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Interface engineering of orgadimorganic halide 2D MATERIAL-BASED PEROYSKITE SOLAR CELL
perovskite solar cells (PSCs) plays a pivotal role in achieving high 4 ~ 5 5E
power conversion eciency (PCE). In fact, the perovskite , | |eff'°'e"°y>2°% =
photoactive layer needs to work synergistically with the otgy l quantum dots

functional components of the cell, such as charge transportit®y/ | MO_S f
active buer layers and electrodes. In this context, graphene agd 4 Jékes
related two-dimensional materials (GRMs) are promisi i Tuo2 N
candidates to tun€‘on demand the interface properties of ¢ _ | ’j e .o
PSCs. In this work, we fully exploit the potential of GRMs by d :\_, :
controlling the optoelectronic properties of molybdenum 7 ) ¢ 3
disul de (MoS) and reduced graphene oxide (RGO) hybrids ¢ - :
both as hole transport layer (HTL) and active ker layer (ABL) MAPDI; spiro-OMeTAD © Au

in mesoscopic methylammonium lead iodide (BHH;Pbls)

perovskite (MAPbJ)-based PSCs. We show that zero-dimensional,Ma&ntum dots (MogQDs), derived by liquid
phase exfoliated M@Sakes, provide both hole-extraction and electron-blocking properties. In fact, on one hand, intrins
n-type doping-induced intraband gap statesatively extract the holes through an electron injection mechanism. On the
other hand, quantum comement e ects increase the optical band gap of M@®m 1.4 eV for the akes to >3.2 eV for
QDs), raising the minimum energy of its conduction band (fré/h 3 eV for the akes t0S2.2 eV for QDs) above the
one of the conduction band of MAPHlbetweenS3.7 andS4 eV) and hindering electron collection. The van der Waals
hybridization of Mo$ QDs with functionalized reduced graphene oxide (f-RGO), obtained by chemical silanizatiol
induced linkage between RGO and (3-mercaptopropyl)trimethoxysilane eitiee to homogenize the deposition of
HTLs or ABLs onto the perovskitelm, since the two-dimensional nature of RGCeetively plugs the pinholes of the
MoS, QD Ims. Our“graphene interface engineeringIE) strategy based on van der Waals M@®/graphene hybrids
enables MAPhibased PSCs to achieve a PCE up to 20.12% (average PCE of 18.8%). The possibility to combine qual
and chemical eects into GIE, coupled with the recent success of graphene and GRMs as interfacial layer, represel
promising approach for the development of next-generation PSCs.

perovskite solar cells, 2D materials, graphene, molybdi#amimodsyjuantum dots, interface engineering

graphene

rganiSinorganic halide perovskite solar cells (PSCs) July 22, 2018
are in the spotlight of photovoltaic (PV) research to September 13, 2018
rival the leading technolog®s (i.e, crystalline

ACS Publications  © Xxxx American Chemical Society A DOI:10.1021/acsnano.8b05514
W ACS NanXXXX, XXX, XXXKXX

argate


www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.8b05514
http://dx.doi.org/10.1021/acsnano.8b05514

ACS Nano

a) Spiro-OMeTAD [fRGo/mos,

- - .z

b) 7 c) Shockley-Quiesser limit
| - % 2 30 3
FIO | TiO; MAPDI, ' Mixed cation/halide >30%
perovskite-based PSCs
o ez NEXT GENERATION PSCs
FAPbI,-based PSCs
< > > 18% (2017, ref. 60)
Q w >20% (this work)
= 4
::_f GRAPHENE-INTERFACE ENGINEERING
&
MAPbI;-based PSCs
3.8% (2009, ref. 21)
6.5% (2011, ref. 22)
38 ~20% (2018, ref. 28; 2017, ref. 29)
Spiro-OMeTAD 2009 YEARS 20”?

Figure 1. (a) Sketch of mesoscopic MAfRRbased PSC exploiting Mp®Ds:f-RGO hybrids as both HTL and ABL. (b) Scheme of the
energy band edge positions of the materials used in theréint components of the assembled mesoscopic MARIsled PSC. The energy

band edge positions of MgSakes and MosSQDs were determined from OAS and UPS measurements detailed in the text, while those of
the other materials were taken from the literature: FTOTIO,,>> MAPbL,***13° spiro-OMeTAD? and Au>? (c) State-of-the-art and
predicted PCE evolution for PSCs, highlighting the synergistic potential of GIE and the formulation of advanced perovskite chemistries.

silicon solar cell¥’ and inorganic thinkm solar celfs) since  extractiod**° which contribute to increase the short circuit
power conversion eiency (PCE) exceeding 269 canbe  current (L) and |l factor (FF)***°(3) eliminating hysteresis
obtained by ardable (low-cost and low-temperature) phenomena™>"° and (4) extending the lifetimie> In the
solution processing” with a scaling-up prospecihée‘.9 run-up to reach the theoretical PCE Iim[iixg%j56 of PSCs
Methylammonium lead iodide (gMHJPbk) perovskite  (practical limits of 29.5%with value of 30.5%which have
(MAPDL) has been intensively studied as light-harvestinglso been reported by considering intrinsic nonradiative
material from the beginning of PSC develop'rﬁ%%?ﬁz and recombination processes), graphene and related two-dimen-
the elemental composition engineering of its chéfisteg sional (2D) materials (GRMs) are emerging as a paradigm
to mixed cation and halide Pé%ahich boosted the cerid shift of interface engineering to boost the PV perform-
PCE above 22%.€, 22.19% and 22.798). Although the  ance’®*"3Actually, the Iarge variety of GRMere peculiar
archet;/pal MAPbHreached a certd maximum eciency of (opto)electronic properti€<” that can be tuned on-demand
19.3%' (uncerti ed e ciency exceeding 209", it stillhas by means of morphological moditiori®’” and chemical
a benchmarking role for the optimization and/or validation ofunctionalizatioff>®° Moreover, GRMs can be produced
PSC architecturés®* due to its historical breakthrough in PV from the_ exfoliation of their bulk counterpart in suitable
technology over the last years (starting from 2009, with a PGBlvent§=®° as functional inkS.The latter can be deposited
of 3.8%")."° In particular, MAPhbased PSCs provide a on di erent substrates by established large-scale ectisee
platform to study and design the interfaces between eapfinting/coating techniqué§’° compatible with solution-
functional layer of the stég?s“ whose carrier transport based manufacturing of P$E$%*
barriers determine undesirable hysteresis and instadility e ~ With the aim to deeply exploit the use of 2D materials for
in PSCS*%%* poth in mesoscopi¢® and planar struc- engineering the interface of PSCs, herein we report a
tures’® In fact, the photogenerated carriers have to beynergistic quantum-chemical approach for controlling the
transported across the interfaces in the PSC striictite,  energy band levels and the ttin- morphology of low-
and charge loss can occur due to energy barriers and/dimensional, van der Waals hybrids between molybdenum
interfacial defect§!®*® Therefore, appropriate energy level disul de quantum dots (M@3QDs) and reduced graphene
tailoring at the interfaces is pivotal in (1) increasing opewxide (RGO) as hole transport layer (HTL) or activeebu
circuit voltage \(,J; (2) facilitating charge transfer and layer (ABL) (between the HTL and Au electrode) in
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Scheme 1. Representative sketches of (a) the functionalization of RGO (structure based onSKéiriavkki model}®°

