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Abstract: For over a decade, single-junction perovskite solar cells (PSCs) have experienced an
unprecedent increase in efficiencies and even offer opportunities to surpass the Shockley—Queisser
limit in multijunction configuration. There is consequently an intense need for easily processable
semi-transparent PSCs as a basis of affordable tandems. The current study reports the comparison
of negative-intrinsic-positive (NIP) and positive-intrinsic-negative (PIN) architectures based on
CH3;NH;3Pbl;{Cl}-based perovskite. Both devices could be prepared with the same N-type (SnO,
nanoparticles) and P-type (poly-triarylamine (PTAA) polymer) materials. Each layer (except for
electrodes) was deposited using solvent-based low temperature processes, contrasting with other
literature studies, especially SnO, for PIN-type purposes. A thorough experimental comparison
of the two architectures reveals rather similar optical and structural properties for perovskites,
whether deposited on an N- or P-type underlayer, with also comparable efficiencies in the final
devices. A compatible deposition process for sputtered indium tin oxide (ITO) as a semi-transparent
electrode was then performed for both architectures. Upon varying the illuminated devices’ side,
the semi-transparent cells exhibited different photocurrent behaviors, the magnitude of which
depended on the device’s architecture. In conclusion, despite slightly better efficiencies for the
semi-transparent NIP-type devices, the semi-transparent PIN-type counterparts also appear to be
optically attractive for (two-terminal) tandem applications.

Keywords: perovskite solar cell; semi-transparent; NIP; PIN; light direction dependence;
microstructure; photoluminescence; photovoltaic parameters

1. Introduction

ABXj perovskite materials as absorber layers have facilitated sensational growth in the photovoltaic
(PV) performance of solar cells [1]. These materials possess outstanding optoelectronic properties,
unexpected from low temperature solution process routes [2]. Their high defect tolerance [3] and
indirect bandgap features (almost direct with the Rashba effect [4]), combined with a weak exciton
binding energy at room temperature [5], induce low bulk and surface recombination [6,7], long carrier
diffusion lengths [8] and bipolar transport with high charge carrier mobilities [9]. Moreover, perovskite
materials exhibit high absorption coefficients and low sub-bandgap absorptions [10]. The sharp
absorption onset may be varied with the chemistry and processing conditions to tune the perovskite’s
bandgap within a wide range from 1.17 to 3.11 eV [11-15]. As a result, perovskite materials have
garnered great interest for tandem applications [16,17], especially with silicon cells [18-22], the main
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goal being to enhance the power conversion efficiency (PCE) even beyond the Shockley—Queisser
limit [23].

Perovskite solar cells (PSCs) may be manufactured following two different paths depending
on whether the electron transport layer (ETL) or the hole transport layer (HTL) is deposited first.
This leads to the so-called “standard architecture” (negative-intrinsic-positive, NIP-type) or “inverted
architecture” (positive-intrinsic-negative, PIN-type), respectively (Figure 1a). The former architecture
was first proposed in 2009 using titanium oxide (TiO;) as the ETL [24]. A PIN-type device was
published four years later in 2013 with the use of poly(3,4-ethylene dioxythiophene) doped with
poly(styrene-sulfonate) (PEDOT:PSS) as an organic HTL [25]. Today, both architectures can reach
high power conversion efficiencies (PCE) above 20-22% [26,27], but NIP-type PSCs have led to the
published record efficiencies for single-junction cells [26,28]. In comparison, typical efficiencies remain
significantly lower in PIN-type PSCs using similar perovskites [29]. This difference may result from
lower open-circuit voltage (Vo) for PIN-type PSCs due to the non-suitable doping state of the perovskite
near its N-type interface leading to a higher non-radiative recombination rate [30]. Very few authors
have tried to directly compare NIP- and PIN-type architectures using the same ETL and HTL. Often,
different ETLs and HTLs are preferred because they seem more suitable for a given architecture due
to their process compatibility or simply because they lead to higher PCE. That PCE race may hinder,
to some extent, the role of research by detracting from its fundamental goal to improve knowledge
and understanding. The study of C. Momblona et al. is different in this matter; they reported a direct
comparison and developed a comprehensive optimization of the two interfacial materials (organic small
molecules) for the two kinds of architectures [31]. As a result, they concluded that both architectures
lead to high efficiencies with the same elaboration process, particularly for the NIP-type cells due to a
higher V. and fill factor (FF). The observed difference may reside at the P-type interface where hole
extraction would be more hindered for the PIN-type architecture.
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Figure 1. Illustration of the stacks used in this study for both negative-intrinsic-positive (NIP) and
positive-intrinsic-negative (PIN) architectures: (a) reference opaque devices (NIP-O and PIN-O);
(b) their respective intermediary opaque (NIP-int and PIN-int) and semi-transparent devices (NIP-ST
and PIN-ST).

Despite this tendency, tandem applications combining perovskite and silicon indicate the opposite
trend: the highest tandem efficiencies reported in the literature are indeed for PIN-type PCSs [18].
The general explanation for this experimental observation is that PIN-type PSCs allow the reduction
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of parasitic absorption in the front metal contact, as compared to the standard architecture [20].
The fabrication order and the broad use of a thick HTL with high optical absorption for the P-type
contact in the NIP-type architecture appear to be mainly responsible for this [18]. Nonetheless,
PIN-type PSCs systematically include fullerene materials as ETLs [32] (because of their good affinity with
perovskites as a passivating layer [33]), which are also known to have a large parasitic absorption [18,20].
A thorough optimization of a tandem cell for high efficiency should therefore rely on the minimization
of the undesirable absorptions, especially from the illuminated tandem’s side. In other words,
there is a need for good control of the optical characteristics of the individual layers and their
combination [18,34]. Semi-transparent PSCs have become gradually more studied and published
in recent literature [19,21,22,35-39]. The authors reported PCEs between 9 and 17%, depending on
the illumination side and the materials used for the transparent conductive layers. This is thus of
interest to identify the most promising architecture and understand why the best tandem structures
have been reported with the PIN architecture, while the NIP architecture remains preferred in single
cell configurations.

