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Graphical Abstract 
 

 
 

The externally applied strain can modulate material bandgap and generate piezoelectric 

charges. The piezo-phototronic multijunction solar cell consisted only of single type 

two-dimensional material is proposed by utilizing bandgap engineer and piezo-phototronic 

effect. The efficiency of piezo-phototronic multijunction solar cell can theoretically reach 

over 33% and it has theoretically exceeded Schckley-Queisser limit. This offer a guidance to 

design ultrahigh performance piezo-phototronic photovoltaic device. 
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Abstract 

Piezotronics and piezo-phototronics based on the third-generation semiconductor (such as ZnO, GaN, 

CdS, and monolayer chalcogenides) and two-dimensional materials, have attracted increasing attention 

due to the coupling characteristic of piezoelectric, photon excitation, and semiconductor properties. Strain 

can not only induce piezoelectric charges but also modulate bandgap of piezotronic materials. In this 

paper, we propose a structure of piezo-phototronic multijunction solar cell based on single-type two-

dimensional piezoelectric semiconductor materials. By using the theory of detailed balance limit, the open 

circuit voltage and short circuit current of this piezo-phototronic multijunction solar cell are calculated. 

The results indicate that power conversion efficiency of the piezo-phototronic multijunction solar cell can 

theoretically reach to 33%, under the blackbody of temperature 6000K, which is higher than the well-

known theoretical Shockley-Queisser limit. This work provides guidance to design the next generation 

ultra-high performance piezo-phototronic solar cells. 

 

Keywords: piezo-phototronics, bandgap, two-dimensional materials, multi-junction solar cells, detailed 

balance limit  
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1. Introduction 

Owing to coupling of piezoelectric and semiconductor characteristic, the third-generation 

semiconductor materials, such as ZnO, CdS, GaN, InN, and monolayer chalcogenides have attracted 

increasing research interests [1-3]. Strain induced piezoelectric charges control carrier transport, 

generation, separation, and recombination to design novel high performance piezotronic and piezo-

phototronic devices [4]. Inspired by the requirement of high performance and low power consumption, a 

series of piezotronic and piezo-phototronic devices have been designed, such as nanogenerator [5-7], 

flexible stain sensors [8], piezotronic field-effect transistors [9], piezo-phototronic solar cell [10], piezo-

phototronic photodetectors [11], and LEDs [12]. Piezo-phototronic effect can tune the luminescence based 

on monolayer MoS2 and ZnO nanowires for designing highly sensitive optoelectronic devices [13-15]. 

Additionally, piezoelectric field of the interface can trigger the topological phase transition from normal 

insulator to topological insulator state to realize piezotronic devices with ultrahigh ON/OFF radio due to 

piezotronic effect [16, 17]. Non-uniform strain can be used to improve the performance of piezotronic 

devices by enhancing piezoelectric polarization [18]. The piezotronics offers a novel way to develop high 

performance devices for energy, artificial intelligence and human-integrated technologies [2]. 

Multijunction solar cell as the next generation photovoltaic device, has demonstrated rather high 

theoretical and experimental efficiency and it is expected to surpass Shockley-Queisser limit [19-21]. 

Connecting two or more solar cells can effectively reduce the lattice thermalization losses to realize more 

power conversion efficiency [19]. Traditional multijunction solar cell  are constructed by parallel/tandem  

solar sub-cells based on different band gaps, which use several types of semiconductor materials [22, 23].  

There exists engineering and manufacturing complexity for traditional multijunction solar cell. Monolayer 

two-dimensional (2D) materials, especially transition metal dichalcogenides including MoS2, MoSe2, 

WS2, WSe2, etc. have several novel characteristics for photo-detection [24], photoluminescence [25], and 

photovoltaic devices [26].  

Strain can change bandgap of two dimensional material [27], and the stretching limit of such 

materials can reach to 11% in the form of in-plane strain [28]. In additional, strain induced piezoelectric 

charges can effectively decrease Schottky Barrier of metal-semiconductor to diminish thermalization 

voltage loss, and the performance of solar cell can be enhanced [29]. Therefore, the piezo-phototronic 

multijunction solar cell based on single-type 2D materials can be realized by applying different strains to 

sub-cells based on the same 2D material and it has promising applications attributed to high conversion 

efficiency and simple engineered technical requirements. 

