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ABSTRACT: Operational stability of perovskite solar cells (PSCs) is rapidly becoming one of the
pressing bottlenecks for their upscaling and integration of such promising photovoltaic technology.
Instability of the hole transport layer (HTL) has been considered as one of the potential origins of short
life-time of the PSCs. In this work, by varying the molecular weight (MW) of doped
poly(triarylamine)(PTAA) HTL, we improved by one order of magnitude the charge mobility inside the
HTL and the charge transfer at the perovskite/HTL interface. We demonstrate that this occurs via the
enhancement of polaron delocalization on the polymeric chains through the combined effect of doping
strategy and MW tuning. By using high MW PTAA doped combining three different dopant, we
demonstrate stable PSCs with typical power conversion efficiencies above 20%, retain more than 90%
of the initial efficiency after 1080 hours thermal stress at 85 ° C and 87% of initial efficiency after 160
hours exposure against 1 sun light soaking. By using this doping-MW strategy, we realized perovskite
solar modules with an efficiency of 17% on an active area of 43 cm?, keeping above 90% of the initial
efficiency after 800 hours thermal stress at 85 ° C. These results, obtained in ambient conditions, pave
the way toward the industrialization of PSC-based photovoltaic technology.

1. Introduction

Although perovskite solar cells (PSCs) have reached a record Power Conversion Efficiency (PCE) of
25.5%,[1] the research activity to improve the long-term stability and reliability of this photovoltaic
technology is only at the beginning, and much of its course goes through the identification and targeting
of the weakest elements in the stability chain.[2] Now that temperature-stable perovskite stoichiometry,
alongside the standard CH3NH;3Pbls (MAPI), have been developed and widely used, the current bottle-
necks are the materials used as charge selective layer and their interface with the perovskite active layer.
Currently, the most commonly used material for the hole-transport layer (HTL) in high efficiency n-i-p
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perovskite solar cells is Spiro-OMeTAD.[3-5] Jeong et al. recently by using fluorinated isomeric ana-
logs of Spiro-OMeTAD as HTL (Spiro-mF-based PSC), could reach 24.82% (certified at 24.64% with
0.3-volt voltage loss) efficiency for small area devices (0.08cm?) and efficiency of 22.31% with an area
of 1 cm? which is among the best published efficiency results.[6] There have been various reports on
attempts to substitute it with alternative,[7] cheaper,[8,9] undoped,[10,11] more stable[12] and inorganic
materials,[13] yet Spiro-OMeTAD still accounts for the highest PCE published in literature, namely the
23.3%.[5] Nevertheless, finding a valid alternative to Spiro-OMeTAD is of crucial importance in order
to enable the commercialization of perovskite-based photovoltaics, as this material represents one of the
most critical elements when it comes to evaluating the thermal stability of the devices.[14] In fact, low
glass transition temperature (Tg)[15—17] and molecular based structure of Spiro-OMeTAD make an ob-
stacle to pass the standard damp heat tests of devices at 85 °C and 85% humidity. Among the various
hole transport material (HTM)alternatives, polymers represent a low-cost and versatile option, and have
already proven to be valuable candidates for n-i-p perovskite devices.[10] It has been shown that the
molecular weight (MW) of the polymeric HTL can affect the performance and/or the stability of the de-
vices, and should therefore be optimized. Generally, MW strongly affects the electrical and mechanical