The current work focuses on a direct comparison of planar PSCs using the two NIP- and PIN-type
architectures in a simple (limitation of the layers) configuration (Figure 1a) for an industrial scope.
Single undoped HTL and ETL layers were used, and the latter did not contain any fullerene materials,
even in the PIN-type architecture. The PSCs were first elaborated in an opaque configuration. Then,
semi-transparent (ST) devices were crafted, to estimate the potential interest for tandem applications.
The top transparent electrode was integrated with sputtered ITO (indium tin oxide) to favor normal
photon transmission as well as the lateral charge carriers’ transport (Figure 1b). ITO was deposited at
room temperature, entirely compatible with the perovskite materials. The quality of the ITO layer and
its compatibility depending on the PSC’s architecture was then tested using ]-V measurements, as was
the influence of the illumination side.

Tin oxide nanoparticles (np-SnO;) and poly-triarylamine polymer (PTAA) were selected for
their reported compatibilities with the perovskite interface, leading to efficient PSCs [19,20,40—43].
These materials are well-suited for low temperature processes and, thereby, for a tandem application
with silicon heterojunction cells. The solvents needed for both the ETL and HTL deposition processes
are also compatible with the perovskite layer. An optimized simple cation perovskite CH3NH;3Pbl;
(MAPbI3) derived from CH3NH3I:PbCl, (3:1) precursors [44] was used for this study, where the
presence of chlorine has been proved to enhance the perovskite layer’s properties [45].

For the ETL, SnO, has been reported to help to reduce the hysteresis, as compared to other materials
such as TiO, [46]. This results from the opportunity to control its Fermi level with proper thermal
annealing in air [47]. SnO, can also prevent the degradation of the perovskite layer with water and
temperature changes [48]. The choice of the PTAA polymer was guided by its privileged interface with
perovskite: the final setups generally present a very high V. combined with a good short-circuit current
density (Jsc), as compared to PEDOT:PSS [49]. PTAA has also been shown to favor the thermal stability
more than the commonly used N2,N2,N2’,N2’,N7,N7,N7’,N7’-octakis(4-methoxyphenyl)-9,9’-spirobi
[9H-fluorene]-2,2’,7,7'-tetramine (Spiro-OMeTAD) [50]. In addition, selected ETL and HTL exhibit
deep energy levels well aligned with the perovskite’s ones. This allows efficient charge carrier selection
at both interfaces of the perovskite layer (see Figure S1) [44,51,52]. Finally, these materials have
attractive optical properties and especially excellent transmittances in the infrared range (Figure
S2). This is crucial for tandem integration with low bandgap materials such as silicon. SnO, also
possesses excellent transmittance in the visible range, unlike PTAA, which absorbs significantly below
450 nm. As a result, the transport layer position within the stack (NIP- or PIN-type, Figure 1b) and the
illumination side should alter the optical behavior. Semi-transparent devices need excellent intrinsic
and interfacial optical properties of all the layers, to absorb as little light as possible, especially from
the illuminated side. For a monolithic perovskite tandem, this would be on the PSC’s rear face.

We have characterized the transparency and reflectivity of the interfacial contacts that surround
the perovskite layer in both selected NIP- and PIN-type architectures for an ST configuration.
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An illumination from the metal side of the PIN-type stack allows the effective avoidance of PTAA’s
parasitic absorption. Conversely, this lowers the transparencies when light comes first through this
HTL layer. It seems, therefore, important and relevant to investigate both architectures, particularly the
PIN one. After comparing the properties of the perovskite layers deposited on either np-SnO, or PTAA,
we will present J-V analyses of all the devices in the opaque configuration. Next, the semi-transparent
configuration will be evaluated, with a special attention to the effect of the illuminated devices’ side.

2. Materials and Methods

2.1. Materials

All the anhydrous solvents (e.g., dimethylformamide (DMF), chlorobenzene (CB) and toluene)
were purchased from Sigma Aldrich, as were PbCl, and PTAA. Methylammonium iodide (MAI)
was purchased either from Greatcell Solar Materials or Lumtec for the synthesis of the NIP- and
PIN-based perovskite precursor solutions, respectively. Np-SnO, (a dispersion of nanoparticles at
2.5 wt.% in butanols (20.7 mg.mL_l)) was purchased from Avantama (ref. N30). The gold and silver
used for metallic contacts were purchased from Neyco, and the ITO coated substrates (7 ()/square
resistivity), from Visiontek. An ITO target was purchased from JX Nippon Mining & Metals to realize
ITO deposition by sputtering.

2.2. Perovskite Precursor Solution Preparation

Before the preparation of the precursor solutions for both the NIP- and PIN-type architectures,
solutions of MAI in anhydrous DMF were made at a concentration of 4.84 M and stirred for at least 3 h
at room temperature. Then, the perovskite precursor solutions were made by mixing PbCl, in DMF
with the previous MAI solution so that the lead and iodide concentrations were, respectively, 0.86 M
and 2.66 M. These solutions were stirred for at least 4 h at room temperature.