In this paper, the structure of piezo-phototronic multi-junction solar cells based on a single type two-

dimensional material is proposed. Figure 1(a) illustrates the structure of this parallel piezo-phototronic 
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multijunction photovoltaic device. MoS2 stacking layers as the light absorbing materials are sandwiched 

between two contacts. The left side is Schottky contact, which can separate the photon-generated carriers 

by the Schottky barrier. The other side is simplified as an ohmic contact for the transportation of current 

without rectification. Modulation on bandgap and piezo-charges (inset) with different strains are depicted 

in Fig.1(b). The applied strain not only influences the bandgap of two-dimensional semiconductors but 

also generates piezoelectric charges. The bandgap of monolayer MoS2 varying with externally applied 

strain, and the bandgap obviously decrease from 1.82eV to 1.17eV. This means MoS2 can absorb photons 

of the lower energy with increasing strain. Moreover, the piezoelectric charges increase obviously with 

strain, and it can exceed piezoelectric charges of traditionally piezoelectric semiconductor since 

monolayer MoS2 can withstand up to 11% strain. Meanwhile, the sun is assumed to be a blackbody at 

temperature 6000K. Figure 1(c) demonstrate the power density for a blackbody emitter at temperature 

Ts=6000K. Additionally, the photon energy above solar cell material bandgap can be absorbed and 

generate photocurrent. According to Shockley-Queisser theory, Figure 1(d) illustrate the overall solar cell 

efficiency as a relation about semiconductor bandgap for single junction solar cell. The efficiency can 

have a maximum value at 1.3 eV and reach about 31%. In the theory of electronic circuit, piezo-

phototronic multijunction solar cell is equivalent to a battery comprised of several sub-cells connected in 

parallel. Sub-cells demand matching open-circuit voltage (Voc) to reduce intrinsic loss. In this paper, 

piezo-phototronic effect can both decrease the mismatch of Voc from sub-cells of different layers and 

enhance the performance of piezo-phototronic multijunction solar cell. As a result, the power conversion 

efficiency can reach about 33% for a triple junction piezo-phototronic multijunction solar cell consisting 

of 15 stacked monolayer MoS2 when we assume the sun as a blackbody of temperature 6000K. 

Significantly, the efficiency can surpass the Shockley-Queisser limit. Therefore, the piezo-phototronic 

multi-junction solar cells based on single type two-dimensional material is hoped to surpass the well-

known theoretical Shockley-Queisser limit, and it can be realized by utilizing photo-phototronic effect 

and deformation potential. 

2. Basic theory of piezo-phototronic multijunction solar cell  

2.1 Theoretical analysis of 2D multijunction solar cell 

2.1.1 Theory of detailed balance limit  

In photovoltaic basic theory, the solar cell can absorb part of incident solar flux, and convert this 

energy to electric power. The absorption can cause generation of electron-hole pairs, which can be 

extracted and recombined by an external circuit. This process can drive electrons to flow in the external 

circuit. To simplify, we assume following conditions for calculating detail balance model: (1) all photons 

with energy lower than the material bandgap are transmitted; (2) per absorbed photon generates one 
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electron hole pair (quantum efficiency QE=1); (3) only radiative recombination exists; (4) all emitted 

thermal photons can be reflected back to the solar cell; (5) reflective and resistive losses are neglected.  

In previous studies [30-32], the conversion efficiency of solar cell is calculated by utilizing 

Shockley-Queisser theory. The previous results qualitatively consistent under a blackbody with 

temperature 6000K and AM1.5 standard, which have minor numerical differences because spectral power 

density have minor differences. Therefore, the results of SQ limitation is same under AM1.5 standard. We 

assume the sun as a blackbody with temperature Ts=6000K, similar to previous investigation. According 

to Planck’s law, the spectral photon flux is given [30, 31] 
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Where the h and c are Planck’s constant and speed of light, respectively. k is Boltzmann’s constant, 

and E represent energy of photons, fω  is geometry factor and 52.18 10fω
−= × [30]. For a solar cell, the 

current density generated by absorbing the incident photons is  
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In this equation, a(E) is absorption ratio which represents probability of absorbing photons of energy 

E, and q is charge of an electron. When this solar cell is not illuminated, it absorbs and emits similar to a 

blackbody at ambient temperature Tc=300K since the solar cell is thermodynamic equilibrium with its 

surroundings ambient temperature. The solar cell is not in thermal equilibrium with its surroundings while 

the cell is in illumination. According to previous study [31], the reverse saturation current J0 is given by 
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where the e(E) is the emissivity which is probability of emitting photons of energy E and e(E)=a(E) 

because the current density is balanced, the fg is a geometry factor and fg=2 [33] since emission occurs at 

both the front and back surfaces. At open circuit condition, the current density is zero and the open circuit 

voltage Voc can be obtained by [29] 
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In this study, we assume a(E)=0 for photons of energy E<Eg. Moreover, the absorption of light can 

reach 20% in the photon energy range above bandgap for monolayer MoS2. Therefore, we can assume 

a(E)=50% for per part consisting of five monolayer MoS2 in the photon energy range above bandgap. 

