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The externally applied strain can modulate material bandgap and generate piezoel ectric
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 tind-¢feneration semiconductor (such as ZnO, GaN,
Cds, and monolayer chalcogenides) and two-dimeakioraterials, have attracted increasing attention
due to the coupling characteristic of piezoelecrlmoton excitation, and semiconductor propertsin
can not only induce piezoelectric charges but aealulate bandgap of piezotronic materials. In this
paper, we propose a structure of piezo-phototromidtijunction solar cell based on single-type two-
dimensional piezoelectric semiconductor materBysusing the theory of detailed balance limit, tpeen
circuit voltage and short circuit current of thigzo-phototronic multijunction solar cell are cdated.
The results indicate that power conversion efficieaf the piezo-phototronic multijunction solar loehn
theoretically reach to 33%, under the blackbodyewmfiperature 6000K, which is higher than the well-
known theoretical Shockley-Queisser limit. This lwarovides guidance to design the next generation

ultra-high performance piezo-phototronic solarsell

Keywords: piezo-phototronics, bandgap, two-dimensional nte multi-junction solar cells, detailed
balance limit



1. Introduction

Owing to coupling of piezoelectric and semiconductcharacteristic, the third-generation
semiconductor materials, such as ZnO, CdS, GaN, &id monolayer chalcogenides have attracted
increasing research interests [1-3]. Strain indupéekzoelectric charges control carrier transport,
generation, separation, and recombination to desigyel high performance piezotronic and piezo-
phototronic devices [4]. Inspired by the requiretneinhigh performance and low power consumption, a
series of piezotronic and piezo-phototronic devibhese been designed, such as nanogenerator [5-7],
flexible stain sensors [8], piezotronic field-efféransistors [9], piezo-phototronic solar cell [1piezo-
phototronic photodetectors [11], and LEDs [12].ZBiphototronic effect can tune the luminescencedbas
on monolayer Mogand ZnO nanowires for designing highly sensitiyptoelectronic devices [13-15].
Additionally, piezoelectric field of the interfacgan trigger the topological phase transition froonnmal
insulator to topological insulator state to realiezotronic devices with ultrahigh ON/OFF radicedo
piezotronic effect [16, 17]. Non-uniform strain cha used to improve the performance of piezotronic
devices by enhancing piezoelectric polarizatior.[T8e piezotronics offers a novel way to develaghh
performance devices for energy, artificial intedige and human-integrated technologies [2].

Multijunction solar cell as the next generation foholtaic device, has demonstrated rather high
theoretical and experimental efficiency and it ¥pected to surpass Shockley-Queisser limit [19-21].
Connecting two or more solar cells can effectivelguce the lattice thermalization losses to reatinee
power conversion efficiency [19]. Traditional mjutiction solar cell are constructed by paralleleam
solar sub-cells based on different band gaps, wiehseveral types of semiconductor materialsg2R,
There exists engineering and manufacturing comyldar traditional multijunction solar cell. Monolar
two-dimensional (2D) materials, especially tramsitimetal dichalcogenides including Mo$0Se,
WS,, WSe, etc. have several novel characteristics for plaetection [24], photoluminescence [25], and
photovoltaic devices [26].

Strain can change bandgap of two dimensional nat§2i’], and the stretching limit of such
materials can reach to 11% in the form of in-platrain [28]. In additional, strain induced piezadtie
charges can effectively decrease Schottky Barrfemetal-semiconductor to diminish thermalization
voltage loss, and the performance of solar cell lmarenhanced [29]. Therefore, the piezo-phototronic
multijunction solar cell based on single-type 2Dtenials can be realized by applying different stsatio
sub-cells based on the same 2D material and ipfamising applications attributed to high convemsio
efficiency and simple engineered technical requeats.

