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Abstract: The polymer solar cells also known as organic solar cells (OSCs) have drawn attention
due to their cynosure in industrial manufacturing because of their promising properties such as low
weight, highly flexible, and low-cost production. However, low # restricts the utilization of OSCs for
potential applications such as low-cost energy harvesting devices. In this paper, OSCs structure based
on a triple-junction tandem scheme is reported with three different absorber materials to enhance
the absorption of photons which in turn improves the 7, as well as its correlating performance
parameters. The investigated structure gives the higher value of 7 = 14.33% with Js = 16.87 (mA/m?),
Voe =1.0 (V), and FF = 84.97% by utilizing a stack of three different absorber layers with different
band energies. The proposed structure was tested under 1.5 (AM) with 1 sun (W/ m?). The impact of
the top, middle, and bottom subcells” thickness on 7 was analyzed with a terse to find the optimum
thickness for three subcells to extract high 7. The optimized structure was then tested with different
electrode combinations, and the highest # was recorded with FTO/Ag. Moreover, the effect of
upsurge temperature was also demonstrated on the investigated schematic, and it was observed
that the upsurge temperature affects the photovoltaic (PV) parameters of the optimized cell and
decreases from 14.33% to 11.40% when the temperature of the device rises from 300 to 400 K.

Keywords: organic solar cells; triple junction; solar energy; tandem; renewable energy; energy
harvesting; temperature; photovoltaic; micromachines; thin-film

1. Introduction

Organic solar cells (OSCs) have been a point of attention and main consideration for
many research communities over the past few decades due to their countless advantages
such as light weight, thin size, low manufacturing cost, and semi-transparency. To date,
the extracted conversion efficiency for multi-layer solar cells based on absorption material
has not much exceeded as collating to inorganic solar cells [1]. The recorded 7 is, however,
slightly more than the single-layer-based OSCs [2], which indicates that there is still a
great chance for improving the schematic of tandem organic solar cells (TOSCs). For
better configuration of TOSCs, the optimal feature of bandgap energies should be the
main consideration that needs to be optimized for extracting high conversion efficiency.
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The theoretical view for TOSCs cells has the potential to counter the double junction
drawbacks in terms of improved PV parameters, i.e., [, FF, V¢, and # [3]. For TOSCs,
the differences in the bandgap E, values of the top, middle, and bottom subcells absorber
layers would be adequate and cause maximum chances for each subcell to generate a
large number of carriers [4]. For example, the multi-junction thin-film solar cells have an
optimal configuration to obtain high current which improves the overall # of the cell, and
thus tandem features top absorber layer with wide bandgap, medium absorber layer with
intermediate bandgap, and bottom absorber layer with a low bandgap. Therefore, the
configuration of the tandem cells formed on bandgap becomes E¢1 > E¢y > Eg3 as suggested
by [5-7]. This optimal scheme of bandgap cannot be implemented directly to OSCs due
to a lack of donor materials having band energies as small as 1 eV [8]. However, when
the material has a low bandgap such as 1 eV, it will give rise to several issues such as the
low value of (V,) and lowest unoccupied molecular orbital (LUMO) which results in low
efficiency of charge separation [9].

To cover a broad spectrum of radiation with enhanced absorption, absorber materials
with a large band need to be produced and designed first or various narrow or low
bandgap absorbers have to be stacked in tandem multijunction [9]. In TOSCs, when
two non-overlapping absorption spectra are stacked, a broad range of absorption spectra
including visible and IR range can be utilized [10]. Depending upon the absorber materials
used for absorption different approaches have been demonstrated. Generally, tandem
solar cells can be categorized into three types as described by Peumans et al. [10]. Here,
it is important to mention that structures like these are complex to realize via solution
processing due to the dissolution of orthogonal which cannot be circumvented [11]. In
context to the thin-film solar cell, thickness optimization is one of the key parameters to
extract high conversion efficiency because the thicker the layer, the higher the cost. Thus,
to reduce the cost of the cell, the optimization of the active layer is the hotspot point.
Moreover, if the optimization is not performed, the recombination losses occur and result
in the low performance of the cell. Here, it is important to mention that utilization of the
optimized material along with the combination of the compatible layer is needed to obtain
high-performance electrical photovoltaic parameters. Structures without optimization and
with unmatched stacking layers result in low absorption of photons, which in turn delivers
low performance because such structure suffers from dominant losses. The main objective
of this study was to analyze the impact of thickness optimization on the tandem organic
solar cell to obtain improved efficiency.

