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Abstract 

Toward theoretical power conversion efficiency (PCE) of two-dimensional (2D) material 

solar cell requires carrier and light management technologies. By strain-induced polarization 

of piezotronic and piezo-phototronic effect, under standard AM1.5G solar spectrum, the 

maximum theoretical power conversion efficiency of is 54.4% of SnS among the 2D 

piezoelectric semiconductors, such as SnS, MoS2, GeS, WS2, WSe2, and MoSe2. PCE of solar 

cell with 2D WS2 and MoS2 are boosted to 48.1% and 42.8%, respectively.  Strain--induced 

polarization can not only increase built-in field, but also simplify bandgap gradients by 

inexpensive strain regulation. In this study, we propose the tandem and parallel piezo-

phototronic solar cell (PSC) with single-type 2D piezoelectric semiconductor materials. This 

work provides a novel way to develop ultrahigh efficiency two-dimensional material solar cell. 
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1. Introduction 

Piezotronic and piezo-phototronic devices are novel properties of coupling of 

piezoelectricity, semiconductor, and photoexcitation [1-3]. Based on the third-generation 

semiconductors (such as CdS, ZnO, GaN, and monolayer chalcogenides) high performance 

piezotronic and piezo-phototronic devices are developed, such as nanogenerator[4-6], piezotronic 

strain sensor[7], piezotronic logic nanodevices[8], piezo-phototronic photodetectors[9], piezo-

phototronic photocell[10], and LEDs[11]. Strain generated piezoelectric charges can adjust the 

process of carrier separation, transport and recombination [12]. Piezo-phototronic devices 

consisted of ZnO nanowires and single-layer MoS2 can be used for highly sensitive force 

biological and medical imaging sensors [13-15]. Non-uniform strain can effectively enhance 

piezoelectric polarization to improve sensitivity of piezotronic devices[16]. The PCE of piezo-

phototronic multijunction solar cell (PMJSC) theoretically has surpassed Shockley-Queisser 

(S-Q) limit [17].  

The PCE limit of single-junction solar cell is calculated by detailed balance theory[18]. The 

photons energy absorbed by solar cell is above bandgap, while the carriers of energy equal to 

bandgap ( gE ). The excess energy is thermalized. Various strategies are developed for 

increasing PCE, such as hot carrier collection[19], multiple exciton generation[20], and parallel 

(tandem) connection[21]. Tandem or parallel Multijunction solar cells (MJSC) consisting of 

different gE  junction can decrease the lattice thermalization losses[22]. MJSC has higher PCE 

than S-Q limit of single material, for example, PCE of tandem MJSC can exceed 47%[22-26]. 

However, MJSC face manufacturing and engineering complexity since different bandgap 

materials are mechanically stacked to build MJSC.  

Strain can tune bandgap of semiconductor materials[27], and the stretching limit of 

monolayer 2D materials (including WS2, MoS2, GeS, WSe2, etc) can reach 11% at in-plane 

strain[28]. Thus, 2D materials have a large enough gE  change by applying strain. Piezoelectric 

charges induced by strain can also control Schottky Barrier Height (SBH) to enhance or reduce 

PCE of PSC[29]. Previous work demonstrates the nonzero d33 in R-stacked transition metal 

dichalcogenides[30]. The PMJSC can be fabricated by vertically stacking. Thus, the single-type 

2D materials for fabricating PMJSC of stacking different bandgap is holped to exceed S-Q limit 

and it possess valuably applications for utilizing simple engineering technology to design high 

performance solar cell. 

In this study, the parallel and tandem PMJSC structures with single type 2D materials 

illustrated in figure 1 (a), (b). The different strain layer is as a single-junction cell. The stacked 

2D materials absorbing a portion of photon energies in every junction. The spectral irradiance 

under AM1.5G solar spectrum is demonstrated in figure S1(a). The PCE of single-junction solar 
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cell changes with material gE , the theoretical PCE limit is about 33%[31], shown in figure S1(b). 

