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ABSTRACT:In recent years, the discovery of the excellent Photo-Generation (x1026 cm3s-1)
optical and electrical properties of perovskite solar cells_...= = = T
(PSCs) made them a main focus of research in photovoltaics, i Encapsuiant
with e ciency records increasing astonishingly fast since their :
inception. However, problems associated with the stability of v A
these devices are hindering their market application. Li o
degradation is one of the most severe issueg,czhised by §5 L‘ 4
TiO,'s photogenerated electrons that decompose the pe ijﬂ’\‘k

skite absorber material, coupled with the additional intrinsic<
degradation of this material under UV exposure. The solution
presented here can minimize thisce while boosting the
cells generated photocurrent, by making use of combined
light-trapping and luminescent down-shiftiegte capable of changing the harmful UV radiation to higher wavelengths that
do not aect the stability and can beetively'trapped in the cell. This work focuses in the optimization of the photocurrent

Down-Shifting

gains that can be attained by emulating the changed spectrum resulting from applying down-shifting media as encapsulant i

photonic-enhanced PSCs, as well as the reduction in the haotfubEUV radiation on the devices. Such optimized
photonic solution allows current enhancement while reducing the harmful UV photocarrier generation bogt{bg the TiO
order of magnitude) and in the perovskite (by 80%) relative to a standard PSC without light management.

KEYWORDS:photonics, perovskite solar cells, luminescent down-shifting, UV stability, photocurrent enhancement

1. INTRODUCTION (methylammonium, CiNH3;"; ethylammonium,

+. i +
The ever-growing cost-competitiveness of photovoltaic (P E3CE|]2NH3 ' f(()jrmarg_ldllmu;n, '\ib?H t'Nr|1-|2£ (ﬁ% andd
technology is the main reason behind the recent growth b2)+' Tﬁ sleconl a dva enh metal ca IOX ( an |
total global PV installed capacity (increasing from under 50 ) The ast element on t ge,lz?}g“““re' » Is @ monovalent
GW to above 400 GW from 2010 to 2017)Crystalline alogen anion (FCI , Br, 1). . . .
silicon (c-Si) solar cells have been the uncontested marketAIthough perovskite solar cells (PSCs) display an impressive

leaders of this technolddgyHowever, the need to keep fueling performancga, competing with the best _s!licon solar cells in
this growth has turned the researchatention to other terms of e ciency, they have several stability problems mainly

materials and light management techniques, as the suboptiffiitéd With éxposure to moisture, oxygen, and UV radiation,
absorption of c-Si is an obstacle in a scenario of ev \at are responsible for blocking its market implementation.

decreasing material thickridsshich is a fundamental factor hhese degradatilon n(;t_acha;]nism:i:re not yet f_ut::y under:stood,
for low cost and exible photovoltaié€. Therefore, novel ~NOWever several studies havenete many possible mecha-

materials with excellent optical properties have been studied¥i§ms- ~ Moisture and oxygen exposure can be mostly
achieve lower thickness without imperiling the devicePrevented via proper encapsulatideaving UV exposure as
performance. The class of materials that, in recent years, most important susceptibility to overcome. The UV
stood out from the rest are hybrid orgaimiorganic egradation of PSCs_ has been attrlbuted to photocatalytic
perovskites (HOIPs), as they exhibit direct bardbap, € €cts caused by TjOthe material commonly used as
long carrier dusion length¥"® and high optical absorption €lectron transport layer (ETL). Thiseet was rst reported