Herein, we investigated a tri-layer tandem OSC at an optimized temperature of 300 K,
which is engineered in such a way to maximize the output photocurrent incorporating
with bandgap energies. The schematic of the investigated structure consists of the three
absorber layers in which top material has wide bandgap Eg1, middle absorber layer has
medium bandgap Eg», and bottom absorber layer has low bandgap Eg3, such as E¢q > Eg»
> Eg3. The investigated structure is Glass/FTO/TiO, /first absorber/MoQOj3/TiO, /second
absorber/WO3;/MoQs3/TiO, / third absorber/WOs/Ag.

2. Device Modeling and Working

In this investigation, the presented schematic was framed with thirteen effective
layers in which the top electrode is composed of transparent conductive oxide, i.e., FTO
as a front electrode because it has dual nature as it has high transparency in the visible
spectrum and also fetches carriers when used as an electrode [12]. In addition to this, it
has low sheet resistance and high work function. After the FTO, TiO; is introduced as
a window layer (WL) because of its high transmission, low resistance, and lower cost as
compared to other window layer materials. After WL, the first top absorber material (P3HT:
PCBM) with a high bandgap is stacked with variable thickness. After the first absorber
layer, MoOj3 is introduced as a hole transporting layer (HTL) [13] and is stacked below
the P3HT: PCBM layer. Next, again, TiO2 is placed below the MoO3 layer, thus making
a tunnel junction and connecting layers with the next subcells. After the tunnel junction,
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a second absorber layer (PTB7: PCBM) with an intermediate bandgap is introduced for
capturing those photons that were left unabsorbed in the first absorber layer. Right below
the second absorber material, an excellent hole extracting layer (HEL), i.e., tungsten trioxide
(WO3), is introduced because of its matchless properties such as hole transport carrier,
non-toxicity, easy evaporation, and low cost [14,15]. After HEL, again MoO3 and TiO2
are placed for making the second tunnel junction for the next subcell. After the second
tunnel junction, a low bandgap absorber material PDTS-DFTTBT: PCBM is introduced.
After the third absorber layer, again tungsten trioxide (WO3) is placed because it has a high
work function and can boost the hole transport and collection at the anode interference
(WOs3/Ag). Moreover, it reduces the series and contact resistance.

All the electrical simulations were performed in General-Purpose Photovoltaic Device
Model (GPVDM) software. In this study, the electrical model of the cell is considered. The
Jsc of the device is obtained by the photocurrent densities. The incident radiation that
produces photocurrent density can be written as [16,17].

(V) = [TUpA, V) + (A V) A o

where for holes and electrons photocurrent density is represented as J,(A, V) and J,(A, V)
in Equation (1).
The photocurrent density for electron solving is expressed as:

e W ‘W 94,
]n(A,V)_W{ynF./O (5ndx—Dn./0 axdx} ?)

Similarly, for electrons, the photocurrent densities become:

e w W ad,
Jp(A V) = 1oy F /0 bpdx — Dy [ Shax &)

The continuity equation is described as:

d ] 926
&(5,1) = pnF==(6n) + Dp—=—
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ox

ox Ty
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where J;, is the concentration of generated electrons, i, and D, are the electron mobility
and diffusion, G is the optical generation rate of the carrier, and F in the equation shows
the electric field in the cell.