with MPTS; (b) the hybridization of MoSQDs and f-RGO.
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mesoscopic MARpbased PSCd-igure a). Notably, both

MoS, akes;*hold optimal electronic structure te@etively

2D MoS and RGO have been previously reported as possibéxtract the photogenerated holes through an electron injection

HTLP472945103 o Al S4104105 However, their intrinsic

mechanisfi®**’ from their intrinsic n-type dopifg*°*+

work function (WF) (typically <4.8 eV for both pristine induced intraband gap stdfés$>® The latter have been

M0S,'°%1% and RGO*®'Y is inferior to that of conven-

tional HTL materials, including 2727-tetrakis,N-di-4-

methoxyphenylamino)-9gpirobiuorene (spiro-OMeTAD)

reported to be a consequence of the natural presence in MoS
of sulfur vacancies > impurities;°#*°°and defect® =4
Quantum comement eects open the Mg$ptical band gap

(WF > 4.9}*4M5 egpecially for the doped forms mostly (from 1.4 eV for theakes to >3.2 eV for the QDs), raising the

exploited as HTLS'**''") and poly(3,4-

minimum energy of the CB of MaB8om S4.3 eV for the

ethylenedioxythiophene):poly(styrenesulfonate) (PE-akes t&2.2 eV for the QDs) above the energy of the LUMO

DOT:PSS) (WF ranging between 5.0 and 52%¥).

This can limit the hole extraction pro¢ess:?* Moreover,
the optical band gapEj of both RGO (<2 eV4?°
depending on its oxidation 1&¢&1°3 and Mo$ ( 1.2 eV for
bulk*%?" and 1.8 eV for single-lay&F**9 results in a
minimum energy of the conduction band (CB)}4(3

of MAPb} (betweer54.0°%7andS$3.7 eV**°%39)  thus
blocking electron injection in HTL. Hole-extraction and
electron-blocking properties of Ma3Ds synergistically
suppress the interfacial charge recombination losses observed
in benchmark devices ugrine-doped tin oxide (FTO)/
compact TiQ(cTiO,)/mesoporous TiIQ(MTiO,)/MAPbI

eV35133 |ower than that of the lowest unoccupied molecula,2,7,7-tetrakiskl,N-di-4-methoxyphenylamino)-gpirobi-

orbital (LUMO) (reported betwee84.0-**3" and $3.7
eV 14138139 'not providing electron-blocking properties'*
Therefore, physical/chemical modtion of 2D MoSand

uorene (spiro-OMeTAD)/Au}**®> and in previous cell
architectures exploiting native Maskes as AB§°°With
the aim to form homogeneousg ( pinhole-free) nanometer-

RGO are needed to tune the optoelectronic properties for thetiick HTLs, Mog QDs, which do not cover totally the

e cient implementation as HTi§>!10122123142143 Ag

MAPbE Im after their deposition, are hybridized with

shown irFigure b, a zero-dimensional (OD) anodic interlayer chemically (3-mercaptopropyl)trimethoxysilane (MPTS)-func-
of MoS QDs, derived by liquid phase exfoliation (LPE) oftionalized RGO (f-RGO) akes®® (named Mo$ QDs:f-
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Figure 2. Morphological characterization oS¢ the as-produced MgSQDs and (&h) -RGO akes. TEM and AFM images of (a, b)

MoS, QDs and (e, f) -RGO and the corresponding statistical analysis of (c, g) the lateral dimension and (d, h) the thickness, respectively.
The statistical analyses were performed on &kes from the dierent images collected. Representative heightlpso(solid white lines) of

the indicated sections (white dashed lines) are also shown in panels (b) and (f).

RGO). The RGO akes are ective to plug the pinholes in them®*'’® Subsequently, the so-produced MaRes were
MoS, QDs Ims, thus to homogenize the HTL. The choice of rst produced by LPE and then solvothermally treated for the

the functionalization for RGO relies on the bifunctional role ofroduction of MoSQDs>** Then, by exploiting SBS we
MPTS molecules, whicheetively anchor onto the RGO selected MgQDs, while residual MpSakes were discarded
akes Yiasilanization-mediated bonding,°®*while exposed  as sedimenit* Reduced graphene oxide was produced by

thiol (SH) moieties enable f-RGO to interact with MpSs thermal annealing (100C under a 100 sccnow of Ar

(via SSS van der Waals physisorptidmnd/or S-vacancies (90%):H, (10%)) of graphene oxide (GBY'®* synthesized
passivationdling'’*"). Our results show the potential of from graphite akes using a moed Hummes method®?

quantum and chemicaleets in‘graphene interface engineer- Subsequently, RGO was functionalized by M®&S

ing’ (GIE) to produce highly performant MAPbased PSCs silanization-mediated chemical bordtt§® The silanization

with a PCE up to 20.12% (average PCE of 18.8%). Thgrocess was triggered by the hydrolization and condensation of
remarkable advances achieved also in the exploitation tpé methoxy groupSQCH,) of MPTS, which react with the

grapheneake- and graphene QD-doped ETLs, including botfp moieties of RGOScheme &) %557 A solvent-exchange
mesoscopic T and solution-processed $fimake GIE  proces&'#4'%°was carried out to redisperse MBs and -

a versatile tool for the design of record-highieacy RGO dispersions in IPA. The hybrid Md3Ds:f-RGO

dispersions with a material weight ratio of 1:2. The
RESULTS AND DISCUSSION hybridization of the materials is completed by the exposed