In this paper, the structure of piezo-phototronidtijunction solar cells based on a single type-tw
dimensional material is proposed. Figure 1(a) ttates the structure of this parallel piezo-phatoit



multijunction photovoltaic device. MgStacking layers as the light absorbing materiedssandwiched
between two contacts. The left side is Schottkytacin which can separate the photon-generatececsrri
by the Schottky barrier. The other side is simptifas an ohmic contact for the transportation ofect
without rectification. Modulation on bandgap andzu-charges (inset) with different strains are ctegii
in Fig.1(b). The applied strain not only influendee bandgap of two-dimensional semiconductors but
also generates piezoelectric charges. The bandgammolayer Mo$ varying with externally applied
strain, and the bandgap obviously decrease fro@eV.80 1.17eV. This means Mg&an absorb photons
of the lower energy with increasing strain. Moregpwbe piezoelectric charges increase obviousli wit
strain, and it can exceed piezoelectric chargestraditionally piezoelectric semiconductor since
monolayer Mo$ can withstand up to 11% strain. Meanwhile, the isuassumed to be a blackbody at
temperature 6000K. Figure 1(c) demonstrate the palsasity for a blackbody emitter at temperature
T=6000K. Additionally, the photon energy above satall material bandgap can be absorbed and
generate photocurrent. According to Shockley-Qeeitseory, Figure 1(d) illustrate the overall salef
efficiency as a relation about semiconductor bapdga single junction solar cell. The efficiencynca
have a maximum value at 1.3 eV and reach about 3a%he theory of electronic circuit, piezo-
phototronic multijunction solar cell is equivaldnta battery comprised of several sub-cells comukirt
parallel. Sub-cells demand matching open-circuitage {/.) to reduce intrinsic loss. In this paper,
piezo-phototronic effect can both decrease the atismofV,. from sub-cells of different layers and
enhance the performance of piezo-phototronic nouitijion solar cell. As a result, the power conv@rsi
efficiency can reach about 33% for a triple junetjmezo-phototronic multijunction solar cell consig
of 15 stacked monolayer MeSvhen we assume the sun as a blackbody of temper&@QO0K.
Significantly, the efficiency can surpass the SheglQueisser limit. Therefore, the piezo-phototooni
multi-junction solar cells based on single type ‘wmensional material is hoped to surpass the well-
known theoretical Shockley-Queisser limit, andanhde realized by utilizing photo-phototronic effec
and deformation potential.
2. Basictheory 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 casab part of incident solar flux, and convert this
energy to electric power. The absorption can cayesgeration of electron-hole pairs, which can be
extracted and recombined by an external circuits phocess can drive electrons to flow in the exdkr
circuit. To simplify, we assume following conditi®ffior calculating detail balance model: (1) all foms

with energy lower than the material bandgap arestratted; (2) per absorbed photon generates one



electron hole pair (quantum efficiency QE=1); (3)yoradiative recombination exists; (4) all emitted
thermal photons can be reflected back to the selér(5) reflective and resistive losses are netgld:

In previous studies [30-32], the conversion efficig of solar cell is calculated by utilizing
Shockley-Queisser theory. The previous results itgtiakely consistent under a blackbody with
temperature 6000K and AM1.5 standard, which havermiumerical differences because spectral power
density have minor differences. Therefore, theltesfi SQ limitation is same under AM1.5 standakt:
assume the sun as a blackbody with temperdaim@000K, similar to previous investigation. Accorglin

to Planck’s law, the spectral photon flux is giy8a, 31]

2
Where theh andc are Planck’s constant and speed of light, respagtik is Boltzmann's constant,
andE represent energy of photon$, is geometry factor and,, = 2.18x 10°[30]. For a solar cell, the
current density generated by absorbing the incigbatons is

E2
_qj a(E)F.dE = qu a(E)hSZ—E@?:EdE )
In this equationa(E) is absorption ratio which represents probabilftalesorbing photons of energy
E, andq is charge of an electron. When this solar cetigsilluminated, it absorbs and emits similar to a
blackbody at ambient temperatufg=300K since the solar cell is thermodynamic eqiiliim with its
surroundings ambient temperature. The solar celbisn thermal equilibrium with its surrounding$ive

the cell is in illumination. According to previostudy [31], the reverse saturation curréyis given by

J:ghszje(E)EeE’kT (3)

where thee(E) is the emissivity which is probability of emittinghotons of energ§ and e(E)=a(E)
because the current density is balancedfgtisea geometry factor arfg=2 [33] since emission occurs at
both the front and back surfaces. At open circoiitdition, the current density is zero and the agiggsuit
voltageV,. can be obtained by [29]

v, =K fin(2e) 41 (@)
q Jo

In this study, we assuna&E)=0 for photons of energli<E,. Moreover, the absorption of light can
reach 20% in the photon energy range above banfdgaponolayer Mog Therefore, we can assume
a(E)=50% for per part consisting of five monolayer M@Sthe photon energy range above bandgap.