The V. is given by:

nkT ]pki >
Voe = — xIn| =— +1 5
p X n( To + )

where k is the Boltzmann constant, # is the ideality factor, g is the electron charge density,
Jo is the saturation current density, and T is the temperature.
The Fill factor (FF) of the optimized cell can be calculated as:

_ ]mpvmp
JscVoc

300 K is the optimized temperature, which is kept constant throughout the simulation.

FF (6)

3. Results and Discussion

In this investigation, tandem structures are analyzed based on three junctions as
shown in Figure 1, the follow-up strategy for configuring the three junctions is to absorb
the non-absorbed photons from single- and double-layer junctions. Thickness is optimized
for the top, middle, and bottom subcell layers to extract high 1. The influence of top,
middle, and bottom subcell thickness on the performance parameters, i.e., Vo, Jsc, FF, and 77,
are studied. Three different absorber layers were utilized in such a way that P3HT: PCBM is
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used as a top active layer having coefficient of absorption & = 52,925 cm~!, PTB7: PCBM for
second active layer having coefficient absorption « = 67,237 cm ™! [18] and PDTS-DFTTBT:
PCBM absorber material for bottom subcell because its bandgap is narrower than P3HT:
PCBM and PTB7:PCBM.

Incident Sunlight

iy

FTO Top Electrode
__TiO:

Top Sub cell Frist Absorber

MoOs3

TiO2
Middle Sub cell Second Absorber

Connecting Layers

W03
MoO3
TiO2

Bottom Sub cell Third Absorber
W03

RS Bottom Electrode

Figure 1. Configuration of a proposed structure.

Connecting Layers

3.1. Investigation on Top Subcell

The proposed structure is firstly analyzed by altering the thickness of the top absorber
layer, as these layers perform a key role in the performance of the device. The optimization
of the cell thickness is the critical parameter as there is a mismatch of the current when
dealing with tandem structures. The thickness of the top layer is altered between 145
and 165 nm while keeping the middle and bottom subcell thickness fixed at 120 and
90 nm. By growing the thickness of the cell from 145 to 165 nm, the J; rises from 15.23 to
16.49 (mA /cm?) as shown in Figure 2a. This rise in Js is because when the thickness of the
cell height, the area of the absorber, increases, a large amount of sunlight which consists of
photons is absorbed and results in a greater number of excitons, and thus the Js increases.
Here, the V. is not much affected while varying the absorber thickness. Figure 2b shows
the influence of absorber layer thickness on FF and 1. The Jsc and V. are directly linked to
FF and 7, as a result when the thickness increases, the FF and # also increase. The highest
recorded # while varying the top layer thickness is 14.06% at 165 nm and FF = 85.24%.
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Figure 2. Effect of top active absorber layer thickness on photovoltaic parameters. (a) Vo and Js; (b)
FF and 7.

3.2. Investigation on Middle Subcell

After analyzing the top subcell thickness, the middle subcell thickness is altered from
120 to 140 nm while keeping the top subcell and bottom subcell thickness fixed at 165 and
90 nm. It is shown in Figure 3a that the middle subcell thickness is found to be optimized
at 130 nm because when the thickness of the subcell increases from 130 nm, the J;. tends to
decrease, and the decrease in the Js value is because of unmatched carrier generation. At
130 nm, the highest # of 14.33% is recorded and FF is found to be at 84.97% as shown in
Figure 3b. This suggests that there is a need to optimize the thickness of the subcell because
by modifying the thickness of the subcell, thicknesses can redistribute the uneven photon
absorptions and cause matched photocurrents [19,20].

2.1 85.5
) 21400 4
@ Current density 85.04 2143
(J,. , mA/cm?) N
1.4 5
L\;‘— 84
01649 51669 01687 91632 91647 £ 84.0
0.7 F-:
¥ = 835
E 013 M
83.0 Y <
Efficiency (1,%) (a5
2133
ek : . . . 82.5 . . . - :
15 125 130 135 140 145 115 120 125 130 135 140 145
Blend Thickness (nm) Blend Thickness (nm)
(a) (b)

Figure 3. Effect of second absorber layer thickness on photovoltaic parameters. (a) Vo and Js; (b) FF and 7.

3.3. Investigation on Bottom Subcell

Next, the second absorber thickness of the subcell is altered from 90 to 110 nm while
keeping the remaining two subcell thickness fixed at 165 and 130 nm, and it is found that
the adequate height for the third absorber layer (bottom subcell) is 90 nm. As shown in
Figure 4a, the J; at 90 nm was found to be highest among the varied thickness, and at
this thickness, the # recorded to be at 14.33% which is the highest among the other varied
thicknesses. The reported results provide a smooth agreement with Lambert—Beer’s law
that can be stated as:

A(A) =e(M)lc (7)
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Figure 4. Effect of third absorber layer thickness on photovoltaic parameters. (a) Vj and Js; (b) FF and 7.