Production and Characterization of MoS, QDs, f- SH moieties of f-RGO, which interact with MpBsviaSSS
RGO, and Mo$ QDs:f-RGOThe Mo$ QDs were produced van der Waals physisorptfdrand/or passivationfling of
through a facile and scalable one-step solvothermal approtith S-vacancies of Ma@Ds "% (Scheme ).
starting from MosS akes previously obtained by LPE of bulk The details of material production and dispersion for-
MoS in 2-propanol (IPAJ* followed by a sedimentation- mulation are reported in tBexperimental Methodection. It
based separation (SBS) prot€ss® The LPE process is worth noting that thenal material dispersions were
exploits hydrodynamic shear-force-controlled ultrasonicatiobtained in low boiling-point alcohol-based solvents, which are
to overcome the van der Waals force8205neV A% "“or compatible with environmentally friendly, low-temperature,
5 meV/aton,”**’9 that bind Mo$ layer$ #4178 The and solution-processed material deposition methods. By taking
SBS process separates various particles on the basis of @éantage of this approach, we exploited spray-coating
sedimentation rate in response to a centrifugal force acting daposition, since it can be applied on irregular surfaces with

D DOI:10.1021/acsnano.8b05514
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Figure 3. (a) Mo 3d and S 2s, (b) C 1s and (c) Si 2s and S 2p XPS spectra foiQieF-RGO. The deconvolution of the corresponding
XPS spectra is also shown. (d) Absorption spectra of Makes and QDs. (e) Tauc plots of MoSakes and QDs. (f) Secondary electron
threshold region of He-1 UPS spectra of Mo@kes and QDs, which were used for estimating the WF values. The inset shows VB region of
He-l UPS spectra of MgS akes and QDs used for estimatifg values. The shoulder observed in Md@Ds UPS spectrum can be
attributed to the presence of defective species (edge/S-vacancies) in a polydispersed sample.

higher reproducibility than that obtained with other deposition X-ray photoelectron spectroscopy (XPS) measurements
methods €.g. spin/blade coating and screen prinﬁﬁb). were carried out to determine the elemental composition,
Moreover, with a broader context vision, spray coating isciemical phase, and interaction of the as-produced MoS
promising technique to speed up the production of Perovskit@Ds:f—RGO sampleBigure & shows the S 2s and Mo 3d
module fabricatidf*2%in view of their market entryf**°* XPS spectra of MeSQDs:f-RGO, together with their
The lateral size and thickness of the as-produce@MeS deconvolution. The peaks at the lowest binding energy
and f-RGO samples were evaluated by means of transmisgio826 eV) and the peak at229 eV are assigned to S
electron microscopy (TEM) and atomic force microscopy2s*4'93'%®and Mo 3¢, respectively, of the semiconducting
(AFM), respectivelyFigure a,b show representative TEM 2H (trigonal prismatic) phase of M0%"93'%° The peak
and AFM images of MpQDs. Microscopy statistical analysescentered at 232.5 eV can betted with two compo-
of lateral dimensiorFigure 2) and thicknessF{gure @) nents*'**The rst component (232 eV) is assigned to Mo
show log-normal distributions peaking2a6 and 1.6 nm, 3d;,, of the 2H-Mo$ Instead, the second one283 eV), as
respectively, which means that both one- and few-layer Q&ll as the low-intensity peak centered 286 eV, is
were eectively produced (the monolayer thickness is betweaassociated with oxidized phases of ‘fd’ which can be
0.7 and 0.8 nm®93. Notably, the thickness distribution of produced during the LPE of bulk M&%"’’ However, the
MoS, QDs is similar to that measured for the native, MoS percentage content (%c) of oxidized Mo (<3%) indicates that
akes (average thickness 2f7 nm), whose morphological only a small fraction of the material is oxidized. Noteworthy,
characterization is reported in the Supporting Information (Sithe initial LPE step in IPA can overcome the drawbacks of the
(Figure S)L Figure 2,f report TEM and AFM images of f- LPE of transition metal dichalcogenitfé¥® (including
RGO akes, exhibiting an irregular shape and rippled papetoS,*% in conventional high boil'n%-goint solvents, such as
like morphology. Microscopy statistical analyses of latefstmethyl-2-pyrrolidone gNM?f)”Z” 99 and N,N-dime-
dimensionigure 8) and thickness-{gure B) display alog-  thylformamide (DMFy*'"“*® where high percentage con-
normal distributions peaked a®80 and 1.3 nm, tents of oxidized species (between 40% and 60%, depending
respectively. These values are comparable with those obtainadthe process parameteje typically producéd:’’
for native RGO (average lateral dimension and thickness of Mbreover, the functionalization process did not cause any
m and 1.8 nm, respectivelyj)(seeFigure SR Since the  additional oxidation of Mp®Ds, since the %c of oxidized
thickness of single-layer pristine graphen@3g nm 2394 Mo in the hybrids g<3%) is also comparable to that of both
these data indicated that our methodology produced few-laydoS, akes (<7%)* and Mo$ QDs ( 5%)!** The
f-RGO akes. The structural properties of the materials wer®mponent at 228 eV appearing in the S 2s XPS spectrum
investigated by Raman spectroscopy Sséar additional is ascribed to the presence of S moieties of -RGO and proves
Raman spectroscopy analysis detailste SB con rming the interaction of the MPTS functionalization with Ngi%
their exfoliated crystal structure. via SSS van der Waals physisorpfidmnd/or passivation/
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lling of the S-vacancies of M@B®s; '’ as proposed in  comparison, since they have been previously reported as