2.1.2 Theoretical analysis of multijunction solar cell based on detailed balance limit



For a parallel triple junction solar cell, the stwre is similar to Figure 2 (a).The bandgaps of Pa
Part 2 and Part 3 are respectivély, EZ andE}, whereE; > E? > E_. According to equation (1), the
short circuit current density of sub-cells is givan

E2

® 2T
Je = qwa.E; a(E) e &F 1

w 2mr  E?
J;:qfijga( )z g a(E)JL (5)

o 21T E2
i:qfij3a( )h3 P ] dE a(E)J2 —a(E)JL

where J;c Ji and Ji are current density of sub-cells (Part 1, Partnd &art 3), respectively.

According to Kirchhoff's law, the total current dsty of multijunction solar cell is sum of current

density of all sub-cells. Current density-VoltageV) properties of the parallel solar cell are okdted by
S i Vv i
IV) = | JlexpC)-11- 3.,
i=1 kTC
JP=J(v=0), JV)=0

In the equation, Subscriptis the number of one sub-cell in the parallel sokl. Jc‘, and J‘SC are

(6)

saturation current density and short circuit dgnsitper sub-cell, respectivelyl ? andVO?: are total short

circuit current density and open circuit voltagespectively.
2.2 Analytical modéd of 2D piezo-phototronic multijunction solar cell

In our study, we adopt stacked multi-monolayer Ma$ material of solar cell. While the strain is
applied at piezoelectric semiconductor materidds, giezoelectric charges are generated on botho§ide

materials and the bandgap can be varied. For tbik,we assume the applied strains of Part 1, Bart
and Part 3 are denoted a§,, S,and s respectively. The bandgap of each sub-cell isutaed by
using
E; =E;-100xE.s],
E2 EO —-100xE.s) (7)
E; =E;-100xEs’
where E;’ is the material bandgap without stralg, is variation of bandgap while 1% strain is applied

by the material. Additionally, the piezoelectricaches can vary the Schottky barrier, and it is kg
[34]



qe.l.lsl:yv piezo
2&

wheree, andW,_,are piezoelectric constant and piezoelectric @haligtribution widths;and & are

piezo

Ap= (8)

applied strain and material dielectric constdh is Schottky Barrier Height variation caused byaistr

induced piezoelectric charges. Considering equai{s) (7), the current density of sub-cell is

L 2mr  E?
B2y ey 2O g
@ 2 E?
Ji:qwaEg_Essﬁa(E) L a(E)JL (9)

@ 21T E2
32 :qwaEg_Essfla(E) 7 g 1 9E " a(E)J2 -a(E)JL
Through equations (6), (8), and (9), the electhiaracteristic of the piezo-phototronic multijunetio
solar cell is
[ 31 ey LS Wi \ |
V)= 3| Fyexp(— 1 )lexpl ) 13,
=y 2eKT, T, (10)

0 Psziezo
Je=Jd(V=0), Vi =Ve+—"F7—
28

whereVOg is open circuit voltage without piezoelectric ajes,V,, is open circuit voltage of MJSC

induced by piezoelectric charges, afdis piezoelectric charges atg) = €;S, ;.

3. Resultsand Discussion

In this investigation, we adopt typical constardd@lowing: the piezoelectric constant of monolaye
MoS; is 0.56C/m [35, 36]. Previous works show monolayer Ma%n apply strain up to 11% strain
before fracture [28] . Moreover, these works [38] Bave demonstrated monolayer Ma®d few layer
MoS, will experience elastic deformation until maximustrain of Mo$S. Piezoelectric constant of
various piezoelectric materials is steadily atedight strain [39] . Thus, the piezoelectric corstdrive
monolayer Mogis assumed a constant. In addition, the piezo#emnstant of five monolayer Me$
assumed that is equal to monolayer due to each lm@roof five-layer Mo$ stacked along the same
polarized direction [40]. Therefore, the piezodiectonstant of five monolayer Me$s 0.56C/m. the
relative dielectric constant is 3.3 [41], the pieleatric charges distribution widiW,e,, is 0.25nm [34],
the material bandgap is 1.82eV [42], dfads 59meV [42].