The coefficient of absorbance wavelength and carriers path length in (7) is symbolized
as e(A) and I. Thus, from the obtained results, the thickness of the top, middle, and bottom
subcell was optimized to be at 165 nm, 130 nm, and 90 nm as summarized in Figure 5.
Further, an increase in the thickness results in a decrease in performance parameters because
of inefficient charges. After optimizing the thickness for the top, middle, and bottom subcell,
we tested different electrode configurations with the proposed structure as depicted in
Figure 6, and their extracted parameters are summarized in Table 1. The different scheme
for electrode configuration with the optimized cell helps in selecting the best material for
the top and bottom electrode. The investigation on the electrode configuration suggests
that the selection of FTO/Ag for the top and bottom electrode holds 0.32%, 0.45%, 1.02%,
1.3%, and 1.35% more efficiency as compared to FTO/Al FTO/Au, ITO/Al, ITO/Ag, and

ITO/ Au, respectively.
15
Optimized poin
_ Optimized point
3 145 Optimized point
=)
=
5155
5 ~ ‘ Top Sub cell
© Middle Sub cell
2 13 o iddle Sub ce
aO-l . Bottom Sub cell
E Solar Cell
12.5
Ag
12
80 100 120 140 160 180

Thickness (nm)

Figure 5. Optimized thickness for top, middle, and bottom Subcell.
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38

(d)

I

Solar Cell

Al

\l/

Solar Cell

Solar Cell

Au

®

Figure 6. Different investigated electrode configuration: (a) FTO/Ag, (b) FTO/Al, (c) FTO/Au, (d)
ITO/Ag, (e) ITO/Al, and (f) ITO/ Au.

Table 1. Extracted performance parameters with different electrode configurations.

Electrodes

Combination Jse mAfem?) FF% %
FTO/Ag 16.87 84.97 14.33
FTO/Al 15.64 81.02 14.01
FTO/Au 15.55 79.23 13.88
ITO/ Al 14.84 78.90 13.31
ITO/Ag 14.61 77.02 13.03
ITO/Au 14.57 76.95 12.98

The absorption spectrum range of the investigated cell is displayed in Figure 7, which
suggests that the utilization of the three absorber layers helps to cover a broad spectrum
range of wavelength and covers ~80% of the absorption.
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Figure 7. Absorption spectrum coverage against the wavelength.

3.4. High-Temperature Analysis

High temperature degrades the stability and performance of the cell. Here in this
section, the influence of high temperature on the investigated structure is tested. The
temperature dependence with the bandgap (E;) of the absorber layer by the Varshni
equation can be presented as [17]:

o T?
E.(T) =E;(0) = ——— 8
8 ( ) g ( ) (T i ﬁ) ( )
The generated J;. rely on the spectrum of given solar irradiance, and at each tempera-
ture, the J; is calculated by (9) and is given by [17]:

= Ny, 9
]SC AU_EX dh,v ( v) ( )

In Figure 8a, it is visible that the V. is greatly dropped from 1.00 (V) to 0.45(V). The
observed drop in the V. values is due to the reverse saturation current which changes with
the temperature [21]. There is a slight increase in the 5. values, which does not contribute
to the improvement. The small rise in Js is due to reduction in the size of the bandgap E,
which reduces with high temperature, and as a result, more photons get absorbed and a
slight increase occurs [21]. The FF and 7 also drop with the rise in temperature intensity. In
this investigation, the # drops from 14.33% to 11.40% when the temperature of the device
increased from 300—400 K as depicted in Figure 8b.
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Figure 8. Influence of temperature on photovoltaic parameters. (a) Vo, and Js; (b) FF and 7.

4. Conclusions

In this work, we optimized OSCS based on the tandem design with three different
absorber materials (P3HT: PCMB, PTB7: PCMB, and PDTS-DFTTBT: PCBM) in which
transition metal oxide layer tungsten trioxide (WO3) was also utilized as a hole transporting
layer. By optimizing the thickness of the active layers, we obtained a # of 14.33% at 300 K.
Moreover, the influence of high temperature was also tested, and it was observed that the
upsurge temperature has greatly affected the PV parameters. These results revive a new
avenue for many researchers in the field of photovoltaic notably in the field of thin-film
solar cell technologies.