The gE  of 2D materials is obviously modulated by strain; the 2D materials can have the wide 

range of bandgap for high PCE of solar spectrum. Two or three junction cells generally 

dominate the market because of less difficult of fabrication. Thus, the PMJSC also structures 

with three sub-cells and they severally adopt parallel and tandem architecture. Moreover, the 

different strain layer as sub-cells to realize bandgap reorganization. The piezo-charges can also 

optimize the thermalization loss owing to changing SBH. As a result, the PCE of parallel 

PMJSC based on WS2 can arrive to 34%, and it slightly exceed the max S-Q limit. Significantly, 

the PCE of tandem PMJSC based on WS2 can reach 48.1%, and it is theoretically break through 

designing ultrahigh efficiency solar cell. The PCE of parallel and tandem PMJSC with 

structures of single-type 2D materials (SnS, SnSe, GeS, GeSe, MoS2, and so on) has been 

calculated. The PCE of PMJSC can generally exceed S-Q limit. Therefore, parallel and tandem 

PMJSC structure is both important developing directions to realize high efficiency solar cell. 

2. Basic theory of two types of PMJSC  

The PMJSC can enhance performance because of the piezoelectric potential and bandgap 

variety induced by strain. According to previous work, the ASTM has published standard 

AM1.5G spectrum for theoretical calculations. 

In a parallel PMJSC, the structure and simplified equivalent circuit is similar to figure 1 

(a). The total current density is equal to summation of current density of sub-cell. The J V−  

characteristic of parallel PMJSC is[17] 
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where 
11e , piezoW , V , 

zP , 0

iJ , s , 0 , i

scJ and p

scJ  is piezoelectric constant, piezoelectric 

charges distribution width, output voltage, piezoelectric polarization, reverse saturation current 

density of sub-cell, relative dielectric constant, vacuum dielectric constant, short circuit current 

density of sub-cell, the total short circuit current density, respectively. The 
ocV  and p

ocV  is open 

circuit voltage with and without piezo-charges.  

For a tandem PMJSC, the structure and simplified equivalent circuit is shown in figure 1 

(b). The total ocV  is equal to the summation of ocV  with sub-cell. The J V−  characteristic of 

tandem PMJSC is 
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where 
ocV  and T

ocV  are open circuit voltage with or without piezo-charges. The detailed 

derivation is in supplementary. 

From the equations of the model, the simulated device is a photodiode with metal-

semiconductor contact. The mechanism that that drives the asymmetry mechanism for the 

preferential direction of the carriers is that a depletion region inside of photodiode owning high 

electric field, can separate photogenerated carriers[32, 33]. A PN junction with an internal electric 

field because of the depletion of carriers in some areas can be used for photodiode and solar 

cell. The asymmetry can be coming from different electrodes with contrasting work functions, 

this is the mechanism of metal-semiconductor contact. The model of current-voltage 

relationship can use a classical description of semiconductor drift-diffusion equations for the 

monolayer MoS2 devices in experiments[34]. In this work, S-Q efficiency limit of the solar cell 

based on monolayer MoS2 is descripted by semiconductor drift-diffusion equations[32, 33] . Lin, 

et, al show photovoltaic response of vdWs p–n diode by stacking few-layer p-WSe2 and single-

layer n-MoS2, adopt classical semiconductor drift-diffusion equations to descript[35]. The 

photovoltaic response of 2D MoS2 junction descripted by classical semiconductor drift-

diffusion equations[36].The performance of 2D materials based solar cell is descripted by a 

combination of classical semiconductor drift-diffusion equations and DFT and the GW-Bethe 

Salpeter method for computing absorbance spectra with monolayers of graphene, WS2, MoSe2, 

and MoS2
[37]. The absorption spectra of MoS2 is calculated by DFT[38]. The absorption spectra 

for monolayer MoS2 is provided by HSE-G0W0-BSE ladder[39]. The parameters of materials can 

be calculated by DFT. The performance of the devices can simulate by classical semiconductor 

drift-diffusion. 