2.3. NIP-Type Perovskite Solar Cell Preparation

ITO coated substrates were sonicated sequentially in acetone then in isopropanol and in deionized
water, and before the deposition of the first layer, these substrates were treated with UV-ozone for
30 min. The np-SnO, was deposited by spin coating (40 s/4000 rpm/1200 rpm.min~') using a PP
w/GMEF filter of 0.45 um; this layer (about 25 nm) was dried at 80 °C for 1 min right after depositionin a
glovebox and was then annealed at 220 °C for 20 min in air. The deposition of an approximately 225 nm
perovskite layer was performed in a glovebox by spin-coating (40 /4000 rpm/1200 rpm.min~!) using a
PTEFE filter of 0.45 um and was then annealed at 100 °C for 35 min. After the sample had cooled down,
about 38 nm of PTAA in solution at 10 mg.mL~! in chlorobenzene was deposited above the perovskite
by spin coating (40 s/1500 rpm/375 rpm.min~"!, then 30 s/2000 rpm/200 rpm.min~'). For opaque cells,
a 100 nm layer of gold was deposited by thermal evaporation. In the case of semi-transparent cells,
an ITO layer of 100 nm was directly deposited on PTAA by magnetron sputtering at room temperature
(Jusung apparatus).

2.4. PIN-Type Perovskite Solar Cell Preparation

ITO coated substrates were sonicated sequentially in acetone then in isopropanol and in
deionized water, and before the first deposition layer, these substrates were treated with UV-ozone for
30 min. About 45 nm of PTAA in solution at 10 mg.mL™! in toluene was deposited by spin-coating
(40 /2000 rpm/667 rpm.min~!) using a PTFE filter of 0.45 um and then dried at 110 °C for 10 min
right after deposition in a glovebox. The deposition of an approximately 280 nm perovskite layer
was performed in a glovebox by spin-coating (40 s/4000 rpm/1200 rpm.min~!) using a PTFE filter of
0.45 um and was then annealed at 100 °C for 30 min. After the samples were cooled down, 50 pL of
np-SnO; at 2.5 wt.% in butanols (20.8 mg.mL™}), previously filtered with a PP w/GMF filter of 0.45 um,
was deposited by dynamic spin-coating (40 s/2000 rpm) by means of an electronic pipette, leading to a
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thickness of about 50 nm. Dynamic spin-coating was chosen for minimizing the contact time between
the solvent of np-SnO; (butanols) and the perovskite. No drying or annealing was performed after
np-SnO; deposition. For opaque cells, a 100 nm layer of silver was deposited by thermal evaporation.
In the case of semi-transparent cells, an ITO layer of 100 nm was directly deposited on np-SnO, by
magnetron sputtering at room temperature (Jusung apparatus).

2.5. Characterizations

Photocurrent—voltage (J-V) curves were generated in a glovebox with a solar simulator (Newport
Oriel SP94043), calibrated by a silicon reference solar cell under a light intensity of 100 mW.cm 2.
A voltage sweep from 2.5 V to 0 V (in reverse scan) with a step of 0.075 V and with 20 ms of acquisition
time for each data point were the parameters used for the J-V measurements. All the UV-visible
characterizations were achieved in air by using a UV-visible spectrophotometer (UV-2600, Shimadzu,
Japan) with an integrated sphere. The characterized samples were only composed of the perovskite
layer and the underlying ETL or HTL (plus the glass/ITO substrate). X-ray diffraction (XRD) patterns
were collected in air using a diffractometer equipped with a cobalt X-ray source (A, = 0.178901 nm)
coupled to an INEL XRG-3000 generator and to an INEL CPS 120 curved detector, the resolution of
which was 0.3° in 26. The facility was calibrated with an Y,0O3 powder, and each XRD pattern was
acquired for 90 min. The thicknesses were estimated with a profilometer (D500, KLA Tencor, Milpitas,
CA, USA) after scratching layers and by using the following parameters: a speed of 0.05 mm.s~*,
an equivalent strength of 1 mg, and 10 um as the chosen range. Photoluminescence (PL) spectra
were obtained with a fluorescence spectrophotometer (F-4500 FL, Hitachi, Japan) with an excitation
wavelength at 550 nm and a speed sweep of 1200 nm.min~!. A set of two filters was used for removing
20 harmonics and instrumental artifacts: one low-pass filter at 575 nm upstream and one high-pass
filter at 600 nm downstream. The PL curves shown here are raw PL curves smoothed by using a
Gaussian fit. As the previous characterizations performed in air, the samples were hermetically sealed
in aluminum packets in a glovebox to minimize the air contact with perovskite layers and were
opened a few moments before characterizing the samples. Centrifugation of the np-5nO, solution was
performed with a Sigma 3-30 KHS apparatus facility and polycarbonate vials. The rotation speed was
12,000 rpm for a duration of 30 min. Nuclear magnetic resonance analyses were performed using a
Bruker Avance IIl/Ultrashield Plus 400 MHz spectrometer equipped with a 5 mm PABBO broadband
probe. The presented 'H-spectrum was generated using deuterated methanol (CD;0D) as the solvent,
and 640 scans were collected. The spectrum was calibrated using a tetramethylsilane reference, and the
chemical shifts are expressed in parts per million (ppm).