Author Contributions: Conceptualization, K.A.B., S.A.A K., WF. and S.A.; Formal analysis, K.A.B.,
S.A.AK., WF. and S.A.; Methodology, K.A.B., S.A.AK., WE, S.A.,, M.AM. and W.S.A.; Writing—
original draft, K.A.B., S.A.AK.,, WE and S.A.; Data curation, M.A.M., WS.A.,, M.E]. and A.M.;
Investigation, M.A.M., WS.A., M.E]. and A.M.; Project administration, M.A.M., WS.A., M.E]. and
AM.; Writing—review and editing, M.A.M. and W.S.A.; Resources, M.E]. and A.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: All the data are available within this manuscript.

Acknowledgments: The authors would like to thank Sarhad University of Science and Informa-
tion Technology (SUIT) and Universiti Teknologi PETRONAS (UTP) for the support provided for
this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ramanujam, J.; Bishop, D.M.; Todorov, TK.; Gunawan, O.; Rath, J.; Nekovei, R.; Artegiani, E.; Romeo, A. Flexible CIGS, CdTe and
a-5i: H based thin film solar cells: A review. Prog. Mater. Sci. 2020, 110, 100619. [CrossRef]

2. Farooq, W,; Khan, A.D.; Khan, A.D.; Noman, M. Enhancing the power conversion efficiency of organic solar cells. Optik 2020, 208,
164093. [CrossRef]

3. Li, W, Furlan, A.; Hendriks, K.H.; Wienk, M.M.; Janssen, R.A. Efficient tandem and triple-junction polymer solar cells. J. Am.
Chem. Soc. 2013, 135, 5529-5532. [CrossRef] [PubMed]

4. Dou, L; You, J.; Yang, J.; Chen, C.-C.; He, Y.; Murase, S.; Moriarty, T.; Emery, K.; Li, G.; Yang, Y. Tandem polymer solar cells
featuring a spectrally matched low-bandgap polymer. Nat. Photonics 2012, 6, 180-185. [CrossRef]

5. Guter, W,; Schone, J.; Philipps, S.P.; Steiner, M.; Siefer, G.; Wekkeli, A.; Welser, E.; Oliva, E.; Bett, A.W.; Dimroth, F. Current-matched
triple-junction solar cell reaching 41.1% conversion efficiency under concentrated sunlight. Appl. Phys. Lett. 2009, 94, 223504.
[CrossRef]

6. Mathews, I.; O’'Mahony, D.; Corbett, B.; Morrison, A.P. Theoretical performance of multi-junction solar cells combining III-V and
Si materials. Opt. Express 2012, 20, A754-A764. [CrossRef] [PubMed]

7.

Wiemer, M.; Sabnis, V.; Yuen, H. 43.5% efficient lattice matched solar cells. In High and Low Concentrator Systems for Solar Electric
Applications VI; SPIE: Bellingham, WA, USA, 19 September 2011. [CrossRef]


http://doi.org/10.1016/j.pmatsci.2019.100619
http://doi.org/10.1016/j.ijleo.2019.164093
http://doi.org/10.1021/ja401434x
http://www.ncbi.nlm.nih.gov/pubmed/23544881
http://doi.org/10.1038/nphoton.2011.356
http://doi.org/10.1063/1.3148341
http://doi.org/10.1364/OE.20.00A754
http://www.ncbi.nlm.nih.gov/pubmed/23037542
http://doi.org/10.1117/12.897769

Micromachines 2021, 12, 518 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

Zhou, E.; Cong, ]J.; Hashimoto, K.; Tajima, K. Introduction of a conjugated side chain as an effective approach to improving
donor—acceptor photovoltaic polymers. Energy Environ. Sci. 2012, 5, 9756-9759. [CrossRef]

Scharber, M.C.; Miihlbacher, D.; Koppe, M.; Denk, P.; Waldauf, C.; Heeger, A.]J.; Brabec, C.]J. Design rules for donors in bulk-
heterojunction solar cells—Towards 10% energy-conversion efficiency. Adv. Mater. 2006, 18, 789-794. [CrossRef]