Recently, the photovoltaic devices with n- and p-type vdW contacts present an ocV  of 

0.6 V and PCE of 0.82%[40]. This work demonstrates Pd thin film on MoS2 and Pt thin film on 

WSe2 show work function 5.2 eV and 5.0 eV. The practical geometry of the cell: typical width 

and length of p-type few-layered WSe2 vdW contact are W = 12 µm and L = 4 µm, respectively. 

The width and length of monolayer WSe2 vdW contact is 4 µm and 1.5 µm. The parameters are 

used in our model. Our model mainly forces on detailed balance limit for PCE for most practical 

geometry of the cell. The model can be used for different electrodes, type of materials, and 

work function, which can be a comparative baseline without stress or strain[40]. The absorption 
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rate is probability of absorbing photons above bandgap 
gE . The optical properties of mono- 

and few-layer two-dimensional materials can be characterized by three complementary 

spectroscopic techniques, including, photoluminescence (PL), optical absorption and 

photoconductivity. From absorption spectra, PL spectra, and photoconductivity spectra, 

absorption rate can be obtained for mono- and few-layer two-dimensional film. For simplicity, 

our model uses average absorption rate. 

Wu et al. reported the first experiment of the piezoelectric output of two-dimensional 

MoS2
[41]. The odd number of layers MoS2 flakes have piezoelectric output under stretching and 

releasing. For even number of layers MoS2, no output is observed. The piezoelectric 

coefficients are measured by atomic force microscope (AFM) in a single layer of (MoS2)[42]. 

The 3R-MoS2 sheets display strong piezoelectric response, which is forbidden by the inversion 

symmetry owing to odd-even effect. These piezoelectric coefficients are not apparently 

dependent on the flake thickness[43-45]. The effective piezoelectric coefficient d33 of two-

dimensional WS2 was estimated by piezoelectric response force microscopy (PFM)[46-48]. The 

piezoelectric response of WS2 nanosheets (~tens of nanometer) was measured by PFM[49, 50]. 

In the first experiment of the piezoelectric output of 2D MoS2
[41], while the substrate was 

bent, MoS2 is applied strain with magnitude of uniaxial strain proportional to the inverse 

bending radius. The MoS2 has piezoelectric output under strain along uniaxial direction. Above 

substrate bending method can easily operate the devices, and stress differently the different 

layers. The stress is applied by uniaxial direction for piezotronic and piezo-phototronic devices 

in the experiments[51-53]. Silicon based devices can generate strain gradient by AFM tip or 

tungsten probe to applied point force[54-56]. The MoS2 junction is generated strain and strain 

gradient by AFM tip, the photovoltaic effect in the MoS2 junctions is significantly enhanced[36]. 

Micromechanical exfoliation from bulk materials for atomically thin 2D TMDCs can used 

for fabricating the solar cell to avoid the screen of piezoelectric charges[57-60]. Flexible vdWs p–

n diode is fabricated by stacking single-layer n-MoS2 with few-layer p-WSe2, which has 

obvious photovoltaic response[35]. Previous works[54-56] show the silicon-based devices is 

applied point force to generate strain gradient by using AFM tip or tungsten probe. The MoS2 

junction is induced strain by AFM tip, the photovoltaic effect in the MoS2 junctions is 

significantly enhanced[36]. According to reference[61], periodic large strain gradients by selective 

hydrogen irradiation of bulk flakes. Thus, the flexible p–n diode is fabricated by stacking 

single-layer n-MoS2 and few-layer p-WSe2. The strain distribution can be controlled by 

utilizing AFM tip and tungsten probe. 