Schemel. The ratio between %c of Mo 3d and S 2s ascribed ective ABLs between MAPHNd spiro-OMeTAD in
to MoS QDs is <0.5, while for the MoSDs the same ratio mesoscopic PSE€sThe U\Svis absorption spectrum of
was >0.5%" This suggests that the functionalization procesMoS, akes Figure 8) shows peaks a670 and 620 nm,
could restore the S-vacancies of the nativge M@g§reement  which arise from the excitonic transitions, (known as A and B,
with the hybridization mechanism reporte8icineme k. respectively) the split valence bands and the minima of the
Figure ® shows the C 1s spectrum of M@®s:f-RGO, conduction band at thepoint of the Brillouin zone of layered
which is deconvoluted in six components, indicating tfe C sM0S,>1%** More in detail, the sporbit interaction and
and sp network and oxygen functionalities of the -RB&0. interlayer coupling are responsible for the valence band (VB)
The C sp component, centered at 284.5 eV, dominates theplitting. The energy dirence between the A and B
spectrum (%c 57%), indicating that the delocalized  transitions is 180 meV, which agrees with the values
conjugated structure was almost fully restored after the thernpaédicted by density functional theory (DFT) calculations
reduction of the native GO (%c of G sp48.5%°3,204292 (146 and 174 meV for monolayer and bilayer, respectively).
The component peaking a86.2 eV is assigned t&@ The broad absorption band centered40 nm arises from
bonds (%c = 7.7%). A residue of €isystill present (peak the C and D interband transitions between the density of state
centered at 284.7 eV, %c20.3%) as well as carboxylate peaks in the valence and conduction BarfdéDi erently,
carbon GC O bonds (peak centered at 287.7 eV, %c MoS, QDs do not show the absorption peaks of,MaiSes,
1%). The component observed 300.7 eV is attributed to and their absorption edge shifts toward lower wavelength
S * satellite structure (extended delocalized eleceompared to the latter. This is a consequence of quantum 0D
trons)?°#?°* a characteristic of aromatic C structure. Thecon nement**?*® which aects the optical properties of
component peaking at 284.0 eV is also cagtly present (%  nanostructures when their size is comparable to or smaller than
c 14%). This band can arise as a consequence of C lattid excitonic Bohr radius Z3 nm for Mog.”*’” Quantum
vacancies/distortions introduced mainly during the GGCcon nement, as well as edgeedas, endow excitation-
reduction proceSs and/or the hybridization of f-RGO with dependent photoluminescence (PL) properties in @IDS
MoS QDs. Regarding the MPTS functionalization of the(Figure Sp**4#*3218219n fact, the PL emission peak of MoS
RGO, Figure 8 shows the Si 2s and S 2p XPS spectraQDs is red-shifted with increasing excitation wavelé&hgth.
together with their deconvolution. The appearance of therder to further comm the eect of quantum conement on
silane and S-doublet components peakingl®8.5 and  the optical properties of Mp$he E; was evaluated by the
163.3 eV, respectivel§?°° are ngerprints of the MPTS. ( h )"vs h (Tauc plot) analysis=(gure &) using the Tauc
The components peaking al68.4 and 169.7 eV are relationAh =Y(h S E)" whereA is the absorbande,s
attributed to a S 2p doublet of S0°%°° These oxidized Plancls constant, is the photols frequency, an¥ is a
species are due to both MPTS interacting with O moieties gproportionality constaft® The value of the exponent denotes
RGO akes®”?°” and MPTS oxidized during the functional- the nature of the electronic transition, discriminating between
ization process. The %c of the oxidized group4sof the direct-allowed transitionn (= 2) and indirect-allowed
total S content. The ratio between the S content related to theansition fi = 0.5)??* Bulk Mo$ is an indirect band gap
MPTS and the C $pof f-RGO is 3% and estimates the semiconductor witI‘E%: 1.29 eVf?? With decreasing
percentage extent of the functionalization of RGO withhickness, theoreti¢at*** and experimentaf studies
MPTS!®® The interaction between the MPTS and the RGOrevealed a progressive emment-induced shift in the
akes was commed by complementary Fourier-transformindirect band gap from the bulk value of 1.29 eV up to 1.90
infrared (FTIR) measurements. After RGO functionalizatiorgV, while the direct band gap increases by only F34s\a
in the f-RGO FTIR spectrum (seefSgure SY the SEOSSi consequence of these atent scaling properties, MoS
stretching band appears at 1078 cahifted and broadened undergoes a crossover from an indirect band gap semi-
compared to pure MPTS (1089%¢)nindicating the coupling  conductor to a direct band gap material in the monolayer
between the alkoxysilane groups and the oxygen groupsliofit.'?%2?#*24 The indirect-to-direct band gap transition has a
RGO, as proposed Bcheme .1Even more, the 8DSSi strong impact on the PL emission, which shows a dramatic
band is still present in MpQDs:f-RGO, keeping the same enhancement (by more than a factor of 1000) compared to
position. This indicated that no magition occurred in the  that of the bulk counterpaff.In the case of our MgSakes,
silan&RGO interaction path, leaving only the SH groups as BL was not detected, in agreement with a dominant few-layer
linker option for the MoSQDs (see theSl for further nature evidenced by the AFM statistical analysis of the
discussion). The ectiveness of the MPTS functionalization thicknessKigure ). Consequently, in Tauc analgsigs set
was also macroscopically observed by noting the improvedual to 0.5 (indirect-allowed transition).ebently, Mogs
dispersibility of f-RGO in ethanol compared to that of RGOQDs, although showing similar thickness of the Md&®s
(Figure Sp In fact, MPTS are polar molecules able to(see Figure #,h), display remarkably PL, since additional
decrease the surface energy of native RGO in alcohol-bagedntum eects arising from OD carement activate direct
solvents (46.1 mN m' in ethanolf°%?°° enhancing  band gap behavior>?'’ as proved by PL emissidfigure
dispersion stability and hindering formation of aggregat&f). Then, in Tauc analysisvas set equal to 2 (direct-allowed
during Im deposition®® In addition, XPS analysis also transition). It is worth noting that undergoes a sizéee
evidences that in the same energy range, the S 2p doublet thiekness and lateral dimension)-dependent transition from 2
to MoS2 QDs is also present at 162.2 eV. in direct band gap bulk semiconductors to 1 in a direct band
Optical absorption spectroscopy (OAS) and ultraviolegap nanocrystal® Consequently, the calculatgdvalue of
photoelectron spectroscopy (UPS) measurements were carriddS, QDs has to be considered qualitatively. Taking into
out in order to assess the charge-extraction/blocking capabiktycount these considerations, the estirBatedreases from
of MoS QDs. Native MoS akes were also measured for 1.4 eV for MoS akes to 4.0 eV ( 3.2 eV assumimg= 1,
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Figure Sy for MoS QDs, in agreement with previous previous experimefifS>* A representative FTO/cTiO

studies?’ mTiO,/MAPbI/MoS, QDs:f-RGO/spiro-OMeTAD/Au ar-
Ultraviolet photoelectron spectroscopy measurements ahitecture was characterized by cross-sectional scanning

lowed the Fermi level ener@)( i.e, the WF, and VB to be electron microscopy (SEMIFigure 4). The Mo$ QDs:f-