Peumans, P.; Yakimov, A.; Forrest, S.R. Small molecular weight organic thin-film photodetectors and solar cells. J. Appl. Phys.
2003, 93, 3693-3723. [CrossRef]

Hadipour, A.; de Boer, B.; Blom, PW. Organic tandem and multi-junction solar cells. Adv. Funct. Mater. 2008, 18, 169-181.
[CrossRef]

Yang, Z.; Gao, S.; Li, W.; Vlasko-Vlasov, V.; Welp, U.; Kwok, W.-K_; Xu, T. Three-dimensional photonic crystal fluorinated tin
oxide (FTO) electrodes: Synthesis and optical and electrical properties. Acs Appl. Mater. Interfaces 2011, 3, 1101-1108. [CrossRef]
[PubMed]

Hu, X.; Chen, L.; Chen, Y. Universal and versatile MoO3-based hole transport layers for efficient and stable polymer solar cells. J.
Phys. Chem. C 2014, 118, 9930-9938. [CrossRef]

Greiner, M.T.; Helander, M.G.; Tang, W.-M.; Wang, Z.-B.; Qiu, J.; Lu, Z.-H. Universal energy-level alignment of molecules on
metal oxides. Nat. Mater. 2012, 11, 76-81. [CrossRef] [PubMed]

Wong, K.H.; Ananthanarayanan, K.; Luther, J.; Balaya, P. Origin of hole selectivity and the role of defects in low-temperature
solution-processed molybdenum oxide interfacial layer for organic solar cells. J. Phys. Chem. C 2012, 116, 16346-16351. [CrossRef]
Arnab, S.M.; Kabir, M. An analytical model for analyzing the current-voltage characteristics of bulk heterojunction organic solar
cells. J. Appl. Phys. 2014, 115, 034504. [CrossRef]

Singh, P.; Ravindra, N.M. Temperature dependence of solar cell performance—An analysis. Sol. Energy Mater. Sol. Cells 2012, 101,
36—45. [CrossRef]

Stelling, C.; Singh, C.R.; Karg, M.; Konig, T.A.; Thelakkat, M.; Retsch, M. Plasmonic nanomeshes: Their ambivalent role as
transparent electrodes in organic solar cells. Sci. Rep. 2017, 7, 42530. [CrossRef] [PubMed]

Gilot, ].; Wienk, M.M.; Janssen, R.A. Optimizing polymer tandem solar cells. Adv. Mater. 2010, 22, E67-E71. [CrossRef] [PubMed]
Li, N.; Baran, D.; Forberich, K.; Turbiez, M.; Ameri, T.; Krebs, F.C.; Brabec, C.J. An efficient solution-processed intermediate layer
for facilitating fabrication of organic multi-junction solar cells. Adv. Energy Mater. 2013, 3, 1597-1605. [CrossRef]

Khan, A.D.; Khan, A.D. Optimization of highly efficient GaAs-silicon hybrid solar cell. Appl. Phys. A 2018, 124, 851. [CrossRef]


http://doi.org/10.1039/c2ee23383e
http://doi.org/10.1002/adma.200501717
http://doi.org/10.1063/1.1534621
http://doi.org/10.1002/adfm.200700517
http://doi.org/10.1021/am1012408
http://www.ncbi.nlm.nih.gov/pubmed/21395238
http://doi.org/10.1021/jp501995t
http://doi.org/10.1038/nmat3159
http://www.ncbi.nlm.nih.gov/pubmed/22057388
http://doi.org/10.1021/jp303679y
http://doi.org/10.1063/1.4861725
http://doi.org/10.1016/j.solmat.2012.02.019
http://doi.org/10.1038/srep42530
http://www.ncbi.nlm.nih.gov/pubmed/28198406
http://doi.org/10.1002/adma.200902398
http://www.ncbi.nlm.nih.gov/pubmed/20217802
http://doi.org/10.1002/aenm.201300372
http://doi.org/10.1007/s00339-018-2279-9

	Introduction 
	Device Modeling and Working 
	Results and Discussion 
	Investigation on Top Subcell 
	Investigation on Middle Subcell 
	Investigation on Bottom Subcell 
	High-Temperature Analysis 

	Conclusions 
	References