3. Results and Discussion

3.1. NIP- and PIN-Based Perovskite Layers

A comparison of the perovskite layers was performed depending on the sublayer nature (np-SnO,
or PTAA). An optical characterization with a UV-visible spectrophotometer and the corresponding
absorption spectra are shown in Figure 2a. The two cases led to very close onsets in the absorption. As a
result, very similar optical bandgaps at 1.62 eV were obtained by the Tauc plot method (Figure S3 and
Table S1). These are a bit larger than the values reported for MAPbI; [13] but closer to the ones related
to chlorine-doped perovskite [43,45,53]. However, using the same deposition protocol, the perovskite
layer deposited on PTAA is found to be thicker than that deposited on np-SnO, (280 nm against
225 nm as determined experimentally with a profilometer). This leads to a lower absorption coefficient
being observed for the former (see Figure S4). Thus, a variation between the two architectures in the
perovskite layer’s density and morphology might be deduced. In addition, different absorbances can
be observed below 500 nm (Figure 2a), the magnitude of which increases for shorter wavelengths. As a
low coverage ratio for a perovskite layer would flatten its absorption shape in this spectral range with a
similar trend [54], different coverage ratios between NIP- and PIN-type perovskite layers could induce
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such a difference in absorbance. Lower coverage can happen especially when the underlying layer
is hydrophobic (such as PTAA), leading to a poor wettability for the perovskite precursor solution
upon it [55-57]. Macroscopic holes within the perovskite layer can even be found as illustrated in
Figure S5a. The few corresponding devices were removed from the result statements. It was then
possible to observe more pronounced pinholes in the case of the PIN-type architecture according to
pictures from scanning electron microscopy (SEM) (see Figure S5b,c). However, this difference remains
mild and may not on its own explain the large difference observed in the absorbance spectra. It should
also be ascribed to changes in the perovskite composition. Pure MAPbI3 does not possess a transition
corresponding to the 400 nm observed band [58], but some plausible species can absorb in this spectral
region, e.g., the chlorinated perovskite (MAPbCls, onset around 400 nm) [59] and perhaps residual
Pbl3~ and PbI4?~ complexes (365 and 420 nm) [60].

@ MAPbL{Cl} NIP

—NIP ]
PIN ~ 100 ® MAPbCL{I}
4 S
o 104
@ =
[ 7} 14
% c
B 2 ; , ; ; :
S = PIN
2 2 T 1004
< N
© ]
] g 10
[s)
zZ 14
0 e o o n @ = e n [ |
300 400 500 600 700 800 900 1000 10 15 20 25 30 35 40
Wavelength (nm) Angle 260 (°) [Copper]
(a) (b)

Figure 2. (a) Absorbance spectra and (b) XRD patterns of the half-cells in the NIP- and PIN-type
architectures, i.e., only composed of the perovskite layers grown on np-SnO, (dark red) and on
poly-triarylamine polymer (PTAA) (light blue), respectively.

The two perovskite layers were further characterized with X-ray diffraction (XRD) to better
understand their crystalline structure. The diffractograms (see Figure 2b) reveal three different
crystalline phases for both NIP- and PIN-based perovskite layers. A first diffraction peak (located
here at 26 = 12.7°) could be associated with the lead iodide (Pbl,) phase. This phase might be useful
for reducing the grain boundary passivation [61,62]. The main two other phases are an iodide-rich
perovskite phase (peak at 14.2°) and a chloride-rich perovskite phase (15.7°). The iodide-rich phase
corresponds to the desired MAPbI; perovskite. Controversy remains on its exact chemical composition,
as the Cl from the precursor solution [45] may or may not take part in the MAPbI; perovskite’s
lattice [63]. Some studies have argued in favor of the intercalation of a small amount of chloride
atoms within the lattice (resulting in the MAPbI;_,Cly notation) [45,64]. Conversely, others have
stated that it remains outside the MAPDI5 crystals [65,66] and the perovskite layer [67], at least in the
near-surface regions [68]. We thus decided to use the following notation: MAPbI3{Cl}. In addition,
Figure S6 supports the idea that in a planar structure, MAPbI3{Cl} crystallizes in a tetragonal phase, in
accordance with the literature [63,66]. The addition of chlorine also influences the orientation of the
perovskite crystallization along the lattice plane (hh0): a double diffraction peak may thus be observed
around 14.2° and 28.5° (see Figure S6a,b), corresponding to two different crystalline orientations of
the tetragonal phase, (00l) and (hh0) [66]. The latter is, here, the preferred orientation for both NIP-
and PIN-type architectures. On another note, the observable chloride-rich phase is usually associated
with MAPbCl; [69]. In any case, a huge part of Cl is known to be eliminated from the perovskite layer
by the evaporation of the MACI compound during the thermal annealing step, but K. H. Stone et al.
revealed that the “PbCl,-derived MAPbI3” formation process occurs from an intermediary compound
whose chemical composition was identified to be MA;PbI3Cl. The latter possesses a diffraction ray
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close to that of the MAPbCl; perovskite (15.4° versus 15.65° [70], respectively). This newly discovered
compound may thus also be present in our perovskite layers. However, according to our diffraction
ray position (15.7°), our phase appears to be mostly composed of MAPbCl;, hereinafter noted as
MAPDbCls{I}.

According to Figure 2b, the two perovskites (NIP- and PIN-based) have very similar structural
properties with rather close crystalline proportions. Thus, even if slight variations in the crystalline
proportions can be noticed, indicating a slightly higher amount of the MAPbCl5{I} phase for the PIN-type
architecture (6.7% against 4.3%, see Table S2), this does not seem to explain the major differences
observed in the absorption for short wavelengths (Figure 2a). Consequently, the above-mentioned
difference in optical properties would likely result from the different perovskite layer’s overall
density, supported by the fact that more pinholes were observed in the SEM images at the PIN-based
perovskite’s surface.