properties of polymers, as demonstrated in numerous studies for poly(3-hexyl-thiophene) (P3HT). In
2003 and then again in 2005, two works by Kline et al. showed the increase in the charge carrier mobili-
ty of regio-regular P3HT thin films for organic field effect transistors by increasing the MW of the pol-
ymer.[18] The authors justify the results saying that, while lower MW materials exhibit higher crystal-
linity, the charge transport mechanisms are also dependent on the interconnectivity of the chains of the
polymer network, with the low MW films presenting more isolated structures.[19] Observing a similar
trend, Neher and coworkers inferred that higher MW P3HT more easily adopts a planar n-stacked con-
figuration which improves the interchain connections necessary for charge transport, while shorter
chains undergo twisting, which hinders the carriers mobility.[20] Interchain interactions have a pro-
found effect on charge transport and optoelectronic properties as well as on stability.[21] As a further
note, because of the ‘softness’ of polymeric materials, charge carriers may interact with local vibrational
modes. These interactions result in a distortion of monomers composing the chain, thus lowering the
total energy. At the same time, charge will be attracted to the distorted monomer and, if the interaction
is strong enough, this may result in charge localization, hence in the formation of a polaron. Polarons
affect charge mobility because they alter the effective mass of the charge carriers.[22] Usually, inter-
chain interactions, related to the crystallinity of the layer as well as polymer MW, impact on charged
polarons and neutral excitons. Chang et al., experimentally evidenced that increasing the conjugation
length of P3HT led to an enhancement of polaron delocalization across the layer.[23] In P3HT the MW
and the crystalline quality of the film will influence the degree of delocalization of said polarons, result-
ing in the aforementioned trend in mobility.[23] In our previous work we have also shown how the MW
of P3HT, used as a HTL in PSCs, has an effect on the cell efficiency: specifically, we observed an evi-
dent trend of increasing efficiency with increasing MW.[24] Among various conjugated polymers used
as HTL in PSCs, PTAA has shown promising performance with the potentiality to achieve the highest
open circuit voltage (Vo) among many tested HTLs, because of the high photoluminescence (PL) that
perovskites exhibit on it.[25] This is a clear evidence of reduction of non-radiative recombination lead-
ing to an increase of the quasi-Fermi level splitting, and consequently to a higher V..[25] Also for
PTAA the relation between performances and MW has been recently discussed, even though with a mi-
nor extend with respect to P3HT. Lee and co-workers investigated the effect of tuning the MW of
PTAA to increase both mechanical properties of the film and electrical properties of PSCs, revealing
that higher MWs exhibit better cohesion and tensile strength.[26] Ko et al investigated the effect of
PTAA on aggregation and charge transport in planar PSCs, showing an increase of the PCE by using
high MW PTAA (50kDa).[27] Similarly, Zhao et al. extended the analysis to inverted (p-i-n) PSCs
using undoped PTAA with different MWs, showing that the 25 kDa polymer resulted in the best per-
forming solar cells.[28] In the n-i-p configuration, PTAA was found to be potentially more stable than
Spiro-OMeTAD over the long term and upon thermal stress, even when doped.[29,30] As further proof
of the potential of this material, it was also shown that PTAA fluorination may also increase its perfor-
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mance and the stabilized power output in n-i-p structure.[31]