coe cient*2* The evidenced properties paved the way foPY ITelj'gens_ et a]., where it was hypothesized that, upon electron
the fast adoption of these materials, thus leading to a ste@fFitation in TiQ deep trap states are created that capture
increase in PV conversiorcency reaching values above 22%
in just a few yea$** '’ HOIPs are based on an ABX Received: February 8, 2019
atomic structure, where A and B are cations erfedi size  Accepted: March 26, 2019
and X is an anioh? The rst is an organic or inorganic ion Published: March 26, 2019
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photoelectrons generated in the absorber material, therefaes>*'%%° The remaining solar cell dimensions and materials
hindering the cé&dl performancé.lto et al. also suggested that are based on previous results from optimizations centered on
the formation of,] due to electron transfer to deep trap statesmaximizing the optical performance of front LT structures on
in the TiO/perovskite interface, can then decompose thehe PSC$ which are summarizedTiable S1A preferential
perovskite crystal by evaporation of volatile comp8undsimplementation of luminescent down-shifting (LDS) materials
Regarding perovskite degradation, excluding thie &ats, is via their embedment in a polymeric matrix used as’the cell
Quistch et al. calculated the threshold energy between teacapsulanf?>*° as sketched iRigure & and b, which is
perovskits photobrightening and photodegradation, correlatgenerally several micrometers titkTherefore, such DS
ing it with the presence of residuab.Plhis study indicated encapsulant layer was modeled as the background medium
that L, can be created by the photolysis of, Rdding to an  over the cellsstructures. This way, in the simulation, the
equivalent degradation process to the aforementiorfiéd one.background refractive index.(Ryrouniwas setto 1.5 as itis a

Considering the above-mentioned problems, several techeémmon value for transparent golymeric materials used for
ques have been used to mitigate these degradatiainis purpose such as PMK[jIV’/EVA,5 PVE® and PS’A base
mechanisms, such as replacing, B other nonharmful  simulation with vacuum background indgxguns 1) was
material§? depositing blocking layers between the,/TiO still made for the PCs, for comparison.
perovskite interface to avoid electron exchaagevell as the The present work shows how to ideally design thedo e
use of either a UViter or a down-shifting gDS) layer that to attain: (1) maximum optical improvement in the PSCs,
prevents UV radiation from reaching the*TélI*° This represented in terms of their overall photocurrent dégsity,
latter case is the one that was unprecedentedly optimized () negligible UV degradation by minimizing both the light
this study. absorption in the TiQacross the full spectral range, and the

Down-shifting is the process where high energy photons &/ photocurrent (i.e., carrier generation in the perovskite
converted to lower energy photori§.The main materials  because of UV absorption) calculated for wavelengths between
used for this process are quantum dots (&YD8)dyes’® *° 300 and 400 nm, hencefodih,y.-
and rare-earth elemefits.” These materials have recently The results were obtained using a numerical solver (FDTD
been applied to perovsKité] organic,’ and dye sensitized  Solutions) provided by Lumerical, $haThe use of this
solar celf§ to improve their lifetime without compromising method allows for the calculation of the electric and magnetic
their overall performance. When compared with the use of U\élds in the entire simulation region. On the basis célthie

Iters, which is the current common way of enhancing the UValues, the absorbed power density can be determined by Abs
stability of PSCS,using DS benés from the exploitation of = 0.5 |EPimag(), where is the angular frequencys the
the energy of otherwise lost photons, while still protecting th@aterial permittivity, arflis the electriceld at a given point
absorber material from the harmful UV radiation. Onen the simulation region. By integrating this expression in
example, by Anizelli et al., compared the results against a U)ume, it is possible to calculate the'scabsorption

lter obtaining a similar development of the device spectrum, A(). Then, together with the solar spectrum
parameters with prolonged UV expasure. incident on the cell, one can calculde using J;, =

As stated earlier, the need for ever-decreasing thicknesg( )AM,s; d , where AN is the spectrum incident
without compromising solar cell performance is a driver fgn the cell. The complex refractive index spectra of the
research in the P\éld. However, decreasing thickness leadgaterials considered in this study are plotfeidime S1The
to lower redNIR absorption, as this radiation has higheraccuracy of the model was corroborated by extended validation
penetration depth. Therefore, edent light-trapping (LT)  tests described section S3
methods have been studied to improve this low-energy Since this is an electromagnetic method based on Maxwell
absorption, such as the use of metallic or dielectric nangguations, it cannot exactly simulate thecteof DS.
particle$,” ** front or rear texturing of the ¢éf;*>and the  Consequently, here DS was modeled by proper adaptation of
use of high index dielectric structures on the cellff6ft.  the incident spectrum, as describédgare t. On the basis
This latter LT method, operating in the regime of wave-opticgf absorption and emission of typical LDS materials,
is the one considered in this work. Front-located high indegken from several repdig**53%°? 5 3 Gaussian prie
photonic structures allow strong forward scattering of lighfyas chosen to emulate these properfigsire &€ green
thus increasing its travel path within the PV absorber, as wellfshed prde). Gaussian prtes have three main variables:
the creation of resonant modes, related with the stisicturehe Gaussian RMS width, parameter related with the fwhm
properties, that can greatly boost thés caftisorption. For  which wasxed at 50 nm; the Gaussian cenggthat was left
perIOdIC structures, this increase can even surpass @@ a variable; and the amp”tude, representing the peak