3.2. Comparison of NIP- and PIN-Type Opaque PSCs

The previous characterizations suggest that the perovskite layers in both architectures are quite
comparable. J-V acquisitions were then completed in the opaque configuration (without the ITO
integration); see NIP-O and PIN-O in Figure 1a. The average results are gathered in Table 1. This set
of data was recorded with a shadow mask to best delimitate the illuminated cell’s area (0.131 cm?).
Typical ]-V curves are displayed in Figure S7a, as are their hysteresis behaviors according to reverse and
forward scans (Figure S7b,c). The NIP-O cells have a similar, although slightly better, PCE as compared
to the PIN-O cells (10.4% vs. 8.8%). The most noticeable difference between the two architectures is in
the FF (63.6 + 4.1% vs. 54.5 + 3.4%, respectively). The larger FF for the NIP-O devices could result from
better electrical contacts correlating with a lower resistivity in this architecture (see Table 1). This may
originate at the interface between the np-SnO, and the perovskite layer in the PIN-type devices because
the SnO, nanoparticles have merely been “dropped” onto the perovskite layer. This could lead to a
non-optimized contact, as compared to a more implemented contact for the NIP-type architecture,
where the perovskite conforms to the np-SnO; surface. Furthermore, we can notice that both the
NIP and PIN architectures possesses an important J-V curve hysteresis (Figure S7b,c), which is more
pronounced in the case of PIN devices in accordance with a Ry increase and FF decrease (Table 1).
A charge accumulation at the interface(s) should be responsible for the hysteresis responses of the
devices. According to the literature [71], it seems that this could originate from SnO,, which is well
known to give such hysteresis. Proposed alternatives consist of either incorporating an additional
layer, e.g., PCBM [72,73], or doping [71,74]. Regarding the more pronounced hysteresis in the PIN-type
architecture, this should be related to the same reason as the one mentioned above for the FF decrease.
In addition, the lower Js. measured for the PIN-type cells (18.8 + 1.1 mA.cm™2 vs. 18.0 + 0.4 mA.cm~2)
likely resulted from the larger absorption of PTAA compared to SnO,. The actual amount of light
reaching the active layer would thereby have been decreased.

Table 1. ]-V results (averages) measured in reverse scan mode with an illuminated area of 0.131 cm? for
NIP- and PIN-type opaque perovskite solar cells (PSCs) (the values in brackets are the J-V performance
of the champion cells). J-V results are given for campaigns of about twenty cells in total for each
architecture. (Ro. is the equivalent resistance determined at V).

Devices Voc (V) Jsc (mA.cm~2) FF (%) PCE (%) Roc (Q.cm?)
NIP-O 0.871 +£0.018 (0.892) 188 +1.1(19.5) 63.6+4.1(68.5) 10.4+0.8(11.9) 9.6 +1.7(8.4)
PIN-O 0.902 +0.023 (0.918)  18.0+0.4(19.0) 54.5+3.4(565) 8.8 +0.6(9.9) 13.7 + 2.7 (9.9)

As for the V., the PIN-O cells were found to be significantly better (0.902 + 0.023 V vs.
0.871 + 0.018 V). This was rather surprising considering the use of the same ETL and HTL for
the two architectures as well as the tendency reported in the literature [30] and the previously
mentioned direct comparison made by C. Momblona et al. [31]. To elucidate this phenomenon,
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the perovskites” photoluminescence was measured. PL was determined both before and after the
deposition of the second charge carrier transport layer: PTAA in the NIP-type and np-SnO; in the
PIN-type architecture. Further tests were conducted with the sole addition of the solvents used to
deposit the last layer (chlorobenzene and butanols, respectively). The latter measurements were
performed to detect the potential effect of the solvent on the previous layer. The corresponding
PL spectra are displayed in Figure 3 and show no PL modification before and after spin-coating
the pure solvent on the perovskite, regardless of the architecture. On the other hand, surprising
antagonistic PL behaviors were found by comparing the NIP- and PIN-type architectures: the PL
intensity was quenched after PTAA deposition (NIP case, see Figure 3a) whereas it increased after
np-SnO; deposition (PIN case, Figure 3b). A quenching phenomenon is more likely to be compatible
with usual cases, and it is often argued that the decrease in PL intensity comes from charge carrier
extraction because of the deposition of an additional extracting layer [75,76]. In our case, the PL
acquisitions were performed at V., which means that charge carriers could not leave the characterized
system [77] but still be transferred to the extracting layer(s). However, charge carrier extraction is very
fast (dozens of nanoseconds) [78] when compared to our PL acquisitions’ timescale (few seconds) and
therefore might not be observed. Consequently, since defects lead to non-radiative recombination,
it is believed, here, that more trap-assisted defects contribute to the PL quenching as observed for the
NIP case (Figure 3a). An increase in the defect number after interfacial layer deposition is reported
to be the usual tendency [79]. By contrast, a PL increase, as observed for the PIN-type architecture
(see Figure 3b), would result in lower trap-assisted defects. This could come from a passivation,
for instance, the latter of which also leads to an increase in V. [78]. We believe that such a passivating
effect may likely happen in the PIN-type devices since it would explain the observation of both PL
and V. enhancements. Indeed, it was found that the dispersive agent (the exact chemical formula
of which remains unknown) used in the np-SnO, commercial solution does increase the PL intensity
(see Figure S8a). The dispersing agent (within the alcohol mixture) was able to be separated from
np-SnO; by centrifugation (Figure S8b) and was then characterized by NMR after eliminating the
solvent. As a result, the NMR spectra (displayed in Figure S8c) reveal amide and siloxane functions
for the surfactant(s). Particularly, amide functions have been reported in the literature to possess
a passivating property related to their Lewis base feature [80], a category of chemical functions
known to passivate perovskite materials [81]. This is an interesting result since it would mean that
nanoparticle dispersions could also be customized with a functionalized surfactant to further improve
PSCs, for instance.