Considering the importance of PTAA in perovskite PV and the lack of a systematic investiga-
tion of the impact of MW on the efficiency and stability of the perovskite cells and modules, in
this work, for all the aforementioned reasons and the importance that PTAA has in perovskite
PVs, we perform a thorough study of the impact of PTAA’s MW and doping on the efficiency
and thermal stability of n-i-p PSCs. Here we combine the high efficiencies achievable by this
architecture with strategies that could enhance the stability of these devices. We demonstrate
that an optimized doping strategy of a high MW doped-PTAA permit to increase the efficiency
of cells (PCE >20%) and large area (active area: 43 cm?) modules (PCE=17%) keeping at the
same a high thermal stability for 1000 hours under 85 °C and light stability for 800 hours T80
extracted life time and constitutes a big leap forward towards commercialization of the perov-
skite based solar cells. We should point out that the performance of the module is among the
best results published in literature so far, as shown in Figure 1.[10,32-62]
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Figure 1. The plot of the highest efficiency modules versus area (aperture or active area in
cm? unit) with different device configurations.

2. Results

The photovoltaic performance of small area PSCs using doped-PTAA as HTM namely 10 kDa
(LMW), 37 kDa (MMW) and 115 kDa (HMW) were evaluated by current-voltage (JVV) meas-
urements under 1 sun AM1.5G solar simulator. The statistical distributions of PCEs of the fabri-
cated small area devices for the three MWs are reported in Figure 2a. As we can clearly see, the
PCE increases by increasing the MW of PTAA. The monotonic increase of the PCE as a func-
tion of the MW is related to a similar increase of the open-circuit voltage (Voc), short circuit
current (Jsc) and Fill-Factor (FF), shown in Figure S1 and Table S1. The photovoltaic parame-
ters for the best devices are reported in Table 1 (see Table S1 for the average values). The
champion device for HMW doped-PTAA shows a max PCE of 20% with very low hysteresis
index (HI = 0.046). In addition, the incident photon to converted electron (IPCE) curve and cor-
responding integrated current density are presented in Figure 2b. The Jsc from IPCE (23.07
mA/cm?) is in good agreement with Jsc extracted from the JV measurement (22.85 mA/cm?).
The photovoltaic parameters of champion large area device with different MW of doped-PTAA
is presented in Table S2.



To demonstrate that the enhancement observed for small area cells can be extended to large
size devices, we realized a batch of Perovskite Solar Module (PSM) (6 modules/batch) follow-
ing the fabrication procedure detailed in Experimental section. A (10cm x 10cm) glass/FTO was
used to fabricate the module formed by 14 series connected cells with a total active area of 42.8
cm? and aperture area of 50 cm?. The JV measurement of the champion PSM is represented in
Figure 2c with photovoltaic parameters reported in Table 1 and Table 2, while the statistical
date for the full batch is reported in Figure S2 and Table S3. By using doped high MW PTAA
we could achieve more than 17% of PCE on active area, leading to 729.5 mW of output power
at the maximum power point. Interestingly, the module shows very low hysteresis index for the
different voltage sweeps. The module achieves Voc, Isc and fill factor of 16.05 V, 64.13 mA and
71% respectively.

Tablel. Photovoltaic parameters of champion small area cell and module using high MW
doped-PTAA as HTL.

Sample Scan Direction Vo (V) Jsc (MA/cm?) FF (%) PCE (%)
Small area| Reverse 1.19 22.85 73.97 20.04
(0.1cm*aa) [ Forward 1.16 22.61 73.12 19.12
Sample Scan Direction Voc (V) Isc (MA) FF (%) PCE (%)
Module Reverse 16.05 64.13 70.89 17.05
(428cm*aa) [ Forward 15.87 66.12 67.125 16.46

Table 2. PV characteristics of the champion perovskite solar module with 14 series connected
cells.

Active Area 42.8 cm? \Voc 16.05V
Pmax 729.5 mW Isc 64.13 mA
Vmp 12.75V FF 70.9 %
Imp 57.23 m PCE 17.05 %
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Figure 2. a) Statistical distribution of PCEs for small area PSCs made with different MWs of
doped-PTAA HTL. b) Incident photon to current efficiency (IPCE) of the champion small cell.
c) JV plot of the champion module with sweeping of the voltage in both forward and reverse
scans. This module generates 729.5 mW of output power at the maximum powerpoint. d) Pho-
tograph of the fabricated module. All the PV parameters of the PSCs and module were analysed
under standard 1 sun simulated illumination (AM1.5G), ~65 °C and relative humidity (RH)
around 70%.

To evaluate the thermal stability of our devices and identify the impact of PTAA MW on this
important aspect for PSC development, we performed an accelerated aging test of large area
(1.0 cm? active area) devices with the three doped-PTAA MWs, namely 10 kDa (LMW), 37 kDa
(MMW) and 115 kDa (HMW). The test was carried out at 85 °C and evidenced that the best
thermal stability is achieved for the high MW doped-PTAA (Figure 3). For lower MW PTAA
cells the main contribution to PCE reduction comes from Jsc and for the medium MW PTAA
also from FF, Voc (see Figure S3). The PSCs containing HMW-PTAA retain more than 90% of
the initial efficiency after 1080 hours thermal stress at 85 ° C. Maximum Power Point Tracking
(MPPT) of HMW-PTAA large area PSCs and Modules under 1 sun (AM 1.5G) continuous illu-
mination measured in air at 70% relative humidity (RH) are presented in Figure S4b-e. A simi-
lar thermal stress test at 85 °C was performed with the encapsulated module and the variation of
the efficiency measured as a function of stress time is reported in Figure 3b and S4A. Similar to
the large area cells, the module is also stable by keeping above 90% of the initial efficiency after
800 hours thermal stress at 85° C.