theoretical limit the Tiedje Yablonovitch limit for specic absorption, that wased at unity. This Gaussian absorption
wavelengths related with the LT struttypiech™” was then multiplied with the solar photar, based on the

ASTM G-173 global irradiance spectra provided by NREL,
2. RESULTS AND DISCUSSION to calculate the hypothetical absorptionin a thick DS layer

In this study, two derent types of solar cells were considered Figure & blue prole). Subsequently, this absorber is
(Figure & and b): First, a planar cell, henceforth PC, and a cghifted to higher wavelengths, as showxigime &, by a

with light trapping structures, henceforth LTC. The absorbeshifting parameter, , that was also left as a variable. Lastly, to
material considered in the PSCs is the conventional besteate the“shifted spectrum incident on the PSC, the
performing CENHzPbk (MAPbL) perovskité*® Two absorbed ux was subtracted, while the emission was

di erent thickness values for the perovskite layer were usedded to the pristine AM1.5G spectrum. As an exaigple,
namely, 250 and 500 nm, as the latter value is th&2 shows the resulting spectral irradiance plots for two
conventionally used in PSCs, while the former is of interedt erent and . It should be noted that the process used
for the development of ultrathin photonic-enhanced devio emulate the DS process is an ideal one and, thus, does not
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a) Planar Cell (PC) b) Light Trapping Cell (LTC)
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Figure 1.Schematic of the solar cell structures considered in the simulations. (a) Planar cell structure used as reference, composed by the lay:
metal contact (Ag)/hole transport layer (HTL, made of spiro-OMeTAD)/absorber (perovskite)/electron transport layer (ETL, rade of TiO
transparent conductive oxide (TCO, made of ITO). (b) Light-trapping cell structures integrated in the n-contact (ETL) of the PSC. The
corresponding cell dimensions are showabhite S1(c) Plot illustrating the method used to emulate the process of down-shifting. In dashed
green is the Gaussian pegin blue is the absorbagk and in red is the emittedx. (d) Schematic depicting the process of down-shifting by an

LDS material.