40 40
——G/ITO/Sn0,/ MAPI ——G/ITO / PTAA / MAPI
G/ITO /SN0, / MAPI (CB) G/ITO / PTAA / MAPI (butanols)
N N G/ITO / PTAA / MAPI/ SnO
30d----- G/ITO/Sn0O, / MAPI/ PTAA 30 2
= 3 .
s < /
2 204 2 04
2 2
2 2
£ =
10 4
0 pomres . PR P 0 P . T
600 650 700 750 800 850 900 600 650 700 750 800 850 900
Wavelength (nm) Wavelength (nm)
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Figure 3. Photoluminescence (PL) spectra of the CH3NH;3Pbl; (MAPI) perovskite obtained from
(a) NIP- and (b) PIN-type architectures with three different conditions: stacks up to the perovskite layer,
the same stacks above which the n + 1 film was deposited (PTAA for NIP and np-SnO, for PIN), and,
finally, stacks above which only the respective solvent of the corresponding solutions was spin-coated
but without any PTAA and np-SnO,.
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3.3. Integration of Transparent ITO Electrode in NIP- and PIN-Type Architectures

The integration of the sputtered ITO deposited at room temperature was realized to manufacture
semi-transparent PSCs in NIP- and PIN-type architectures. Two distinct devices were first prepared
for the two architectures, as illustrated in Figure 1b (see also the photographs in Figure 4a,b). So-called
“intermediate cells” were processed: they remained opaque (NIP-int and PIN-int) but included the
ITO layer. These cells were used to estimate the compatibility of ITO with the NIP- and PIN-type
architectures. Finally, ST devices were made combining this ITO and an openwork metal contact
(NIP-ST and PIN-ST). Shadow masks (aperture of 0.131 cm?) were used to avoid potential changes in
the illuminated active area, granting a better comparison of all the devices (especially for Js), regardless
of the illumination side.

!J N
n 9]
:
NIP-O \JII’ int NIP-ST PIN-O I’I'\I 1nt PIN-ST
(a)
25 25
——NIP-O ——PIN-O
NIP-int 20 PIN-int
-+-- NIP-ST-bot --+-- PIN-ST-bot
- -- NIP-ST-top 15 fos=0ssgzago --<-- PIN-ST-top
g = 10 4
< o
£ <
= £ 59
- —»3 0
54 54
10 0.131 cr**l"w : | | “ . 10 (0.131 :“wl' : : :
0.0 0.2 0.4 0.6 0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 12
Voltage (V) Voltage (V)
(c) (d)

Figure 4. Pictures of (a) NIP- and (b) PIN-type perovskite devices in the three different configurations
for both architectures—opaque, intermediate and semi-transparent cells (from left to right)—and
(c,d) their respective J-V curves (“-bot” and “-top” abbreviations stand for an illumination from glass

and an illumination from a metal contact, respectively).

Figure 4c,d displays the ]-V curves of the cells with the best -V performances for each NIP- and
PIN-type cell. The average ]-V data extracted from all the cells are gathered in Table S3 (NIP) and
Table 54 (PIN) and are, here, graphically summarized in Figure 5. The very similar behaviors within
both the NIP-int and PIN-int devices as compared to the NIP-O and PIN-O devices was first striking to
note. In other words, for the two architectures, the ITO addition is relatively well tolerated according
to the results obtained from the intermediate cells (Figures 4 and 5). This indicates that both PTAA
polymer and the nanoparticles of SnO, act, to some extent, as a protective layer for the sputtering
conditions. This may seem surprising for the latter since a nanoparticle layer is non-dense by nature as
compared to the oxide layer usually deposited by atomic layer deposition (ALD), for instance [21].
A small degradation in J is, however, evidenced after ITO integration for the NIP-type architecture
(from 18.8 + 1.1 mA.cm 2 to 17.1 + 1.4 mA.cm ™2, on average), as well as for the PIN-type one, but with
a lower magnitude in that case (from 18.0 + 0.4 mA.cm™2 to 17.7 + 0.4 mA.cm™2, on average).
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Figure 5. Averages and standard deviations of J-V data: (a) PCE; (b) Voc; (c) Jsc; (d) FF for NIP-
(dark red) and PIN-type (light blue) PSCs of each kind (opaque, intermediate and semi-transparent cells)
as well as depending on the illuminated side (“-bot” and “-top” for glass and metal side, respectively).
Measurements were done in reverse scan mode with an illuminated area of 0.131 cm?, and J-V results
for both NIP- and PIN-type architectures are given for campaigns of about ten cells in total for each
device type with indium tin oxide (ITO) and about twenty cells in total without ITO.

The previously observed differences between the NIP- and PIN-type architectures in an opaque
configuration and the interpretations described in the previous section are still valid for intermediate
and semi-transparent devices, especially for FF and V.. The additional noticeable diminution of
Voc between the opaque and ITO-based configurations is a measurement artifact due to the use of a
shadow mask. In the latter case, the surface collection of charge carriers is governed by the ITO film’s
surface coverage (about 0.91 cm?) and not by the metal electrode’s one. Thus, the amount of induced
shading [82] increases with the addition of the ITO layer. A constant V. measured without the mask
(see Table S5) confirmed that the sputtered ITO layer does not alter the energy alignment and thereby
the V. In addition, while no significant impact of ITO integration was detected on the FF value for
the NIP devices, a slight drop was observed for the PIN-int devices (FF around 52.0 + 2.7% instead
of 54.5 + 3.4%), and the strongest one, for the PIN-ST devices (FF around 49.9 + 4.7%, on average).
This resulted from several parameters. First, the layers prepared from nanoparticle dispersion (SnO5)
tend to develop non-optimized interfaces (whether with perovskite or ITO). Then, the annealing step
to improve these interfaces degraded the overall performances in the PIN (not NIP) architecture and
was thus not applied for PIN. Finally, fully semi-transparent NIP- and PIN-type devices required the
substitution of the electrical contacts. We replaced the opaque metal with an openwork one. As a
result, the charge carriers should circulate laterally within the ITO layer before being collected by the
metal. This causes an increase in the series resistance in the PIN-ST configurations (see Tables S3 and
S4). This resistance combined with the SnO, upper layer results in a significant reduction in FF for
ST-PIN devices.