On the other hand, light stability of the encapsulated large area PSC containing HMW PTAA
was studied via tracking of the device against 1 sun light soaking (~150 hours analysis). As pre-
sented in Figure 3c, this device retains 87% of initial efficiency after 160 hours exposure against
1 sun light soaking.
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Figure 3. Thermal stability of PCE under continuous 85 °C thermal stress (RH:70%) for a) the
large area PSCs fabricated by varying the MW of doped-PTAA HTL, b) encapsulated module
fabricated with the high MW doped-PTAA. ¢) Light soaking test (65 °C and 70% RH) of large
area cell containg HMW doped-PTAA as HTM.

3. Discussion
3.1. Efficiency

In order to understand the relation between the MW of PTAA and the photovoltaic parameters
we performed a series of studies intended to analyse the PTAA/Perovskite interface and the
transport in the PTAA.

Electrochemical response of the perovskite interface with different MW of the doped PTAA
layers was observed by potentiostatic electrochemical impedance spectroscopy (EIS) of PSCs
under dark conditions and zero bias voltage. As shown in Figure 4a, the Nyquist plot (with
equivalent circuit in the Figure S5) is composed of one semicircle at low frequency, with the
series resistance (Rs) mainly related to the resistance of the FTO substrate.[63] This semicircle
in the low-frequency range is associated with the recombination resistance (R1) at the
HTL/perovskite interface.[24,43,64] The increase of the recombination resistance by increasing
the MW shows that for higher MWs the interfacial recombination reduces, which justify the in-
crease of Voc observed PSCs with high MW doped-PTAA (Figure S1b). This interfacial recom-
bination reduction could be attributed to more delocalized polarons in the longer chains of the
polymer [23], also confirmed by broadband dielectric spectroscopy results, which are later ex-
plained in Figure 5e section.



To further assess the perovskite/HTL interface, we carried out cyclic voltammetry (CV) anal-
yses of the PSCs with different MWs of doped PTAA device under dark conditions. The Tafel
plots of the CV analysis are presented in Figure 4b. If the device is kept in dark, the intensity of
the current flowing through the device has the following dependence on the applied voltage:[65]

V-IRg V-IRg
—_—_— _— V-IR

[ =1pe2k/a + [,e ki/a + R—S (1)
SH

where Rs and Rsn are the series and shunt resistance and lo1 and lo2 are diode saturation currents
of the device, respectively. Considering Equation 1 and the experimental results, we identify
four bias regions in the IV characteristics: 1) V<V1, dark current will be related to the shunt re-
sistance; 2) V1<V<V3, the dominant term is the first exponential of Equation 1 which is related
to the recombination in the depletion zone; 3) V2<V<V3, the dominant term is the second expo-
nential of Equation 1 that is related to trap assisted and radiative recombination; 4) V>V dark
current is limited by the series resistance and will saturate. In our PSCs, by increasing the PTAA
MW, recombination in the depletion zone occurs at lower voltage ranges. This has a positive
effect for high MW doped-PTAA at the perovskite/HTL interface, reducing the direct interfacial
non-radiative recombination and enhancing the rate of hole extraction, which is the third term
on the right-hand side of Equation 1. At V2, when the bias voltage exceeded the kink point cor-
responding to trap-filled limit voltage (VrrL),[66,67] the current increased rapidly, showing that
the trap states were completely filled. Extracted the main fitting parameters of the curves includ-
ing trap-filled limit voltage (V1rL), reverse saturation current density (Jo), first saturation current
density (Jo1), second saturation current density (Joz) and shunt resistance (Rsn) are presented in
Table S4. The dark JV results are in line with EIS, exhibiting that the photovoltaic enhance-
ment by MW tuning of doped-PTAA occurs via a considerable decrease in interfacial charge
recombination and increasing polaron delocalization.