Typical 2D material device structure is metal 2D material contact. For example, the MoS2 

metal contact shows perfect rectifying behavior, excellent photoresponsivity[34, 62]. The high 

optical quality monolayer WSe2 p–n junctions were fabricated, generating bright 
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electroluminescence with smaller injection current of 1,000 times and 10 times smaller 

linewidth compared with MoS2
[63]. Pospischil et al. present a monolayer WS2 p–n junction 

diode, as a photodiode and LED, photovoltaic cell, obtain electroluminescence efficiencies and 

light–power conversion of ∼0.1% and ∼0.5%[64], the scale is about 10 μm. Previous work[62] 

fabricated monolayer MoS2 phototransistors with an order of 10 μm, demonstrate a maximum 

photoresponsivity of 880 AW-1 with 561 nm wavelength and a photoresponse in the range of 

400–680 nm. 

Figure 2 (a) shows the bandgap deformation potential (
sE ) of different 2D materials. The 

bandgap deformation potential is the variety of bandgap by per 1% strain. The bandgap is nearly 

linear with strain for monolayer MoS2, WS2, GeSe, as shown in figure 2 (b). Other materials 

are shown in figure S2. Figure 2 (c) shows the PMJSC system, where increasing the strain could 

decrease the bandgap for the same 2D materials. Figure 2 (d) shows the ratio of 11e  to s , and 

gE  of different 2D piezoelectric materials and thin film piezoelectric semiconductor. The PCE 

of PMJSC is depend on material properties, the 2D materials of large 
11 / se   can effectively 

tune SBH by strain. The PMJSC also need the large enough bandgap change of materials by 

strain. Thus, the PCE of PMJSC depend on the characteristics of 2D piezoelectric materials, 

such as piezoelectric constant, dielectric constant, bandgap, bandgap deformation potential. 

Therefore, Table 1 show the parameter of 2D piezoelectric semiconductor materials for 

calculating PCE of PMJSC. 

3. Results and Discussion 

The 2% strain for 2D materials layers (WS2) is as top-cell, as shown in figure 3 (a). The 

gE  is approximately 1.42 eV. The 
ocV , 

scJ , and fill factor (FF) are important parameters for 

solar cells. For parallel PMJSC, 
scJ , 

ocV  and FF can reach up 43.2 mA/cm2, 0.90 V, and 87.3%, 

respectively. For tandem PMJSC, 
scJ , 

ocV and FF can reach up to 17.4 mA/cm2, 3.05 V, and 

90.5%, respectively. For parallel PMJSC, the 
scJ  is increased significantly, the 

ocV  and FF is 

decreased slightly as strain increases. For tandem PMJSC, the 
scJ  has optimum value particular 

strains due to the constraint of matching current. The 
ocV  is decreased, the FF is decreased 

slightly as strain increases. The 
ocV , 

scJ , and (FF) corresponding with figure 3-6 is shown in 

Figure S3-S8 (Supplementary Information), respectively. The PCE of parallel PMJSC depends 

on the strain change of 2D materials layers as middle and bottom cells. The highest PCE of 

parallel PMJSC could reach 34.0%, have surpassed the S-Q limit. Piezo-charges can tune SBH 

to reduce thermalization loss, a large enough bandgap change can make more photons is 

absorbed. There are bandgap reorganization and optimization of thermalization loss. The 

different fixed strain for 2D materials is as top-cell, as shown in figure 3 (b). The gE  is different 
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value, the change strain of 2D materials as middle and bottom cell. The PCE of parallel PMJSC 

can change, which depend on the strain change of top-cell and absorption rate. The 3% strain 

for 2D materials layers is as bottom-cell with the bandgap of 1.24eV, as depicted in figure 3 

(c). The PCE of parallel PMJSC could change, depend on the strain change of 2D materials 

layers as top and middle cells. The max PCE of PMJSC can also reach 34.0%. The result is 

corresponded to figure 3 (a). They may have similar strain combination. As shown in figure 3 

(d), the different fixed strain for 2D materials is as middle-cell, the gE  is different value, the 

change strain of 2D materials as top and middle cell, the PCE of parallel PMJSC can change, 

depend on the strain change of bottom-cell and absorption rate. The result is similar to figure 3 

(b). The highest PCE will increase firstly and then decrease with strain layers of top/bottom 

sub-cell. 