Consequently, even if the sputtering parameters result from a thorough optimization, further
improvements in ITO deposition could still be made to avoid possible electrical mismatches within
the stacks. Finely controlling the process parameters of the sputtered ITO is indeed key for achieving
increased deposited layers and interface qualities, as well as maximizing optical harvesting by
optimizing the thickness. It still remains that the best efficiencies obtained for the NIP- and PIN-type
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opaque architectures without and with ITO integration are rather close to one another (from 11.9% to
11.1% and from 9.9% to 8.8% for the NIP- and PIN-type architectures, respectively). The absence of
metal coverage within the cell’s illuminated area also leads to a notable reduction in Js. of more than
2 mA.cm~2 with the two architectures (Figure 5c and Tables S3 and S4). The suppression of the metal
contact’s mirror effect and the relatively thin perovskite layers (<300 nm), which should be at least
400 nm thick in order to absorb the whole incident luminous flux in the first pass [83], are responsible
for this trend. Consequently, partial metal contact involves a decrease in PCE mainly due to these
optical losses. This PCE decrease is emphasized in the case of PIN-type cells due to the previously
described series resistance.

Focusing on the illumination side, some differences were observed regarding the NIP-ST and
PIN-ST devices’ behaviors. A Js. fall (1.8 mA.cm ™2 losses) occurs when the light direction is changed
from the glass side (“-bot”) to metal side (“-top”) in the case of NIP-ST devices (see Figures 4c
and 5c), while no significant variations (0.2 mA.cm ™2 losses) were noticed in the case of PIN-ST
cells (see Figures 4d and 5c). This illumination direction dependence originates from the optical
properties and transparencies of the glass side and the metal side of the two architectures. Different
absorptions between the PTAA and SnO, materials, their location within the stack (glass or metal
side), and differences in the reflection magnitude (air—glass or air-ITO interfaces, as seen in Figure
S9a) are cumulative factors implying such a trend. Calculations (using Equation (1)) of the current
losses estimated from the transmittances of the four possible operating configurations using the two
developed semi-transparent devices (as displayed in Figure 6) are gathered in Table 2 to support

this statement.
A2

s = —g ) (1=T(A)) * pann5(A) +dA 6)

where g is the elementary charge (C), A is the wavelength (nm), and ¢ 4115 is the air mass 1.5 (AM1.5)
spectral flux (photons.m‘z.s‘l.nm‘l) obtained from the National Renewable Energy Laboratory [84].
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Figure 6. (a) Transmittance and (b) reflectance curves of the layers that surround the perovskite
layer depending on the PSC’s architecture (NIP or PIN) and the illumination side (glass side or
metal/ITO side), and (c) the corresponding areas integrated beneath these transmittance curves within
the perovskite absorption range (300-765 nm).

Table 2. Calculated current (Js) losses estimated from transmittance measurements (Figure 6) depending
on the side of illumination in both NIP- and PIN-type architectures.

NIP-ST Stack PIN-ST Stack
(Estimated Jsc losses (mA.cm™2))
Metal side
(top side) 5.10 4.62
Glass side
(bot side) 391 4.96
Difference _118 +0.34

(from glass to metal side)
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Figure 6a,b presents the transparency and reflectivity of the interfacial contacts that surround the
perovskite layer in both the selected NIP- and PIN-type architectures for an ST configuration. The glass
side illumination for the NIP-type architecture leads to a higher transparency in the perovskite’s
absorption range compared to the other ones (regardless of the architecture). The metal side illumination
for the PIN-type architecture also shows a good transparency (Figure 6¢). Integrations were performed
within the interval of 300 nm (A1) and 765 nm (A,), which is the overall perovskite’s absorption spectral
range. Such an illumination from the metal side of the PIN-type stack allows the effective avoidance of
the PTAA’s parasitic absorption.

These calculations remain a first order approximation, mainly because they do not consider the
multiple reflections within the ST device’s stack. Nevertheless, the calculation of the optical losses from
the electrode to glass side within the same device architecture indicates a loss of about 1.2 mA.cm =2 with
the NIP-ST condition, in fair agreement with the experimental observation of 1.8 mA.cm™2. In addition,
aslight gain close to 0.3 mA.cm~2 is calculated for PIN-ST condition, which also compares relatively well
with the small drop in Js. obtained from the J-V measurements (0.2 mA.cm~2). Even if this simulation
seems to underestimate the real losses determined from J-V acquisitions, it provides both the right
tendency and the proper order of magnitude for the amplitude of variations. A good method to enhance
the light collection and thereby the photon—electron conversion could be to add an anti-reflection layer.
This method would be especially efficient upon the ITO layer (metal side illumination) since higher
reflection can be measured from the metal side than the glass side in the whole device (see Figure
S9a). As a result, the PIN-type semi-transparent devices retained equivalent PCEs regardless of the
illumination side (5.9% on average, and 6.6% and 6.7% for champion cells), whereas the NIP-type
devices demonstrated a drop in their efficiency from 9.3% to 7.6% for champion cells (from 7.5% to 7.0%
on average) when switching from bottom to top illumination (see Figure 5 and Tables S3 and S4). Thus,
for top-side illumination compatible with tandem application, NIP-ST cells remain, in absolute terms,
more efficient than PIN-ST cells, even if they possess an intrinsic illumination direction dependence in
terms of their efficiency. Nonetheless, the PIN-ST devices yielded better Js. than the NIP-ST devices,
especially with metal side illumination (higher Js. of around 2 mA.cm™2
of interest for monolithic tandem applications since the current matching between the two tandem’s
sub-cells must be maximized to obtain the highest tandem efficiency. Moreover, both the NIP-ST and
PIN-ST devices allowed a similar average transmission of about 60% over the 765-1100 nm range
(Figure S9b and Table S6), which would correspond to the luminous part available for a bottom sub-cell
such as silicon (estimated range: from silicon’s absorption onset, about 1100 nm [85], to perovskite’s
one, about 765 nm, as determined here). Therefore, the semi-transparent PIN-type architecture could
also have suitable behavior for two-terminal tandem applications.