Transient Photocurrent (TPC) and Transient Photovoltage (TPV) analysis have also been in-
vestigated for PSCs with the different MW of doped PTAA. The extracted charge versus Jsc de-
pendence from TPC[68,69] is plotted in Figure 4c. The results showing a marked improvement
of hole extraction by tuning the MW from low to high. In addition, the recombination time,
evaluated from TPV[68] (Figure 4d), shows longer recombination times by increasing MW.
Considering that the combination of high carrier mobility together with high diffusion length of
PSCs limits charge recombination at the interfaces between perovskite layer and HTL, MW tun-
ing to higher values seems to reduce the number of recombination centers via affecting of the
delocalized polarons on PSK/PTAA interface, as also confirmed by EIS and dark JV results. The
improved charge extraction is also clear from Figure 4c in which the sample with the high MW
shows the highest extracted charge at different light intensities. The linear trend also shows that
there is no evident trapping phenomenon even at low light intensities, nor any saturation of the
extracted charge at high intensities, proving the high quality of contact formed between the per-
ovskite layer and the HTL.[70,71]
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Figure 4. a) Nyquist plot of EIS results for PSCs fabricated with different MWs of doped-
PTAA as HTM under dark conditions and zero bias potential. b) Tafel plots of devices with dif-
ferent MWs of PTAA evaluated from cyclic voltametery analysis (dark JV). The devices keep in
dark conditions and the CV performed in the range of -1.5 to 1.5 V with a voltage sweep rate of
5 mV/s. ¢) Charge extraction curves of the PSCs obtained from transient photocurrent fall/rise
analysis. d) Recombination time versus voltage, evaluated from transient photovoltage decay
analysis of the PSCs.

The quality of interface between perovskite and PTAA with various molecular weight were al-
so investigated via optoelectronic characterizations including Time Resolved Photolumines-
cence (TRPL) as well as photoluminescence (PL). In Figure 5a,b, we show TRPL decays and
initial PL (t = 0) for the perovskite when interfaced with different MW of doped-PTAA. It is no-
table that in TRPL and initial PL measurements, where a pulsed laser is used, the quenching of
the initial PL value directly correlates to the charge extraction efficiency because of the lack of
build-up charges in the pulsed measurement.[72][73] We found that the fastest hole extraction
occurs in the perovskite interfaced with high MW doped-PTAA that is consistent with higher
average short circuit current and subsequently higher device performance of this configuration.
Notably, the photoluminescent decay of perovskite film is comparable with the perovskites in-
terfaced with PTAA particularly for Low and Medium molecular weight samples showing that
the photoluminescence quantum yield that is directly proportional to the area below the TRPL
decay translating to the formation of high quality interfaces between perovskite and PTAA.

To provide additional insight into sub-bandgap/surface states and energetic disorder at the in-
terface between PTAA and perovskite, we performed photothermal deflection optical absorption
spectroscopy (PDS)[74] of the PTAA and the perovskite with PTAA, as reported in Figure 5c,d.
It is notable that changing the MW does not affect the absorption characteristic of PTAA (Figure
5¢). However, the PDS spectra of perovskite films capped with different MWs of PTAA shows
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more effective doping in the case of the highest MW that is consistent with conductivity meas-
urement (Figure 5d). In fact, the below bandgap feature of a broad peak at low energies in the
absorption spectra of the perovskite film that is interfaced with HTL is previously showed to be
correlated to oxidation of the molecular semiconductor.[75] This, in turn, could increase the ex-
traction of holes as demonstrated for Spiro-OMeTAD.[76][73]

Broadband dielectric spectroscopy was used to measure the AC conductivity variation of
PTAA for fresh and temperature stressed sample. The AC conductivity at constant temperature
can be represented as:

Ogc(W) = 04 + A(w)° (2)

where g, is the limit of o,.as w — 0. A and s are fitting parameters depend on doping and
temperature. Equation 2 generally called universal ac conductivity law since it can describe the
behaviour of wide variety of disordered materials.[77] Figure S6 displays the AC conductivity
of the pristine PTAA and related doped samples. To unveil the effect of temperature and doping
on conductivity of the samples DC conductivity (o,.) values are extracted from the data and re-
ported in Figure 5e. The conductivity of doped PTAA samples increases sharply by increasing
the MW while does not vary for undoped PTAA. This behaviour could be explained by the
combined effect of doping and better molecule orientation, which enhances the charge transfer
from one chain to another.[78] Furthermore, the conductivity plateau shifts to higher frequencies
with increasing the MW in doped PTAA, which demonstrates widening of conductivity relaxa-
tion region.[79]