As shown in figure 4 (a), the 7% strain for 2D materials layers (WS2) is as bottom-cell, 

the gE  is approximately 0.46 eV. the PCE of tandem PMJSC could change, depend on the 

strain change of 2D materials layers as top and middle cells. The max PCE of PMJSC can reach 

46.6%. As shown in figure 4 (b), the different fixed strain for 2D materials is as bottom-cell, 

the gE  has different value, the change strain of 2D materials as top and middle cell, the PCE 

of tandem PMJSC can change, depend on the strain change of bottom-cell and absorption rate. 

The maximum PCE of tandem PMJSC will appear at the strain of bottom-cell from 5% to 7%. 

While the strain of bottom cell is lower than 3%, the low absorption rate of every junction can 

have high PCE, and this is because of current matched. The maximum PCE of tandem PMJSC 

will first enhance with increasing the strain at bottom cell from 0 to 5% and then have a slight 

decline at increasing strain of bottom cell from 5% to 7%. The maximum PCE may also appear 

close to 0 at some strain combination owing to current matched of every junction. Thus, this 

result is because of piezo-phototronic effect, deformation potential and current matched. 

Figure 5 demonstrates the photons absorption rate can also affect the PCE of PMJSC. As 

shown in Figure 5 (a), the maximum PCE of parrel PMJSC will increase with enhancing 

absorption rate. Figure 5 (b) show the maximum PCE of the parallel PMJSC change with 

photons absorption rate of every junction. and the maximum PCE will appear at bottom cell of 

1% to 3% strain. This is owing to strain reorganization and optimization of thermalization loss 

by strain. As shown in figure 5 (c), the strain of 2D materials layer is lower than 2% as top-cell, 

the maximum PCE of tandem PMJSC increase with increasing photons absorption rate, and the 

PCE can achieve 48.1%. While the strain of top-cell layer is higher than 2%, the PCE will have 

extreme value at absorption rate about 0.5. Figure 5 (d) show the maximum PCE of tandem 

PMJSC can change with photons absorption rate of every junction, the maximum PCE (over 

46.6%) will appear while strain of bottom cell layer from 5% to 7%. While the strain of bottom-

cell layer is higher than 3%, the maximum PCE will increase with enhancing absorption rate, 
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and it surpasses the S-Q limit. While the strain of top cell layer is lower than 3%, the PCE will 

have extreme value at absorption rate about 0.5. This is caused by piezo-phototronic effect, 

deformation potential and current matching. Thus, the PCE is affected since the strain of sub-

cell layer and absorption rate both affect current matching of PMJSC. 

Figure 6 (a) and (b) demonstrate the maximum PCE of parallel and tandem PMJSC for 

different 2D materials. The maximum PCE of parallel PMJSC is steadily comparing with the 

tandem PMJSC. However, the tandem PMJSC has higher PCE. Some 2D materials (such as 

WSe2, GeS, SnS, WS2, and MoS2) all have ultrahigh PCE for both parallel and tandem PMJSC. 

Some 2D materials (such as MoSe2) only have high PCE for parallel PMJSC. The highest PCE 

of tandem and parallel PMJSC for other two-dimensional materials (sach as SnSe and GeSe) is 

inferior comparing with the above materials. Figure 6 (c) show the maximum PCE of parallel 

PMJSC change with bandgap, deformation potential and piezoelectric performance, 

respectively. The highest PCE is generally large while the initial bandgap is large and the 

deformation is smaller. The abnormal case is because of weaker piezoelectric performance 

(such as WSe2 comparing with GeSe). Figure 6 (d) show the maximum PCE of tandem PMJSC 

change with bandgap, deformation potential and piezoelectric performance. The maximum 

PCE is high while the bandgap and the deformation is both large. the abnormal case is because 

of stronger piezoelectric performance (such as SnS and GeS). 

Previous experiments measured the performance of stiffness and breaking strength with 

single-layer MoS2. The average breaking strength of single-layer MoS2 is 15±3 Nm-1 (23 GPa). 