2.1.2 Theoretical analysis of multijunction solar cell based on detailed balance limit 
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For a parallel triple junction solar cell, the structure is similar to Figure 2 (a).The bandgaps of Part 1, 

Part 2 and Part 3 are respectively 1
gE , 2

gE  and 3
gE , where 1 2 3

g g gE E E> > . According to equation (1), the 

short circuit current density of sub-cells is given by  
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where 1
scJ  2

scJ  and 3
scJ  are current density of sub-cells (Part 1, Part 2 and Part 3), respectively. 

According to Kirchhoff’s law, the total current density of multijunction solar cell is sum of current 

density of all sub-cells. Current density-Voltage (J-V) properties of the parallel solar cell are calculated by 
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In the equation, Subscript i is the number of one sub-cell in the parallel solar cell. 0
iJ  and i

scJ  are 

saturation current density and short circuit density of per sub-cell, respectively. pscJ  and 0
ocV are total short 

circuit current density and open circuit voltage, respectively. 

2.2 Analytical model of 2D piezo-phototronic multijunction solar cell 

In our study, we adopt stacked multi-monolayer MoS2 as material of solar cell. While the strain is 

applied at piezoelectric semiconductor materials, the piezoelectric charges are generated on both side of 

materials and the bandgap can be varied. For this work, we assume the applied strains of Part 1, Part 2, 

and Part 3 are denoted as  1
11s , 2

11s and 3
11s  respectively. The bandgap of each sub-cell is calculated by 

using 
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where 0
gE  is the material bandgap without strain, sE  is variation of bandgap while 1% strain is applied 

by the material. Additionally, the piezoelectric charges can vary the Schottky barrier, and it is given by 

[34] 
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where 11e  and piezoW  are piezoelectric constant and piezoelectric charge distribution width,11s and ε  are  

applied strain and material dielectric constant, φ∆  is Schottky Barrier Height variation caused by strain 

induced piezoelectric charges. Considering equations (5), (7), the current density of sub-cell is 
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Through equations (6), (8), and (9), the electric characteristic of the piezo-phototronic multijunction 

solar cell is 
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where 0
ocV  is open circuit voltage without piezoelectric charges, ocV  is open circuit voltage of MJSC 

induced by piezoelectric charges, and zP  is piezoelectric charges and 11 11zP e s= .  

3. Results and Discussion 

In this investigation, we adopt typical constants as following: the piezoelectric constant of monolayer 

MoS2 is 0.56C/m2 [35, 36]. Previous works show monolayer MoS2 can apply strain up to 11% strain 

before fracture [28] . Moreover, these works [37, 38] have demonstrated monolayer MoS2 and few layer 

MoS2 will experience elastic deformation until maximum strain of MoS2. Piezoelectric constant of 

various piezoelectric materials is steadily at different strain [39] . Thus, the piezoelectric constant of five 

monolayer MoS2 is assumed a constant. In addition, the piezoelectric constant of five monolayer MoS2 is 

assumed that is equal to monolayer due to each monolayer of five-layer MoS2 stacked along the same 

polarized direction [40]. Therefore, the piezoelectric constant of five monolayer MoS2 is 0.56C/m2. the 

relative dielectric constant is 3.3 [41], the piezoelectric charges distribution width Wpiezo is 0.25nm [34], 

the material bandgap is 1.82eV [42], and Es is 59meV [42]. 

Figure 2(a) demonstrates the structure of piezotronic multijunction solar cell, and it consists of three 

sub-cells (top cell: Part 1, middle cell: Part 2, bottom cell: Part 3). Each sub-cell contains five stacked 

monolayer MoS2. Top, middle and bottom cells are applied different strains, respectively. As shown in 
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Figure 2(b), the short circuit current density (Jsc) is as a function of different strain combinations. While 

the applied strain combination increases, the bandgap can decrease, and more photons are absorbed. 

Therefore, the Jsc increases. Figure 2(c) show that the open circuit voltage (Voc) will decrease with 

enhancing applied strain combination. Voc is dependent on the material bandgap and Voc is slightly lower 

than the bandgap owing to voltage loss, strain can decrease Voc through reducing material bandgap. 

Moreover, MoS2 is piezoelectric semiconductor, and strain induced piezoelectric charges can decrease 

voltage loss. Figure 2(d) shows the maximum power density of the piezo-phototronic multijunction solar 

cell at different strain combinations. Since strain increases photon absorption and strain induced 

piezoelectric charges decrease voltage loss, the maximum power density increases with the enhanced 

applied strain combination. 