determinedFigure 8 shows that secondary electron cuto

(threshold) energies of the He | (21.22 eV) UPS spectra are

the same for MgSakes and QDs (16.8 eV), corresponding

to a WF of 4.6 eV. The inset iRigure 8 shows the UPS

spectra region near tBe which allows the maximum energy

of the VB to be estimated &t 5.7 eV for MoS akes and

S 6.2 eV for MoSQDs. Taking into account tig values

estimated by Tauc analysis, the minimum energy of the CB is

estimated aS 4.3 for Mo$ akes andS 2.2 eV for MoS

QDs. The results indicate that,edently from MosS akes,

MoS QDs have a minimum energy of the CB that is lower

than that of the LUMO of MAPp(betweer54.0°***" and

§3.7 e 4138139 Consequently, Me®Ds e ectively act as

electron-blocking material into the PSC structureEi(gee

1b). Furthermore, the UPS data revealed that both Mdkés

and QDs cannot collect holes from their VB, since the

corresponding energy leve 5.7 eV for Mos akes and

S 6.2 eV for MoSQDs) are inferior to that of MARbI

(S 5.4 e\7375132. Since Mo$ akes Im has been previously

reported as HTE*"299“the holes can be extracted from the

MAPb% by injecting electrolf§®*’ from intergap states of

MoS,*°2*>* The latter have been reported to be a

consequence of the intrinsic presence in%beSS—

vacancies > impurities;#*®° and defect®™'* The

presence of these intergap states ismed by UPS data,

which reveal an intrinsic n-type doping of Mages E: is

just 0.3 eV inferior to the energy of the energy minimum of the

CB and 1.1 eV superior to the energy maximum of the VB).. ) o
This observation is also in agreement with previou igure 4. Morphc_)loglcal SEM characterlzgtlon of PSQs. _(a) Cross-
studieg?®151 \which evidenced n-type-doping tr(,jmsportsectlonal SEM image of a representative FTO/GIIiO o/

’ ts i d eld t t istord&151 MAPbIL/M0S, QDs:f-RGO/spiro-OMeTAD/Au architecture.
measurements n Meisased e eect transistors. Top-view SEM images of (b) MAPRpbkurface and (c) MoS
Since XPS analysis revealed equal gt0|ch|ometry between I\/@ s:-RGO Im deposited onto a MAPglayer.
akes and Mg®)Ds, the hole-extraction mechanism deduced

for MoS akes can also be valid for M@Bs** We also
point out that a similar hole-extraction mechanism has be®GO layer is not resolved because of its nanometer-scale
reported for a Mo anodic interlayef,”****® due to thickness. However, top-view SEM analysjsré b,c) of
inherent n-type behavior that allows the material to act aRe MAPb) surface shows that the contrast betweenredi
donors in transparent conducting oxides. MAPDL grains is reduced after the deposition of an ultrathin
Perovskite Solar Cell Architecture and Their Charac-  layer of MoSQDs:f-RGO. This indicates the presence of a
terization. The optoelectronic characterization of M3s nanometer-thickim of MoS$ QDs:f-RGO covering MARDI
evidenced that they hold both hole-extraction and electroma addition, SEM/elemental analysis by energy-dispersive X-
blocking properties, which are the most important requirgay spectroscopy (EDX) were performed on theredit
ments for a HTE%°%In order to deposit continuous and MAPbk-based PSCsigure SB focusing on Pb (M, 2.34
homogeneousims based on MeSQDs, the latter were keV), Mo (L , 2.29 keV), and C (K 0.28 keV) peak signals,
hybridized with f-RGQCakes, whose 2D nature spontaneouslyto evaluate the coverage of the MABbitface with MgS
plugs the pinholes in MpQD Ims. With the aim to prove QDs and f-RGO. After the deposition of the MQBs:f-
the e ectiveness of Me®Ds or Mo$ QDs:f-RGO as HTL RGO, a signcant increase of the C signal relative to Pb was
materials, both of them were incorporated into mesoscopibserved (C/(Pb + Mo) atomic ratio = £52) compared to
MAPbL-based PSCs to be used as HTL or ABL betweethe reference device (without spiro-OMeTAD, C/Pb atomic
MAPDL and spiro-OMeTAD. The investigated PSC has theatio = 2.2+ 0.1). This further comms the coverage of the
following architecture: FTO/cTiOnTiO /MAPbI/ABL MAPDL surface by the Mg®Ds:f-RGO Im. Similar results
(MoS, QDs or f-RGO or MoS QDs:f-RGO)/spiro-  were also evidenced by using only f-RGO (C/Pb atomic ratio
OMeTAD/Au. The ABLs were also tested as HTLs in the= 16+ 2).
absence of spiro-OMeTAD. Additional details of the device The capability of M@SQDs-, f-RGO-, and M@®)Ds:f-
fabrication are reported iBxperimental Methoddt is RGO-based ABLs to extively collect the photogenerated
important to note that MgSQDs and Mog QDs:f-RGO holes was proved by measuring the PV performance of PSCs
nanometer-thickims were deposited onto MAPblIms by without spiro-OMeTAD. The curr&wbltage kSV) charac-
spray coating the corresponding dispersions in IPA. Theristics Figure @) show that the best performances are
compatibility of the IPA with the MARLzyer was assessed in obtained for PSCs adopting M@®s:f-RGO as HTL. Such
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Figure 5. (a, b)ISV characteristics of tested PSCs using M@®s, -RGO, and MoSQDs:f-RGO as HTL (panel a) or ABL between

MAPDbI; and spiro OMeTAD. The data for HTL-free and ABL-free devices are shown as references. (c) Steady-state PL measurements of the
MAPbDI; after deposition of spiro-OMeTAD and ABL/spiro-OMeTAD. (d) Incident power conversiogiency measurements of the

various PSCs. The integrated current density of the curves is also shown on thgaight(red color).

PSCs exhibited a sigrant increase of PCE compared to QDs as ABL reached a PCE of only 14.40%, thus without
those without HTL (7.60%s3.01%). Also Mg®)Ds and f- improving the PV performance of the reference one. The
RGO individually enhanced the PV performance of the HTLincorporation of f-RGO remarkably increasesd,tloé the
free reference. In particular, MQ®s increased thi of the reference device up to 22.76 mAZcmeaching a PCE of
HTL-free reference from 10.33 mA°tio 15.52 mA cr, 18.64%. The enhancgdof the PSCs exploiting f-RGO and
while f-RGO boosted thg, of the HTL-free reference from MoS, QDs:f-RGO compared to the value obtained by both the
0.69 V to 0.81 V. The pow}, obtained by the Mg®)Ds is reference device and the one based on QDS as ABL is
ascribed to a current leakage in the absence of completiributed to the ecient charge collection in the presence of f-
coverage of the MARbkurface, leading to a charge RGO and MogQDs:f-RGO, respectively. Notably, the optical
recombination at the MARIAu interface, since the metallic absorption of the MgQDs:f-RGO-based PSCs does not
behavior of Au is not hole-selectié>® This drawback can show signcant dierences compared to that of the MoS
be overcome by hybridizing M&3Ds with f-RGO, whose QDs-based PSC, showing an increase of 8yand 8%
planar nature can provide apaive coverage of the MAPbl compared to f-RGO-based and reference PSCs, respectively
These data indicate that the individual components gf Mo§Figure SP Hysteresis phenomena, such as anomalous
QDs:f-RGO synergistically improve the PV performance of tliependence on the voltage scan direction/ratefr&rige,
cells. Although the measured PV performances are still lowmitage conditioning histdry, and device coguratiort
compared to PSC based on conventional HTLs, these resuttsuld aect thel SV measurement3?**’In order to exclude
are useful for the development of viable alternative HTLsuch eects, the PCE over time at the maximum power point
based on GRMs. was measured for a elient batch of cellsmigure S1Q