With effective strain of 6 and 11%, breaking occurs [28]. Because the theoretical PCE of solar 

cell is around 1.2 eV[18]. In our model, the band gap changes with the strain from previous 

experimental and theoretical data. The high efficiency is 1.12 eV from experiments[65]. The 

strain of 2% is to be as close as possible to an optimum bandgap. 

The PCE of PSC is increased by the strain generated piezo-potential[29]. The thin film 

piezoelectric semiconductor is used for fabricating PSC cell and PMJSC[66-68]. The performance 

of piezo-phototronic thin film solar cell have been studied. The PCE is enhance by 17.1% at 

0.32% tensile strain. Piezo-phototronic effect can improve the PCE of 2D materials. The 

principle can be easily fabricated in GaN or ZnO thin film devices. Performance of 

ZnO/perovskite solar cells is obviously enhanced by piezo-phototronic effect, with the ocV  

improved by 25.42%, the scI  improved by 629.47%, and PCE improved by 1280% (from 

0.0216% to 0.298%) [69]. Under vertical pressure, the piezo-phototronic effect can promote PCE 

of n-ZnO/p-SnS core–shell nanowire array solar cell for 37.3%.[70]. The scJ  and the PCE of 

solar cells with InGaN/GaN multiple quantum well increased by stress[71, 72]. 
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For ideal PMJSC, the efficiency of S-Q limit is changed with bandgap[18]. In our theoretical 

model for WS2, the PCE, scJ  , ocV  and FF without mechanical stress are 26.6%, 19.4 mA/cm2, 

1.50 V, and 91.4%, respectively. In the experiments, without mechanical stress, the PCE of 

solar cell of SnS, SnSe, GeS, GeSe, WS2, WSe2, MoS2, MoSe2 are 4.8%[73], 6.34%[74], 1.36%[75], 

5.2%[76], 3.3%[77], 5.1%[78], 2.8%[79], 0.5%[80], respectively. Thus, this can also highlight 

improvements of cells that do not overcome the S-Q limit, but overperform significantly the 

cells that do not have any mechanical stress. For perovskite structure, perovskite solar cells 

without mechanical stress achieved PCE of 25% under simulated AM1.5 illumination[81]. The 

certified PCE has been reported to 29.5%, with perovskite/Si tandem cell[31]. 

The new structure of tandem PMJSC has been designed, and two-dimensional SnS, SnSe, 

GeS, GeSe, WS2, WSe2, MoSe2 have been calculated in this work, compared to MoS2 in 

reference [5] in the SI. We explain this carefully in the Introduction. According to previous 

theories and experiments[82, 83], the tandem PMJSC demands current-matching, the parallel 

PMJSC demands voltage-matching. The optimum PCE of parallel and tandem PMJSC depend 

on bandgap, piezoelectric constant, dielectric constant, and bandgap deformation potential. This 

work provides a new method for designing high PCE PMJSC. 

4. Conclusion 

We present the theoretical model of tandem and parallel PMJSC structures with single-

type 2D piezoelectric materials, the different strain layer is as every single junction. The work 

mechanism of two type of PMJSC is investigated. The piezoelectric charges and deformation 

potential jointly modulate scJ  and ocV  to tune PCE of PMJSC. The PCE of parallel and tandem 

PMJSC is calculated based on detail balance limit. Under standard AM1.5G solar spectrum, the 

PCE of parallel PMJSC based on MoS2 can reach 42.8%, it has exceeded the S-Q limit. The 

PCE of tandem PMJSC based on WS2 can theoretically reach to 48.1%, and the PCE vastly 

surpass the S-Q limit. We also simulate the PCE of parallel and tandem PMJSC for different 

single-type 2D materials (SnS, SnSe, GeS, GeSe, MoS2, and so on). The PCE of PMJSC can 

generally surpass S-Q limit. We also analysis factor of affecting the PCE of parallel and tandem 

PMJSC (such as, initial bandgap, deformation potential, and piezoelectric performance). This 

work provides a method to realize high efficiency solar cells because of bandgap reorganization 

and optimization by strain, and helps research screen 2D piezoelectric semiconductor to 

fabricate the ultrahigh efficiency PMJSC. 
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Figure caption 

Figure 1 Schematic of PMJSC based on 2D piezoelectric semiconductor materials. (a) Parallel; 

(b) Tandem. The inserts show schematic presentation of all the layers consisting PMJSC and 

equivalent circuit of PMJSC. 