Figures 3 (a) and (b) show respectively short circuit current density and open circuit voltage with 

relation about strains of top and middle cell while the strain of bottom cell is fixed at 11%. It is clear that 

short circuit current density can increase with enhancing strains of top and middle cell at a fixed strain of 

bottom cell (11%). At the same time, the open circuit voltage decreases as a whole. Figures 3 (c) and (d) 

illustrate severally short circuit current density and open circuit voltage as functions of strains of middle 

and bottom cell while no strain is applied at top cell. Similar to above, the short circuit current density can 

increase and the open circuit voltage decrease with increasing strain of middle and bottom cell at a top 

cell being zero strain. This is because the strain changes the band gap, more photons are absorbed, hence 

short circuit current density increases. However, bandgap also limits open circuit voltage of solar cell, 

therefore open circuit voltage decreases as a whole. As shown in Figure 3 (b), open circuit also shows 

locally abnormal phenomenon with increasing strains of top and middle cell. This is due to voltage 

matching of different sub-cells in the parallel multijunction solar cell. 

Figure 4(a) demonstrates the fill factor (FF) of piezo-phototronic multijunction solar cell at different 

strain combinations. It is clearly shown that the FF can decrease with increasing the applied strain 

combination, consistent with theory of single junction solar cell. Additionally, Figure 4(b) illustrate the 

efficiency of piezo-phototronic multijunction solar cell at different strains combination. The efficiency of 

piezo-phototronic multijunction solar cell increases while the applied strains combination is increased. 

Significantly, the efficiency can exceed the Shockley-Queisser limit efficiency of 1.82eV (bandgap of 

MoS2) while the strains combination of three sub-cells achieve 2%, 3%, 4%. Moreover, the efficiency of 

piezo-phototronic multijunction solar cell can achieve over the maximum Shockley-Queisser limit 

efficiency (which is at 1.3 eV) while the strains combination of three sub-cells exceed 6%, 7%, 8%. 

Figure 4(c) illustrates that the power conversion efficiency is enhanced with increasing strain of top and 

middle cell while the strain of bottom cell is fixed at 11%, and the maximum efficiency value can surpass 

33%. Moreover, Figure 4(d) shows that the power conversion efficiency can increase with increasing 
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applied strains of middle and bottom cell at top cell being at zero strain. This is a result affected by 

deformation potential and piezo-phototronic effect.  

The conversion efficiency of semiconductors can be enhanced by piezo-phototronic effect. The 

conversion efficiency of ZnO and GaN are calculated by utilizing this model, the material parameters 

using for calculation is listed in Supplementary Table 1, and the result is shown in Supplementary Figure 

1. The calculations show that strain can effectively enhance conversion efficiency of piezo-phototronic 

multijunction solar cell based on thin semiconductor (ZnO and GaN). This is consistent with the result in 

Figure 4. As shown in Supplementary figure 1, efficiency of piezo-phototronic multijunction solar cell 

based on GaN is increased from 6.12% to 14%, and it has surpassed the Shockley-Queisser limit (7%). 

For ZnO, efficiency of piezo-phototronic multijunction solar cell is enhanced from 6.12% to 6.43%. 

According to experimental measurement [43], the maximum strain of ZnO nanowire is typical 2.5%. ZnO 

has strain limitation to break the Shockley-Queisser limit of ZnO (7%). Significantly, this phenomenon 

that strain can change material bandgap universally exit in semiconductor material. For junction of non-

piezoelectric semiconductor and piezoelectric semiconductor, strain induced piezoelectric charges at the 

interface can also adjust open circuit voltage of solar cell [3]. Therefore, the principle can also be used for 

junction of non-piezoelectric and piezoelectric semiconductor to enhance conversion efficiency. Two-

dimensional materials have better stretching properties and withstand higher strain than thin piezoelectric 

semiconductor (ZnO, GaN, InN, and CdS etc). The conversion efficiency of piezo-phototronic 

multijunction solar cell based on MoS2 can be significant increased and it surpass the maximum 

Shockley-Queisser limit (31%). Thus, two-dimensional semiconductor materials are good candidate to 

high performance piezo-phototronic solar cell. 