After these preliminary tests, M@Bs, f-RGO, and M@S  con rming that the MoSQDs:f-RGO improves the PSC
QDs:f-RGO were tested as ABLs between MARthIspiro- performance of the reference PSC. Forward and 1&xerse
OMeTAD. As shown by th8V curves of representative PSCs curves were also collected (see comparative results of the
in Figure B, the PV performance increased with the additiordi erent ABLs tested in the Bigure S1)] showing that the
of -RGO and MoSQDs:f-RGO as ABLs compared to the presence of M@SQDs:f-RGO as ABLs decreases the
reference device. Trehampion ceélusing MogQDs:f-RGO hysteresis phenomena compared to those of the other

reached a maximum PCE of 20.12%, af 1.11 V, &l of investigated PSCs, including the reference device adopting
22.81 mA crt, and an FF of 79.75%. The reference devicapiro-OMeTAD as HTL without ABL.
showed a PCE of 16.85%, withal.07 V, al.of 20.28 mA Steady-state PL measurements were performed to evaluate

cnt?, and an FF of 76.9%. The device using only the MoShe capability of the ABLs to extract the photogenerated holes
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Figure 6. Photovoltaic parameters measured at 1 sun with the relative standard deviation on 12 PSCs for the four investigated PSCs using
spiro-OMeTAD as HTL and MgQDs, f-RGO, and MoSQDs:f-RGO as ABLs: (al; (b) V,q (¢) FF; and (d) PCE. The average values
are indicated by a square J.

from the MAPhI In fact, the hole-extraction process hinderswithout spiro-OMeTAD is attributed to both the high WF
the radiative charge recombination in the absorber matevialues of the spiro-OMeTAD compared to those of ABLs,
al?3®24%which then shows a PL quenchig*? Figure & which assist the hole extraction, and the suppression of the
shows that the addition of ABL between MABMd spiro- contact between MARlaNnd Au, where charge recombination
OMeTAD suppressed the PL emission of MARhlantita- and/or chemical degradation of MARtain occuf™*

tively, the PL decreased by 49.5%, 51.9%, and 65.8% in th&he statistical P\Myures of merit (FOM) measured for each
presence of f-RGO, Mo®Ds, and Mos QDs:f-RGO, set of PSCs using spiro-OMeTAD as HTL and, @&, f-
respectively. This means that the ABLs can accelerate the h&®16&0, and MoSQDs:f-RGO as ABLs are reporteHigure 6
extraction dynamics at the photoelectroté? However|S in comparison with those obtained for ABL-free PSC (ref).
V measurements clearly show the need of -RGO to increabeble 1summarizes the PV FoM extracted byShecurves

the J,, indicating that other ects, such as the morphology of of the PSCs shown fiigure 6 These results demonstrate the
the ABL Ims, practically imence the PV performance of the reproducibility of the PV performance of the PSCs
PSCs. Incident power conversiogiency (IPCE) measure- incorporating the ABLs. In particular, PSCs using MoS
ments Figure 8) are consistent with tH8V ones. In fact, QDs:f-RGO exhibited an average PCE value of 48.86
they show that f-RGO and MoSDs-f-RGO increased the 0.72%, corresponding to an increase of 10.6% compared to the
IPCE in the 358750 nm range by5% and 7% compared reference device without ABL (average PCE =H10.08%).

to that of the reference device and the,\Mpi%-based PSCs, In addition to PCE, the long-term stability of PSCs is crucial
respectively. The trend of integrated current dedsity) (  for real application§> Although MAPhI revolutionized the
values calculated from IPCE data in th€880 nm range at  worldwide PV research in the last year, it is intrinsically
AM1.5G conditionJpcg(M0S, QDs:f-RGO) >Jpc(f-RGO) unstable due to its hydroscopicity and tendency to back-
> Jpcdref) > Jpce(M0oS, QDs) is in agreement with thgof convert into its precursars, hamely, Botd MAI, during

the di erent PSCs extrapolated by the correspomfivig — moisture®?°° oxygert,®2482555253 gnd light illumina-
curves. The improvemenigfand FF compared to the PSCs tion?*®248251254 exposure. In addition, MARBhdergoes a
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Table 1. Photovoltaic FOM Extracted by tH&V Curves of

the Best Performing Device and the Average PCE of Each
Type of PSCs Using spiro-OMeTAD as HTL and MoS
QDs, f-RGO, and MoSQDs:f-RGO as ABLs

Ve 1. . PCE average PCE

structure of PSC [V] [mA cn?] FF [%]  [%] [%]
spiro-OMeTAD 1.06 21.49 78.31 17.53 1%.0873
MoS, QDs/ 1.06 20.98 83.02 18.98 16t71.60

spiro-

OMeTAD
f-RGO/spiro- 1.07 22.49 80.61 19.34  18t10.96

OMeTAD
MoS, QDs:f- 111 22.81 79.75 20.12  18t76.72

RGO/spiro-

OMeTAD _ ~ Figure 7. Normalized PCE trendses time extracted byl Y,
®Average PCE on 12 devices for each type of PSC together with téiearacteristics under 1 SUN illumination, periodically acquired
standard error. during the shelf life test (ISOS-D-1) for the four PSCs.