Figure 2(a) demonstrates the structure of piez@nowltijunction solar cell, and it consists of ¢lr
sub-cells (top cell: Part 1, middle cell: Part 2ftom cell: Part 3). Each sub-cell contains fivacked

monolayer Mog Top, middle and bottom cells are applied différsinains, respectively. As shown in
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Figure 2(b), the short circuit current densifi)(is as a function of different strain combinatiokghile

the applied strain combination increases, the beamdman decrease, and more photons are absorbed.
Therefore, thely, increases. Figure 2(c) show that the open cireoitage V.. will decrease with
enhancing applied strain combinatidfy. is dependent on the material bandgap \éads slightly lower

than the bandgap owing to voltage loss, strain deecreaseV,. through reducing material bandgap.
Moreover, Mo$ is piezoelectric semiconductor, and strain indupgdoelectric charges can decrease
voltage loss. Figure 2(d) shows the maximum povesisidy of the piezo-phototronic multijunction solar
cell at different strain combinations. Since straintreases photon absorption and strain induced
piezoelectric charges decrease voltage loss, thémmuen power density increases with the enhanced
applied strain combination.

Figures 3 (a) and (b) show respectively short dircurrent density and open circuit voltage with
relation about strains of top and middle cell wiiile strain of bottom cell is fixed at 11%. It isar that
short circuit current density can increase withamding strains of top and middle cell at a fixadist of
bottom cell (11%). At the same time, the open direoltage decreases as a whole. Figures 3 (c)a@nd
illustrate severally short circuit current densityd open circuit voltage as functions of strainsnaddle
and bottom cell while no strain is applied at tefl.Similar to above, the short circuit currenhdity can
increase and the open circuit voltage decrease ingtieasing strain of middle and bottom cell abp t
cell being zero strain. This is because the stthanges the band gap, more photons are absorbenk he
short circuit current density increases. Howevandgap also limits open circuit voltage of solalt, ce
therefore open circuit voltage decreases as a whaeshown in Figure 3 (b), open circuit also shows
locally abnormal phenomenon with increasing straihgop and middle cell. This is due to voltage
matching of different sub-cells in the parallel tijuhction solar cell.

Figure 4(a) demonstrates the fill factor (FF) afzm-phototronic multijunction solar cell at diffete
strain combinations. It is clearly shown that theé ¢an decrease with increasing the applied strain
combination, consistent with theory of single juoktsolar cell. Additionally, Figure 4(b) illusteathe
efficiency of piezo-phototronic multijunction soleell at different strains combination. The effiviy of
piezo-phototronic multijunction solar cell increasghile the applied strains combination is increase
Significantly, the efficiency can exceed the ShegkQueisser limit efficiency of 1.82eV (bandgap of
MoS;) while the strains combination of three sub-cattbieve 2%, 3%, 4%. Moreover, the efficiency of
piezo-phototronic multijunction solar cell can aohé over the maximum Shockley-Queisser limit
efficiency (which is at 1.3 eV) while the straingnthination of three sub-cells exceed 6%, 7%, 8%.
Figure 4(c) illustrates that the power conversifiitiency is enhanced with increasing strain of ol
middle cell while the strain of bottom cell is fkat 11%, and the maximum efficiency value can &ssp
33%. Moreover, Figure 4(d) shows that the powervewsion efficiency can increase with increasing



applied strains of middle and bottom cell at tofi being at zero strain. This is a result affectad
deformation potential and piezo-phototronic effect.