 

Figure 2 (a) bandgap deformation potential (Es) of different 2D materials. (b) Bandgap as a 

function of strain for monolayer MoS2, WS2, GeSe. (c) Piezo-charges as a relation of strain; (d) 

Ratio of piezoelectric constant to dielectric constant, bandgap for different 2D piezoelectric 

materials and thin film piezoelectric semiconductor. 

 

Figure 3 (a) the strain of top cell layer is 2%, PCE of parallel PMJSC change with strain of 

middle and bottom cell; (b) the strain of middle and bottom cell layer is changed, the max PCE 

as function with strain of top cell layer and absorption rate. (c) the strain of bottom cell layer is 

3%, PCE of parallel PMJSC vary with strain of top and middle cell; (d) the strain of top and 

middle cell layer is changed, the highest PCE as function with the strain of top cell and 

absorption rate. 

 

Figure 4 (a) The fixed strain of bottom cell is 7%, PCE of tandem PMJSC cell change with 

strain of top and middle cell. (b) The optimum PCE point at different strain of bottom-cell. 

 

Figure 5. The optimum PCE point of parallel PMJSC at different absorption rate: (a) The 

different strain of top cell; (b) The different strain of bottom cell. The optimum PCE point of 

tandem PMJSC at different absorption rate: (c) The different strain of top cell; (d) The different 

strain of bottom cell. 

 

Figure 6 (a) the optimum PCE of parallel PMJSC for different 2D materials. (b) the optimum 

PCE of tandem PMJSC for different 2D materials. the optimum PCE of (c) parallel and (d) 

tandem PMJSC change with bandgap and bandgap deformation potential. The sentence “ m

11s  

is the maximum value of the optimum set of strain. 
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Table 

 

Table 1. Bandgap, dielectric constant, deformation potential, and piezoelectric constant 

of some 2D piezoelectric semiconductor materials 

Materials Eg(eV) 
s  Es(meV) e11(C/m2) 

SnS 1.63[84] 15.78[85] 116.00[84] 4.11[86, 87] 

SnSe 1.05[88] 17.95[85] 87.5.00[88] 4.26[86, 87] 

GeS 1.60[89] 11.75[90] 160.00[89] 1.36[86, 87] 

GeSe 1.16[91] 10.10[90] 145.00[91] 2.37[86, 87] 

WS2 1.81[92] 5.80[93] 193.75[92] 0.40[94, 95] 

WSe2 1.49[92] 4.63[39] 140.00[92] 0.42[14, 94] 

MoS2 1.82[96] 3.30[97] 59.00[96] 0.56[95] 

MoSe2 1.58[98] 4.74[39] 27.00[98] 0.61[92, 94] 

 

Table 2 PCE of parallel and tandem PMJSC for 2D piezoelectric semiconductor 

materials 

Materials 

PMJSC (parallel) PMJSC (tandem) 

e11/ε 

Range of Eg 

tuned by 

strain 

PCE 

(%) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

SnS 40.8 51.6 0.91 87.3 54.4 21.0 2.91 89.0 0.26 0.35-1.63 

SnSe 32.1 51.5 0.73 85.4 24.2 14.0 1.96 88.2 0.24 0.09-1.05 

GeS 34.6 43.6 0.91 87.3 45.4 20.6 2.50 88.3 0.16 0.16-1.60 

GeSe 32.6 43.7 0.82 90.8 27.1 15.2 2.03 87.8 0.23 0.15-1.16 

WS2 34.0 43.2 0.90 87.3 48.1 17.4 3.05 90.5 0.07 0.07-1.81 

WSe2 33.9 43.4 0.86 90.6 39.1 18.9 2.34 88.4 0.09 0.09-1.49 

MoS2 42.8 41.0 1.16 89.6 41.9 11.4 3.97 92.4 0.17 1.17-1.82 

MoSe2 38.9 35.6 1.22 89.9 26.3 7.62 3.73 92.8 0.13 1.28-1.58 

 