account for eects such as isotropic emission, nonunitaryspectra oFigure @ and b, as well as the substantial absorbed
guantum e ciency and reabsorption. power density in the front LT structures shown by the 350 nm
First, the solar céllbsorption prdes were determined by inset proles inFigure 3This increase is due to the thickTiO
the aforementioned method and are displayedlire a2 and used in these structures, as it is the material responsible for the
b for the PCs and irigure @ and b for the LTCs, considering light trapping escts (i.e., improved broadband argtgon
the Ngackground= 1.5. The prdes fomg,cigroune 1.0 are shown  and scattering}. It should be noted that such UV shading is
in section S4These absorption ptes only depend on the also beneial for the perovskite cells, due to the UV instability
solar cellsstructure and materials, being independent of th@roblems.
illumination spectrum. Therefore, they are suited to evaluateSubsequently, sweeps were made for taeemt cells in
the devics optical performance. For rédR wavelengths  study, where and . where varied between 100 and 400 nm
there is a decrease in the cell absorption as sub-bandgam 300400 nm, respectively. The resulting photocurrent
photons are harder to absorb. This éstvely shown by the contour plots for the PCs are showhigure 2 and d and for
absorbed power density plots shown for 900 nm wavelengtie LTCs inFigure 8 and d. The equivalent results for the
(rightmost inset prdes inFigures 2and3), as the absorption  PCs withng,cground 1 @re shown ieection S5
is rather uniform throughout the cell. Note that, for the LTCs, First, one should note that the photocurrent contour plots
these losses are reduced by the use of the photonic structujiiesFigures and3) show a similar behavior, which is expected
responsible for scattering light. For shorter wavelengths, the these results are chign uenced by the absorption in the
most notable aspect is the parasitic absorption frognadO  perovskite layer, which is mostly similar in the 8@ nm
ITO for both PCs and LTCs. The absorbed power densityvavelength range for theatient solar cell$-{gures @ and b
plots (leftmost inset plots iRigures 2and 3 at 350 nm and 3a and b). At around 700 nm, value close to the
wavelength) again serve to further verify this statement, as thmyovskits bandgap’* a signicant drop in absorption
show a pronounced absorption in the,Ta@d ITO layers.  occurs, as below-bandgap absorption iscsigthy reduced.
Furthermore, the LTCs show ar&ive UV shading of the Thus, it is expected that the photocurrent sweeps should also
perovskite, revealed by the red shaded area in the absorptsa®e this eect when the shifting occurs to higher wavelengths.
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Figure 2.Results for the PCs structure with,qoun®f 1.5. Panels a and b are the absorptioteproalculated for the PCs with perovskite
thickness of 250 and 500 nm, respectively. The black curve corresponds to the light absorption in the perovskite layer; in red, the perovskite + Ti
absorption; and, in green, the total absorption of the cell. The inset plots represent the absorbed power density through the cross section of the ¢
calculated at speciwavelengths indicated by the arrows: the leftmok jsrthe absorbed power for 350 nm and the rightmost graph is the
absorbed power for 900 nm. Panels ¢ and d are the contour plots of the photocurredit)damsitpg performed for the PC structure with 250

and 500 nm perovskite layer, respectively; the white contour line represents tlig, phistiies the value attained with the AM1.5 incidence
spectrum without any shifting. Panels e and f are examples of the carrier genégationthePC with 500 nm perovskite layer, considering

the pristine and the optimized (using thend  corresponding to the maximum in panel d) incidence spectrum, respectively.

Indeed this is the case, and, for the LTCs, this drop can be tgp 400 nm), the maximum current density that can ideally be

to 7% lower than that of the corresponding pristine (withougenerated is onlyl.4 mA/cm, which sets the limit for the

DS) structure (shown iRigure 8 and d by the white line), increase in photocurrent that can be attained using DS

while for the PC this value can be up to 12% lower. Thereformethods. Second, the outstanding perdsskitesorption

it should be noted that the use of unoptimized LDS materigroperties are also a factor limiting further photocurrent

properties can severely degrade the solapeelbrmance. increases. From the absorptionlpsoshown ifrigures and
Considering the photocurrent gains summariZezbia 1 3, it can be seen that under 400 nm there is still some

when comparing the pristine AM1.5G spectrum with thesigni cant perovskite absorption. As such, and understandably,

shifted spectra, one can see that there is only a small increadeDi$ materials cannot directly provide major photocurrent

the celk performance, even when considering the optimizachprovements in PSCs.

cand values indicated ifable 1 For the LTCs, thig,,
increase was up t®% ( 0.6 mA/cni), while for the PCs it
was up to 1% (0.2 0.3 mA/cni), with the main dierence
being attributed to higher TjGhickness in therst, as this
layer is mainly responsible for UV parasitic absorption.

Nevertheless, it should be emphasized that the main
objective of this method is to reduce the harmédte of
UV radiation on PSCs, and for that the optimized DS+LT
solution presented here is shown to be outstanding. On the
tither hand, it should be noted that, even though electrical

should be noted that, when integrating the ASTM G-173 solar ects were not taken into account in this work, the
irradiance spectra in the UV wavelength range (i.e., from 3@@hancement in the overall optoelectronic performance (i.e.,
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Figure 3 Results for the LTCs witl,¢gr0un®f 1.5. Panels a and b are the absorptioteprealculated for the LTCs perovskite thickness of 250