By increasing the MW, the polaron become more delocalized resulting in an increase of the
conductivity as was shown for P3HT.[23] In our case, this is only true when the PTAA is doped,
while in undoped sample the conductivity is independent on the MW. Dopant molecules make a
partial oxidation on the polymer chain and this partial oxidation can affect the polarity of sur-
rounding chains impacting on the polaron formation and delocalization.[80] As show in Figure
5d, this oxidation is larger in high MW PTAA when interfaced with perovskite. Indeed, the mix-
ture of three dopants namely, Bis(trifluoromethane) sulfonimidelithium salt (Li-TFSI), 4-tert-
Butylpyridine  (TBP) and  tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)  cobalt(l11)
tri[bis(trifluoromethane)sulfonimide] (FK209-Co(lI1)-TFSI), with optimized ratio (see Figure
S7) lead to more delocalization of the polarons across the polymeric chains and enhance charge
mobility. Accordingly, formation of arranged delocalized polarons and subsequent fast charge
mobility would be boosted by increasing the MW.

b) 80_'|'|'|'|
70
60 |
50 |
40 |
30 |
20 |
10 |
o-l

a)

-
.

4 Medium E
v 3

ol v ]
0, vy

-
o
-
I

PL _, intensity (a.u.)

| 1 | ) | 1 |

0 200 400 600 800 1,000 650 700 750 800 850 900
Time after excitation (ns) Wavelength (nm)




R I N 1 v I N 1 N I
C) -~ 10° = HMW-PTAA d) —~ 10°
£ 3 —a— MMW-PTAA £
5 v LMW-PTAA S .nd
2 . z 1
o 10 © " perovskite
Q 2 10 + HMW-PTAA
& I 2 4+ MMW-PTAA
[ 2 L = -3
o 107 5 10 +— LMW-PTAA
0 E /2]
Q2 - Q
< i < 10*
[l IR IR R PR PR el e g e
05 10 15 20 25 3.0 10 15 20 25 3.0

Energy (eV) Energy (eV)

-
o
L]

10°;

-
L
4

Estimated DC conductivity (S/cm)

-
o
&

zlo 40 SIO SIO 160 120

Molecular Weight (kDa)
Figure 5. a) and b) time-resolved PL (TRPL) decays and initial PL (t = 0) for the perovskite
film (Ref) and the perovskite film when interfaced with different MW of PTAA. ¢) and d) pho-
tothermal deflection optical absorption spectroscopy (PDS) of PTAA and Perovskite/PTAA,; e)
DC conductivity estimated from dielectric spectroscopy data (o — 0) for doped and undoped
PTAA with different MW in a Schottky diode structure at room temperature (25 °C) and ther-
mal stress (85 °C).

Based on the experimental investigations presented above we can assess that by increasing the
MW of PTAA we increase both the charge transfer at the Perovskite/PTAA interface and the
PTAA conductivity. To quantify the relative impact on the cell efficiency of these two phenome-
na we produce a series of PSCs by using undoped low and high MW PTAA (Figure S8). By
comparing the efficiencies PSC with doped and undoped PTAA we see that the dependence on
the PTAA’s MW is similar on both cases (even with similar relative variations between low and
high MW), while the overall efficiency magnitude depends directly on the doping of PTAA.
Thus, while the doping impact on the efficiency of the PSC irrespectively on the PTAA MW, the
dependence of PSC efficiency on PTAA’s MW is mainly related to the improved charge transfer
efficiency.

3.2. Thermal stability

To investigate the thermal stability of the doped samples AC conductivity has been measured
after keeping the samples at 85 °C for one hour (Figure 5e). For undoped sample conductivity
increase after thermal stress while MW has no effect on conductivity of these samples. On the
opposite, for doped samples temperature has not an important role on conductivity, while, as
discussed, the impact of MW is dominant.