phase transition from the tetragonal to cubic phas&4at

°C2°%257 3 temperature that can be reached during typicdn conclusion, solution-processed low-dimensional materials
solar cell operation, being incompatible with catitn can be designed and combined to improve baterecy and
requirement of solar moduleS4(585 °C temperature  Stability performances of PSasnterface engineering. These
rangef>’ This represents the major constraint for the marketesults, coupled with the availability of a wide library of 2D
breakthrough of this technoldd7>® So far, the chemical Materials, demonstrate that GIE is a powerful tool for boosting
engineering of the perovskite absorber elemental compositi®}¢ PV performance of PSCs. Moreover, 2D materials can be
has been proved to address the instability 8&t8&° A dl_rectly produced from costeetive and _enwronmentally
device lifetime close to market requiremes,500 h friendly solution-processed methbiem their bulk counter-

stability and >20% PCE, has been recently achieved B@s: . allowing inks W%%S%”'dem?‘”d (opto)electronic
formulating perovskites with mixed catibes,formamidi-  Properties to be formulated.”™ Solution-processed 2D
nium (FA), MA, and inorganic species (Cs oPRdj2One- materials can be deposited onewint substrates using

. . . . . 7 .
year stable PSCs were achieved by engineering an uItrastlﬁ}ﬁng“Shed printing/coating technicies order to be

; ted as functional layeeg,(charge transport layers
2D/3D (HOOC(CH,),;NH) Pbl/CH NHPbl; perovskite 1" -0/& =0 & Iay
junction® Despite this result, interface engineering of PS nd ABLS) into the PSC structur€sBy a deep exploitation

H H 99 s -
also aects their stability’°%°*°9253 since the dusion of df the potential cered by 2D materials," we "ad-hdt

elemental species such as iodine(l) and metal from theesigned MoSQDs anchored to the functional site of RGO
electrode materiale.g A or AG®) has been recently akes to eectively collect the photogenerated holes (as well as

; : . to block electrons) from MARMtbward the anode contact in
correlated with the degradation of interfaces and the decayrﬂfasoscopic architecture, reaching a maximum PCE value of
the PV propertiéS” In this context, the incorporation of 55 150, (average PCE of 18.8%). The use of 2D materials is
grapheneakes into mTiphas been demonstrated to increaseg s penesial for the stability increase of mesoscopic,
the chemical stability of overlying MAPBhich exhibited  jygicating the feasibility toward next-generation PSCs, which
higher crystalline quality compared to that of MAPDI expioit both GIE and eient and stable perovskite

deposited directly onto mTi0 and a freezed tetragonal chemistries, including mixed cation/halide and 2D perovskites.
phase regardless of the temper&tuka. active buer layer

based on GRMs improved the charge extraction process

compared to that of the ABL-free reference, preventing theproduction of Materials. Graphene oxide was synthesized from
degradation induced by the dsion of Au and graphite akes (Sigma-Aldrich, +100 mesF6% min) using a

|, 71-104231266267 Although it was not the goal of our work to modi ed Hummes method® Brie y, 1 g of graphite and 0.5 g of
overcome the intrinsic instability of MAPtie stability of =~ NaNG; (Sigma-Aldrich, reagent grade) were mixed, followed by the
the devices after encapsulation was measured in ISOS-Brgpwise addition of 25 mL of$0, (Sigma-Aldrich). After 4 h, 3 g
shelf life aging test prot(féa(Figure J. After a 1032 h aging of KMnQ, (Alpha Aesar, ACS 99%) was added slowly to the above

L solution, keeping the temperature & #vith the aid of an ice bath.
test, the ABL-based PSCs exhibited a decrease of PCE of mixture was let to react at room temperature overnight, and the

13.5%, 11.2%, and 8.8% for M@Bs-, f-RGO-, and MgS  resulting solution was diluted by adding 2 L of distilled water under

QDs:f-RGO-based PSCs, respectively. These reduced valtigsrous stirring. The sample whsred and rinsed with ,B.

are signicantly lower than the ones shown by the referencginally the sample was dried at @ ®vernight.

PSC without ABL (24.6%). Reduced graphl%qe oxide was produced by thermal reduction of the
The improved stability of the ABL-based PSCs compared fig-Produced G8"*"in a quartz tube (120 cm length and 25 mm

the reference PSC is ascribed to the surface passivation ofgg,sf diameter) passing through a three-zone split furnace (PSC

. . ; - --/600H, Lenton, UK). Experimentally, gaws were controlled
perovskite layer provided by the ABLS, which mitigate the hstream by an array of masw controliers (L479A, mks, USA).

migration from the MAPpInto the spiro-OMeTAD®and  Under a 100 sccmow of Ar/H, (90/10%), 100 mg of GO was
the formation of Au pathways from the metal electrode to thgeated to 100C for 20 min to remove the presence of water

MAPbg.270 residuals. Subsequently, a ramp SC2Mir~t was used to reach
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1000°C and stabilized at this temperature for 2 h. Finally, the ovedispersions onto a Si/Si®ubstrate (LDB Technologies Ltd.) and
was left to cool to room temperature. dried under vacuum.

The RGO was functionalized with MPTS (95%, Sigma-Aldrich) in Fourier-transform infrared spectroscopy was performed in a Bruker
an ethanol (absolute alcohol99.8%, without additive, Sigma- Vertex 70v (40@%00 cmi! range, 100 scans). The samples were
Aldrich) solution by reix at 6(°C for 15 h-®° For this reaction 250  prepared by drop casting MPTS, RGO, f-RGO, and QDSf-

L of MPTS was added per mg of RGO. After the synthesis, thRGO Ims on Bajsubstrates (IR grade, Crystran, IR open window
silane-functionalized RGO material was recovered by centrifugati4®00 to 600 cr).

(9000 rpm) and redispersed in ethanol (EtOH) by vortexing for a Ultraviolet photoelectron spectroscopy analysis was performed to
second centrifugation (9000 rpm) to remove unreacted silane. dstimate the Fermi energy levE}) (of the materials under
solvent-exchange prot&8§3°° was carried out to redisperse the f- investigation with the same equipment used for XPS and adopting
RGO in IPA at a concentration of 0.4 mgnL a He | (21.22 eV) discharge lamp. FEaavas measured from the

Molybdenum disutle quantum dots were produced through a threshold energy for the emission of secondary electrons during He |
one-step solvothermal method starting from Md®s, produced by  excitation. AS9.0 V bias was applied to the sample in order to
LPE“**of bulk Mo$ crystals in IPA followed by SB%.3In detail, precisely determine the low kinetic energy clitee samples were
30 mg of Mogbulk crystal (Sigma-Aldrich) was added to 50 mL of prepared by drop casting onto 50 nm Au-sputter-coated silicon
IPA and then ultrasonicated (Branson 5800 cleaner, Bransovafers.