Table 3 PCE of PMJSC and solar cell with no mechanical stress for 2D piezoelectric 

semiconductor materials 
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Materials 
PMJSC (parallel) PMJSC (tandem) 

Single Gap 

(PCE) 

PCE 

(%) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

PCE 

(%) 

Jsc 

(mA/cm2) 

Voc 

(V) 

FF 

(%) 

Theory 

(%) 

Expt. 

(%) 

SnS 40.8 51.6 0.91 87.3 54.4 21.0 2.91 89.0 29.8 4.80[73] 

SnSe 32.1 51.5 0.73 85.4 24.2 14.0 1.96 88.2 31.1 6.34[74] 

GeS 34.6 43.6 0.91 87.3 45.4 20.6 2.50 88.3 30.0 1.36[75] 

GeSe 32.6 43.7 0.82 90.8 27.1 15.2 2.03 87.8 32.8 5.20[76] 

WS2 34.0 43.2 0.90 87.3 48.1 17.4 3.05 90.5 26.6 3.30[77] 

WSe2 33.9 43.4 0.86 90.6 39.1 18.9 2.34 88.4 31.7 5.10[78] 

MoS2 42.8 41.0 1.16 89.6 41.9 11.4 3.97 92.4 26.5 2.80[79] 

MoSe2 38.9 35.6 1.22 89.9 26.3 7.62 3.73 92.8 30.4 0.50[80] 
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Figure 2 

 

 

1.0 1.5 2.0 2.5 3.0 3.5

0.10

0.15

0.20

0.25

Bandgap (eV)

SnSe

GeSe

WSe2
WS2

SnS

MoS2

MoSe2

GeS

ZnO

GaN

InN CdO

          Materials

 SnS    SnSe 

 GeS   GeSe

 WS
2
    WSe

2

 MoS
2
  MoSe

2

0 2 4 6 8

0.0

0.1

0.2

0.3

P
ie

z
o

-c
h

a
rg

e
s
 (

C
/m

2
)

Strain (%)

e
1
1
/

(C
/m

2
)

(d)(c)

(a) (b)

0 2 4 6 8 10

0.0

0.3

0.6

0.9

1.2

1.5

1.8

 MoS2  

 GeSe  
 WS2

B
a
n

d
g

a
p

 (
e
V

)

Strain (%)

116

87.5

160
145

193.75

140

59

27

50

100

150

200

0

SnS SnSe GeS GeSe WS2 WSe2 MoSe2MoS2

E
s

(m
e
V

)



 

22 

 

 

Figure 3 

 

0 2 4 6
0

2

4

6

Strain of bottom cell (%)

S
tr

a
in

 o
f 

m
id

d
le

 c
e
ll
 (

%
)

15

18

21

24

27

30

33

Efficiency (%)

=2%

(a)

0 2 4 6
0

2

4

6

Strain of middle cell (%)

S
tr

a
in

 o
f 

to
p

 c
e
ll
 (

%
)

15

18

21

24

27

30

33

Efficiency (%)(c)

=3%

(b)

0 2 4 6

0.2

0.4

0.6

0.8

Strain of bottom cell (%)

A
b

s
o

rp
ti

o
n

 r
a
te

8

13

18

23

28

33

Efficiency (%)

0 2 4 6

0.2

0.4

0.6

0.8

Strain of top cell (%)

A
b

s
o

rp
ti

o
n

 r
a
te

8

13

18

23

28

33

Efficiency (%)

(d)



 

23 

 

 

Figure 4 
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Figure 5 
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Figure 6 