and 500 nm, respectively. The black curve corresponds to the light absorption in the perovskite layer; in red, the peateskjtonTaDd

in green, the total absorption of the cell. The inset plots represent the absorbed power density through the cross section of the cell, calculatec
specic wavelengths indicated by the arrows: the leftmogt igrthe absorbed power for 350 nm and the rightmost graphs is the absorbed power

for 900 nm. Panels ¢ and d are the contour plots df,th@eeps performed for the LTC structure with 250 and 500 nm perovskite layer,
respectively; the thicker contour line represents the kjstinat is, the value attained with the AM1.5 incidence spectrum without any shifting.
Panels e and f are examples of the carrier generaties forathe LTC with 500 nm perovskite layer, considering the pristine and the optimized
(using the c and  corresponding to the maximum in panel d) incidence spectrum, respectively.

conversion eciency) of the devices may surpass theobserved resulting from the use of a shifted spectrum.
photocurrent gains presented here. This is because the skEmamining the LTC cas€igure 8 and f), it can be seen
of the optimized and ( values (resulting in the wavelength that these values vary from around@®< 1*®cm 3s * for
to where the shifting occurs) nears 500 nm, which is ththe pristine spectrum to 00.02x 10°® cm 3 s ! for the
spectral position of the peak of the external quanm:ilemey optimized spectrum, representing a pronounced change of 1
of this tyge of PSCs, as determined in previous contribwrder of magnitude. Therefore, optimally shifting the spectrum
tionst82525° can almost eliminate the Fi®©harmful photogeneration and,
Afterward, the generation des were calculated using the in practice, lead to improved device stability. On the other
optimum shifting parameters;,( ) obtained from the  hand, when comparifggure 8 and f, it can also be seen a
photocurrent sweep$able ). These prdes are shown in  reduction in the absorption in the perovskite in the reddish
Figure 2) and f) for the PC anéigure @ and f for the LTC,  “cornef region indicated by the arrow. This stems from the
considering 500 nm perovskite thickness. The remainiddgher wavelength radiation incident upon the cell, that has a
generation prdes for the PCs and LTCs with 250 nm higher penetration depth, resulting in a higher solar cell bulk
perovskite thickness are presentesbdtion S6In all these  absorption instead of front surface absorption. A sineitar e
cases, a major reduction in the ;E(photogeneration is is also seen iRigure 8, where the bulk generation is higher
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Table 1. Summary of the Main Results from the the example of the LTC with 250 nm perovskite thickness, for
Photocurrent Density Sweeps Performed in This VWork the pristine spectrum the calculalgd, was 0.7 mA/cf)
while for the optimized spectrum this value was 0.1 fA/cm

planar cell (PC) LT cell (LTE) representing a reduction of 86% in the harmful UV
MBackground ! 1.5 1.5 photogeneration in the perovskite. The reductions for the
teerovsiie M) 250 500 280 500 280 500 Giper cases are all also around 808t b). Therefore, a
pr('ﬁmﬁ’q 229 259 243 270 261 281 remarkable reduction in the perovskitdy absorption is
optimize determined as a result of the optimized shifting. Consequently,
ILzmAlcm " 230 263 245 272 267 286 both the reduction in the perovskitdV absorption and the
c (nm) 387.5 4000 3375 3500 350 350 |ower TiQ's harmful photogeneration, are expected to yield a
(nm) 145 205 115 205 130 190  pronounced improvement in the lifetime of PSCs implement-
Fperovsiite FEPresents the perovskite thickn@ggugrounaiS the ing such DS solution. From the generatioriggdor the LTC
refractive index used for the background medium, pljsig¢he Figure @ and f), it can be seen that the photogeneration in

value using the illumination spectrum without any shifting, optimiz ; N o .
1nis the highest value obtained in the sweepsLots 2nd3, and e TiO, close to the perovskite interface (a critical region for

cand are the gaussian center and shifting parameter, respectivéﬂf? degradation mechanisms to 06%%_;% Iowe!' than at the
corresponding to the maximum photocurrent value obtained in tH@Pmost part of the Tistructures. This reduction occurs due
sweeps. to the UV shading ect that comes from the use of relatively

thick high index front structures, providing further protection
from this eect. Electrically, this shift from surface to bulkagainst UV radiation for the device.