In this works, strain can obviously vary bandgap of material, and MoS2 at different strains can be 

used as sub-cells of piezo-phototronic solar cell to absorb photons of different energy. Significantly, the 

open circuit voltage will decrease while bandgap decrease. However, the drop of open circuit voltage is 

minished owing to strain induced piezoelectric potential [29, 36]. This enhance voltage match of parallel 

piezo-phototronic multijunction solar cell. This is unique advantages of piezoelectric semiconductor. At 

same time, previous work [44] show two-dimensional materials is produced to be 100m long rolls, such 

excellent performance will be of great value in engineering production of roll to roll. Moreover, 

conversion efficiency of series multijunction solar cell has been investigated [19, 22]. Since series 

structure generally exit trouble of current match, this greatly limits the combination range of the optional 

material band gaps. In this investigation, we adopt parallel piezo-phototronic multijunction solar cell. 

Strain induced piezoelectric potential can improve voltage match which generally exist in parallel 

structure [29], so the piezo-phototronic multijunction solar cell have less limit in optional materials, and 

this also have less difficulty in Engineering design. This study demonstrates a method to break Shockley-
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Queisser limit by utilizing piezo-phototronic effect and deformation potential to realize multijunction 

solar cell only consisting of homogenous material. 

4. Conclusion 
In summary, we firstly propose a structure of the piezo-phototronic multijunction solar cell based on 

single type 2D materials and investigate its electric characteristics and power conversion efficiency. For 

this piezo-phototronic devices, the short circuit current density and open circuit voltage can be modulated 

by the applied strain since strain can tune bandgap and generate piezoelectric charges. Furthermore, the 

power conversion efficiency can reach about 33% for this triple-junction piezo-phototronic multijunction 

solar cell while we assume the sun as a blackbody of temperature 6000K. It has exceeded Shockley-

Queisser limit of bulk MoS2 with strains combination (2%, 3%, 4%), and the maximum Shockley–

Queisser limit (30.5% of bandgap 1.3eV) with strains combination (6%, 7%, 8%). Therefore, the piezo-

phototronic multijunction solar cell based on single type 2D materials have promising potential 

application. The work paves the way to realizing high performance solar cells with the strain induced 

piezo-phototronic effect.  
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Figure caption 

Figure 1 (a) Schematic of two-dimensional piezo-phototronic multijunction solar cells; (b) Direct 

band gap, Piezo-charge (inset), as a function of strain; (c) Spectral power density blackbody at 

temperature Ts=6000K) illustrates above-bandgap absorption from a solar cell; (d) the detailed balance 

limit of efficiency. 

 

Figure 2 (a) The parallel structure of piezo-phototronic multijunction solar cell; (b) Open circuit 

voltage ( ocV ), (c) Short circuit current density (scJ ), (d) Maximum power density (mP ) on different 

combinations of strains of three parts of the parallel piezo-phototronic multijunction solar cell; 

 

Figure 3 (a) Short circuit current density, (b) Open circuit voltage as a function about strains of top 

and middle cell while strain of bottom cell is fixed at 11%; (c) Short circuit current density (d) Open 

circuit voltage as a relation about strain of middle and bottom strain while no strain is applied at top cell. 

 

Figure 4 (a) Fill factor, (b) Efficiency on different combinations of strains of three parts of parallel 

piezo-phototronic multijunction solar cell; Efficiency as a function of (c) strains of top and middle cell 

while strain of top cell is fixed at 11%; (d) strains of middle and bottom cell while no strain is applied at 

top cell. 
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Figure 4 

0,1,2 2,3,4 4,5,6 6,7,8 8,9,10 9,10,11

89.5

90.0

90.5

91.0

F
ill

 F
ac

to
r 

(%
)

Strain Combination (%)
0,1,2 2,3,4 4,5,6 6,7,8 8,9,10 9,10,11

24

27

30

33

E
ff

ic
ie

n
cy

 (
%

) 

Strain combination (%)

The max SQ limit
efficiency

The SQ limit efficiency 
of bulk MoS2

(a) (b)

0 2 4 6 8 10
0

2

4

6

8

10

Strain of middle cell (%)

S
tr

ai
n

 o
f 

to
p

 c
el

l (
%

)

27

29

31

33

Efficiency (%)
(c) (d)

0 2 4 6 8 10
0

2

4

6

8

10

Strain of bottom cell (%)

S
tr

ai
n

 o
f 

m
id

d
le

 c
el

l (
%

)

24

26

28

30

Efficiency (%)



Highlight 

1. Piezo-phototronic multijunction solar cell has the potential to break the well-known 

Shockley–Queisser limit with single-type semiconductor. 

2. The efficiency of the piezo-phototronic multijunction solar cell based on MoS2 reach 

up to 33%. 

3. Piezo-photronics effect enhances power conversion efficiency of piezoelectric 

semiconductors. 
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