 

of the PCE with respect to the application of a tensile and 

compressive strain. (f) Photocurrent curves as a function of 

applied bias at no strain and with strain ranging from -1.25 to 

1.25%; top left inset shows enlarged JSC at different strain rates. 

Reprinted from reference 18 with permission. Copyright 2018, 

John Wiley and Sons. 
 

Recently, Cho et al. employed a porous structure of 
piezoelectric poly(vinylidenefluoride-trifluoroethylene) 
(P(VDF-TrFE)) layer at the interface between ZnO and 
QD layers to facilitate extraction and reduce the 
recombination of charge carriers. [18] A piezoelectric 
potential generated by the inserted porous P(VDF-TrFE) 
layer at the heterojunction consequently changed the 
charge transport behavior through the addition a 
piezoelectric potential. Figure 9(a) illustrates schematics 
of the modulation in the heterostructure properties with 
respect to applied strain; (a) no strain, (b) a compressive 
and (c) a tensile strain. S.C.R in the figure indicates a 
space charge region. The modulation of the potential 
profile at the junction described in the schematics was 
demonstrated by using COMSOL simulation as shown in 
Figure 9(b)-(d). Basically, an electric potential/field at 
the heterojunction increased upon the application of 
compressive strain (Figure 9(b) and (c)). This is because 
a depletion width is reduced when compressive strain is 
applied, which resulted in the formation of a higher 
electric field across the junction (Figure 9(c) and (d)). 
Attributed to an additional piezoelectric potential at the 
junction, the performance of the flexible QDSC was able 
to be actively modulated by applying various strain rates. 
Using this approach, PCE of a flexible QDSC was 
enhanced up to 37%. 

4. Conclusion and outlook 

In conclusion, we summarized the recent progress in 
hybrid energy harvesting technology, particularly 

considering the solar cell and mechanical energy 
harvester. Significant progress has been made in the field 
of energy harvesting for several decades. However, there 
are still challenges in the development of sustainable 
energy harvesting devices because environmental energy 
is intermittent by nature. Therefore, two approaches to 
realize a hybrid system has been introduced (Figure 10); 
(1) integration of a solar cell and mechanical energy 
harvester and (2) utilization of a piezotronic/ piezo-
phototronic effect. Throughout the review, we 
particularly focus on QDs for a hybrid energy harvesting 
device due to their unique and excellent material 
properties for energy harvesting. At last, a summary and 
perspectives for practical guidelines are provided. 

 

Figure 10. A hybrid energy harvesting system; (i) an integration 

of a solar cell and mechanical energy harvester and (ii) 

utilization of a piezo-phototronic effect. Reprinted from 

references (i) 17 and 64 with permission. Copyright 2018, Royal 

Society of Chemistry and Copyright 2010, American Chemical 

Society, respectively. Reprinted from references (ii) 18 and 90 

with permission. Copyright 2018 and 2013, respectively, John 

Wiley and Sons. 

 
First, background as well as basic mechanism of the 

QD solar cell and mechanical energy harvester (a PENG 
and TENG) was described, which was followed by an 
introduction of recent advancement in an integration 
technology of the solar cell and mechanical energy 
harvester. The hybrid device is benefited from 
simultaneous energy harvesting of different kinds of 
environmental energy sources, which greatly enhance 
stability and sustainability of the device from sudden 
power interruption. In addition, a potential application of 
a hybrid energy harvester as a stable power supply for 
IoT technology has been demonstrated. 

Second, a number of studies to combine two different 
physical effects, namely a photovoltaic and piezoelectric 
effect, was reviewed with the explanation on mechanisms 
of the piezotronics, piezo-phototronics, and their theories. 
To overcome intrinsic material properties, such as mid-
band gap states and defects, a strain-induced 
piezoelectric potential was judiciously introduced at a 
junction interface, which leads to the modulation of the 
junction properties and eventually significant 
enhancement in the performance of the solar cell. We 
believe that this review suggests a guideline for future 
energy harvesting technology involving a photovoltaic 
and piezo/triboelectric effect. 
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