absorption can also have a beiaéimpact in the solar cell  The bar chart dFigure 4summarizes the key results from
performance, as in surface absorption there is more electi@is work. Starting with the photocurrent cHadure 4), a
recombination, particularly in PSCs. rst point to be made is the higher current for the 500 nm

Thereupon, the photocurrent values for wavelengths rangipgcs, resulting from the thicker absorber. Thesedte is
from 300 to 400 nmJ(, yy representing the UV absorption) qye to higher red-NIR radiation absorption, as demonstrated
w%re ;:alculatedhusnlﬁ thﬁ_f[ta_rlstme and Oﬂ'ﬁn'ze?&ﬂ;ﬁfitra- ifFigure o) for the PC anéFigure B) for the LTC. Second,
order to assess how the shifting can impact the pe ite g ;
absorption. These values are gsummar?z'mble 2IO Taking :he h'gheﬂ‘?h for the PC V.V'thaCkngU"‘pf 1.5, when compare_d

o the equivalent cell with index of 1, stems from better index

matching between the background and the front material in
the cell (ITO), as seen gure S30n the other hand, it can
also be seen that the LTCs have highevhen compared
with their planar counterpart. This increase clearly demon-
strates the benis of using photonic structures for LT,
allowing for optically thick but physically thin devices.

The graph also indicates small current increases when using
the optimized spectrum. Considering that electrical losses are
LT cell neglected in these studies, it can be inferredFippme 4

Table 2. Summary of the Photocurrent Density Values,
Jhuvs Calculated Only in the UV Wavelength Range (300
400 nm) for the Perovskite Layer with the Pristine, That Is,
the Unaltered AMs Spectrum, and the Optimized
Spectrum, That Is, the Spectrum Using the Optimized
down-Shifting Parameters Obtained in the Photocurrent
Sweeps oFigures 2and 3

lanar cell (PC LTC . . .

> (PC) (70 that these materials do not show a pronounced increase in
t”Backgfou"d 250 L 500 2501'5 500 252'5 500 optical performance. However, these sasgéesesuch as bulk
perouskieNM) instead of surface absorption and lower thermal losses that

pristined yy (MA/c?) 10 10 12 11 07 07
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Figure 4.Bar charts summarizing the results from the photocurrent sweeps attained with the pristine (blue) and optimized (red) spectra incident

onthe PC and LTC PSCs with either 250 or 500 nm perovskite thickngssali#zgs obtained considering the full Wsible NIR wavelength
range (3001000 nm). (b) UV photocurrendy ) values for wavelengths ranging from 300 to 400 nm. The more transparent bars refer to the
devices with 250 nm perovskite thickness, while the others refer to those with 500 nm perovskite thickness.
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The bar chart analyzing thgyy in Figure # shows thata  H.A. assisted in supervising the work, discussed the results, and
remarkable reduction of around 80% is observed for all casesdawnised the manuscript. E.F. and R.M. revised the manuscript
the UV light absorption by the perovskite material. Thereforand supervised the work améncing projects.
by maintaining a similar optical current, while sartly Notes
reducing the harmful ects of UV radiation in these cells, an the authors declare no competingncial interest.
increased long-term performance is anticipated.
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3. CONCLUSION

In conclusion, the use of optimized DS materials in the PSC
encapsulation revealed a marginal increase in photocurren
best of 2% (0.6 mA/cm). This is due to the inevitable fact
that there is not so much current that can be gained fro
exploiting the UV, and one is limited to the maximum gain th
can be obtained by absorbing all this radiation, which of on
1.4 mA/cm. On the other hand, the use of unoptimized
and . revealed a severe impact in the optical performance
the cells, reducing the photocurrent by 7% and 12% for t
worst cases simulated of the LTCs and PCs, respectively.
optimum  and . implied a spectrum shift to wavelengths
around 500 nm, matching well with the 'BS&lectrical
performance peak, that could imply an increased'devic
e ciency surpassing the gains determined in this work.
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