Ultrasonics) for 8 h. The resulting dispersion was ultracentrifuged Fabrication of Solar Cells. The solar cells containing four
(Optima XE-90 ultracentrifuge, Beckman Coulter) for 15 min atevices were fabricated on laser-patterned glass/FTO substrates
270@ in order to separate the unexfoliated,Mo8tals (collected  (Pilkington, 8  >%), which were washed for 15 min with acetone,

as sediment) from the thinner MoSkes that remain in the ethanol, and deionized water in an ultrasonic bath, respectively.
supernatant. Then, the sample wasegl in air under stirring for 24 Furthermore, a compact 40 nm Fl@yer (c-TiQ) was deposited

h at 140°C. The resulting dispersion was subsequently ultraento the precleaned laser-patterned FTO glaspray pyrolysis
centrifuged for 30 min at 24§0@fterward, the supernatant was (450 °C) from a solution consisting of 0.16 M diisopropoxytitanium
collected, obtaining the MoQDs dispersion. By evaporating the bis(acetylacetonate) (Ti(AcAxand 0.4 M acetyl acetone (AcAc) in
solvent, a concentration of 0.2 mghwas obtained. ethanol. For the mesoporous Ji@-TiO,) layer, anatase TjO

The hybrid dispersion between Md3Ds and f-RGO was nanoparticle paste (30NRD, GreatCell SolarDyesol) was dissolved in
produced by mixing the as-produced component dispersions inethanol by stirring at a w/w ratio of 1:6. A mesoporous layer was
volume ratio of 1:1 (corresponding to a weight ratio of 1:2). Bydeposited onto c-Tilby spin-coating 14Q. of paste at 3000 rpm
evaporating the solvent, the concentration was doubled in order for 15 s and subsequently sintered at@8gor 30 min.
have the same amount of the material compared to the native Successively, a MAPpérovskite absorber layer was deposited by
dispersions. a solvent engineering method. Brigl7.76 mg mtt of Pb}, and

Characterization of Materials. Transmission electron micros- 247.56 mg mi! of CH;NH,l were dissolved in DMF/DMSO (8:1,
copy images were taken with a JEM 1011 (JEOL) TEM (thermionie/v) by stirring for 24 h at room temperature to obtain the perovskite-
W lament), operating at 100 kV. Morphological and statisticabased solution. A 7Q amount of the perovskite solution was spin
analysis was carried out by using ImageJ software (NIH) armmbated on the mesoporous layer with two-step spinrghd000
OriginPro 9.1 software (OriginLab), respectively. The statisticapm for 10 s and then 5000 rpm for 45 s. Just 34 s before the end of
analysis was performed on &Res from the dérent TEM images  the second spin-coating step, 0.7 mL of diethyl ether was dropped on
collected. The lateral dimension of eadte was calculated as the the substrates. Subsequently, the perovskite layer was treated with a
maximum Ferstdiameter. Samples for the TEM measurements wergouble-step annealing process, performed@tfé02 min and then
prepared by drop casting the material dispersions onto ultrathat 100°C for 10 min. After the heat treatment of the perovskite layer,
carbon-coated copper gridesed with deionized water and the 2D materials dispersed in IPA were deposited by automated
subsequently dried under vacuum overnight. spray-coating equipment (Aurel) onto the perovskite layer by using

Atomic force microscopy images were taken using a NanowizardM} ow (seeS|, for the spray parameter settifggire SI2 A 100
(JPK Instruments, Germany) mounted onto an Axio Observer D1L amount of the HTL material solution containing spiro-OMeTAD
(Carl Zeiss, Germany) inverted optical microscope. The AFM73.5 mg.mt!, Borun sublimed grade >99.8%) in chlorobenzene
measurements were carried out by using PPP-NCHR cantilevé8igma-Aldrich) doped with 26 of tertbutylpyridine (TBP, Sigma-
(Nanosensors, USA) with a nominal tip diameter of 10 nm. A drivéldrich, 96%), 16.6_ of lithium bis(triuoromethanesulfonyl)imide
frequency of 295 kHz was used. Intermittent contact mode AFM (Li-TFSI, Sigma-Aldrich, 99.95%) of stock solution (520 mg in 1 mL
images (51% 512 data points) of 2:62.5 m? were collected by  acetonitrile, Sigma-Aldrich), and 712 of cobalt(lll) complex
keeping the working set point above 70% of the free oscillatigolution (FK209 from Lumtec) was deposited by spin coating at 2000
amplitude. The scan rate for acquisition of images was 0.7 Hz. Heigpin for 20 s. Finally, 80 nm of Au counter electrode was deposited by
pro les were processed by using the JPK Data Processing softwsrmal evaporation in high-vacuum conditiort§ giifar). For the
(JPK Instruments, Germany), and the data were analyzed withelf life tests, the device were encapsulated following the protocol
OriginPro 9.1 software. Statistical analysis was carried out by meangrefiously reported in r28Q
Origin 9.1 software on multiple AFM images for each sample and Characterization of Solar Cells.Scanning electron microscopy
calculated on 50akes. The samples were prepared by drop-castingnalysis of solar cells was performed using a Helios Nanolab 600
the material dispersions onto mica sheets (G250-1, AgarcScientbDualBeam microscope (FEI Company) and 10 kV and 0.2 nA as
Ltd., Essex, U.K.) and dried under vacuum. measurement conditions. For the EDX spectra acquisition and

Optical absorption spectroscopy measurements were carried outamalysis on the solar cells we used the microscope combined with
material dispersions by using a Cary Varian 50®Vvi&JV  an X-Max detector and INCA system (Oxford Instruments) and 15
spectrometer. kV and 0.8 nA as measurement conditions. The samples were imaged

X-ray photoelectron spectroscopy characterization was carried atithout any metal coating or pretreatment. To evaluate the layered
on a Kratos Axis UltraDLD spectrometer, using a monochromatic Atack of the solar cell by cross section, the samples were prepared
K source (15 kV, 20 mA). The spectra were taken on>a 300 using focused ion beam coupled to the microscope.

m? area. Wide scans were collected with a constant pass energy dturrenBvoltage characteristics of masked and encapsulated
160 eV and an energy step of 1 eV. High-resolution spectra wetevices were acquired in air atmosphere by using a solar simulator
acquired at a constant pass energy of 10 eV and energy step of 0.1(8BET Sun 2000, class A) at AM1.5 and 100 m%¥itomination
The binding energy scale was referenced to the C 1s peak at 284.8@ditions, calibrated with a cexti reference Si cell (RERA
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