The conversion efficiency of semiconductors canelbanced by piezo-phototronic effect. The
conversion efficiency of ZnO and GaN are calculabgdutilizing this model, the material parameters
using for calculation is listed in Supplementarypl€l, and the result is shown in Supplementarureig
1. The calculations show that strain can effecyivesihance conversion efficiency of piezo-phototroni
multijunction solar cell based on thin semicondu¢#nO and GaN). This is consistent with the regult
Figure 4. As shown in Supplementary figure 1, @ficy of piezo-phototronic multijunction solar cell
based on GaN is increased from 6.12% to 14%, ahdsitsurpassed the Shockley-Queisser limit (7%).
For zZnO, efficiency of piezo-phototronic multijufa solar cell is enhanced from 6.12% to 6.43%.
According to experimental measurement [43], theimar strain of ZnO nanowire is typical 2.5%. ZnO
has strain limitation to break the Shockley-Queidiseit of ZnO (7%). Significantly, this phenomenon
that strain can change material bandgap universaityin semiconductor material. For junction ofno
piezoelectric semiconductor and piezoelectric sendactor, strain induced piezoelectric chargedat t
interface can also adjust open circuit voltageatdirscell [3]. Therefore, the principle can alsoused for
junction of non-piezoelectric and piezoelectric EEmductor to enhance conversion efficiency. Two-
dimensional materials have better stretching ptegsand withstand higher strain than thin piezuele
semiconductor (ZnO, GaN, InN, and CdS etc). Thevemion efficiency of piezo-phototronic
multijunction solar cell based on MoS2 can be digant increased and it surpass the maximum
Shockley-Queisser limit (31%). Thus, two-dimenslos@miconductor materials are good candidate to
high performance piezo-phototronic solar cell.

In this works, strain can obviously vary bandgapnatterial, and MoSat different strains can be
used as sub-cells of piezo-phototronic solar eetiisorb photons of different energy. Significgntihe
open circuit voltage will decrease while bandgaprel@ase. However, the drop of open circuit voltage i
minished owing to strain induced piezoelectric ptite [29, 36]. This enhance voltage match of patal
piezo-phototronic multijunction solar cell. Thisusique advantages of piezoelectric semiconduétor.
same time, previous work [44] show two-dimensiamalerials is produced to be 100m long rolls, such
excellent performance will be of great value in iaegring production of roll to roll. Moreover,
conversion efficiency of series multijunction solegll has been investigated [19, 22]. Since series
structure generally exit trouble of current matttis greatly limits the combination range of thdiopal
material band gaps. In this investigation, we adugoiallel piezo-phototronic multijunction solar Icel
Strain induced piezoelectric potential can improagtage match which generally exist in parallel
structure [29], so the piezo-phototronic multijunntsolar cell have less limit in optional matesiaand
this also have less difficulty in Engineering desighis study demonstrates a method to break Sépckl



Queisser limit by utilizing piezo-phototronic effeand deformation potential to realize multijunatio
solar cell only consisting of homogenous material.

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

single type 2D materials and investigate its eleatharacteristics and power conversion efficierfey:
this piezo-phototronic devices, the short circuitrent density and open circuit voltage can be rtaidd

by the applied strain since strain can tune bandgabgenerate piezoelectric charges. Furthermioee, t
power conversion efficiency can reach about 33%Hisr triple-junction piezo-phototronic multijunoti
solar cell while we assume the sun as a blackbddgroperature 6000K. It has exceeded Shockley-
Queisser limit of bulk Mogwith strains combination (2%, 3%, 4%), and the maxn Shockley—
Queisser limit (30.5% of bandgap 1.3eV) with stsadombination (6%, 7%, 8%). Therefore, the piezo-
phototronic multijunction solar cell based on singlype 2D materials have promising potential
application. The work paves the way to realizinghhperformance solar cells with the strain induced
piezo-phototronic effect.



Figure caption

Figure 1 (a) Schematic of two-dimensional piezotptronic multijunction solar cells; (b) Direct
band gap, Piezo-charge (inset), as a function dinst (c) Spectral power density blackbody at
temperatureT:=6000K) illustrates above-bandgap absorption frosolar cell; (d) the detailed balance

limit of efficiency.

Figure 2 (a) The parallel structure of piezo-phmoic multijunction solar cell; (b) Open circuit
voltage {,.), (c) Short circuit current densityJ(. ), (d) Maximum power densityR, ) on different

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

Figure 3 (a) Short circuit current density, (b) @mércuit voltage as a function about strains @f to
and middle cell while strain of bottom cell is fiket 11%; (c) Short circuit current density (d) @pe

circuit voltage as a relation about strain of méddhd bottom strain while no strain is appliecbatdell.

Figure 4 (a) Fill factor, (b) Efficiency on diffame combinations of strains of three parts of patall
piezo-phototronic multijunction solar cell; Efficiey as a function of (c) strains of top and midcid
while strain of top cell is fixed at 11%; (d) straiof middle and bottom cell while no strain is laggp at

top cell.
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