on average). This point is

4. Conclusions

PSCs in both NIP- and PIN-type architectures were elaborated using the same single ETL
(np-SnO,) and HTL (PTAA). All the layer depositions could be achieved with an easy-to-scale-up
spin-coating process. The resulting perovskite layers” properties were probed in depth for the two
underlying layers. They are optically and microstructurally close to one another, despite a surprising
antagonistic PL behavior after the deposition of the transport top layer. The NIP-O and PIN-O
reference devices also exhibit analogous efficiencies. The higher FFs observed for NIP-type cells
were partly counterbalanced by the systematical higher V. for the PIN-type cells. The difference in
Voc may be related to the uncommon PL behavior, from which a passivation of the perovskite was
detected, involving the dispersing agent employed in the np-SnO, solution. These results pave the
way for new methods to process solar cells: two steps at once, combining interfacial nanoparticle
layer deposition and system modification (passivation, energy level alignment, surface doping etc.)
through a functionalized dispersing agent. In addition, sputtered ITO top-layers were successfully
integrated at room temperature as transparent electrodes. This could be done, after optimization, with a
relatively low influence on the performance. As a result, this ITO deposition seems to be compatible
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with perovskites covered by a polymer layer (PTAA) and even those covered by a SnO; nanoparticle
layer implemented using a solution process. This sets the current study apart from the published
literature. Upon switching from opaque to semi-transparent PSCs, significant PCE reductions were
observed in both architectures. They mainly result from the optical losses related to the absence of
the metallic contact’s mirror effect. We also showed by J-V acquisitions that NIP-ST devices present
a qualitatively different behavior (especially for Js) to their PIN-ST counterparts, depending on the
illumination direction. These differences could be satisfactorily quantified with a 1D model of the
optical losses, from the transmittance measurements. Even if the NIP-ST devices remain more efficient
than their PIN-ST counterparts (with better FFs), the latter still exhibit higher Js. and better optical
properties when illuminated from the metal side. They could therefore be more desirable for monolithic
tandem applications.

One should also note that, regardless of the architectures, all the presented devices show
efficiencies lower than those of the best cells reported in the current publications. The main goal of the
current study was to try and enable some understanding of the mechanisms responsible for the best
photovoltaic effects. Additional optimizations such as increasing the perovskite thickness and adding
an anti-reflection foil to harvest more photons would be useful. Moreover, modifying our interfacial
layers to improve the devices’ electrical features, as well as enhancing the charge extraction at interfaces
with perovskite by interface engineering, are future ideas to investigate. Lastly, efforts have also to be
focused on expanding this study to mixed-cation and halide perovskites, which generally enable higher
efficiencies and stabilities as well as more suitable bandgaps for tandem applications with silicon.

Supplementary Materials: Following supplementary materials are available online at http://www.mdpi.com/
1996-1073/13/15/3794/s1. Figure S1. Energy levels of the materials used in both NIP-type and PIN-type stacks.
Figure S2. Transmittance curves of PTAA, np-SnO, and the sputtered ITO used in this study. Figure S3. Tauc plot
method applied on absorbance spectra of our NIP (a) and PIN (b) samples in order to determine their respective
optical bandgap. Figure S4. Perovskite’s absorption coefficient of NIP- and PIN-type structures. Figure S5.
(a) Photography of two PIN samples on which the yellow circles point out several regions with no perovskite
deposited on PTAA film due to low wettability of the perovskite precursor solution on PTAA; SEM images of
the perovskite layers from NIP-type structure (b) and PIN-type structure (c). Figure S6. Focus on the (a) first
order and (b) second order diffraction peaks of MAPbI; phase revealing the two orientations of MAPbI3{Cl}
along (001) and (hh0). Figure S7. (a) Typical J-V curves of NIP-O devices and PIN-O devices measured in reverse
scan; and hysteresis behaviors of (b) NIP-O and (c) PIN-O devices. Figure S8. (a) Normalized PL intensities
of the perovskite layer deposited on PTAA film (PIN-type stack) before and after spin-coating of the extracted
SnO, solvent; (b) centrifugation vial showing the extracted solvent fraction; (c) IH-NMR spectrum of the residue
obtained from the extracted solvent fraction after smooth evaporation using a vacuum rotary evaporator. Figure S9.
(a) Reflectance curves of the NIP-ST device and PIN-ST device depending on measurements made either on glass
side or metal side; and (b) transmittance curves of the same NIP- and PIN-type devices with their corresponding
metal side reflectance curves. Table S1. Synthesis of the calculated results obtained from the linear regression of
Tauc plot method curves’ linear region. Table S2. Crystalline proportions of crystalline phases within the NIP-
and PIN-type perovskite layers. Tables S3 & S4. J-V results achieved in reverse scan with an illuminated area of
0.131 cm? for respectively NIP and PIN-type perovskite solar cells. Table S5. Vo, variations depending on whether
the shadow mask is employed or not for NIP- and PIN-type structures with and without ITO. Table S6. Average
transparency in the near-IR and visible regions for the NIP-ST device and the PIN-ST device.
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