To clarify the impact of thermal stress on the local morphology and chemical composition of
PSCs with different doped-PTAA MWs, we performed cross-sectional imaging and energy-
dispersive X-ray spectroscopy in a scanning transmission electron microscope (STEM-EDX).
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Figure 6a shows cross-sectional STEM high-angle annular dark-field (HAADF) images of la-
mellae extracted from fresh and stressed large area PSCs with medium and high PTAA MW,
where we can see a void (circled in red) at the top surface of stressed perovskite layer with me-
dium MW (MMW) PTAA. As apparent from Figure 6a, each solar cell stack is composed of,
from bottom to top, fluorinated-tin oxide/compact-TiO2/mesoporous-TiO2/perovskite/PTAA/AU.
STEM-EDX data were acquired from the areas shown in Figure 6a and analyzed with non-
negative matrix factorization (NMF) to decompose the dataset into components corresponding
to specific chemical phases[81]. Three NMF components were selected and shown in Figure 6b-
d, with their spectra plotted in Figure 6e. In the images and chemical phase maps shown in Fig-
ure 6a-d, we see various non-perovskite phases occupying a significant volume fraction of the
perovskite layer. The chemical compositions of these phases vary with respect to the bulk per-
ovskite, from being richer in Pb and | (brighter areas in Figure 6b), Cs and | (Figure 6¢), or Pb
and Br (Figure 6d). These non-perovskite phases can either be unreacted precursors or products
of thermal decomposition of perovskite, or perhaps both. Given that they are also present in the
MMW fresh sample (and to a much lesser extent in the HMW fresh sample), at least some of
them must be unreacted precursors instead of decomposition products. Therefore, we cannot de-
finitively attribute the cause of post-stress performance decline to these non-perovskite phases.
However, we also note that in both fresh samples, the concentration of bromine peaked at the
perovskite-PTAA interface (Figure 6d). Heating partially pushed the bromide anions back to the
bulk of the perovskite layer, but to a greater extent in the MMW sample compared to HMW
sample. This loss of bromine-rich layer is a possible cause of PCE reduction in the stressed
samples. The bromine-rich perovskite blocks electron transfer into PTAA and reduces interfacial
charge recombination due to its higher conduction band minimum energy level, thereby in-
creasing Voc and FF in a manner similar to that proposed by Cho et al[82]. We note that this
proposed mechanism is in excellent agreement with how Voc and FF evolve during the thermal
stability test (Figure S3a,c). The reason why MW of PTAA has an impact on bromine accumula-
tion after thermal stress could be related to the structural modification of perovskite interface
induced by the PTAA which varies with the MW and some on us shown recently[83], and in
particular by increasing the PTAA MW the content of Br based products increases and shown by
GIWAX measurements of Ref.[83]. In particular, Yaghoobi Nia et al. clearly evidenced that in-
creasing of the doped PTAA MW led to formation of a cesium lead bromide phase in the perov-
skite/HTM interface. In particular, the irregular FF reinforcement of the LMW samples during
the thermal stress could be attributed to positive rearrangement of the polymeric chains toward
enhances n-n stacking[84] and/or thermally induced reversible polaron/bipolaron transition[85]
which led to lower Br-rich loss in the PSK/HTM interface compare to MMW samples.

We should also consider that the robustness of high MW doped-PTAA could be explained
considering that the degradation of polymers starts at the sides of the chain and in materials with
a higher number of shorter chains (low MW) there will be a larger density of decomposition
sites.[86] Here, we should point out that the difference between MWs is not related to the de-
composition temperatures which is similar (490 °C) for all the MW and it is well above opera-
tional conditions (Figure S9). The increased stability of HTM polymers for increasing MWSs has
been also reported by Yang and co-workers.[87] In particular, Lee et al. are reported the effect of
PTAA MW tuning (from low to medium values) on the stability of the flexible planar PSCs
against moisture and mechanical stresses where higher MWs leads to more robust films.[26]
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Figure 6. a) Cross-sectional STEM-HAADF images of lamellae cut from large area PSCs
with medium and high MW doped-PTAA, before and after 1000 hours thermal stress. The
PSC’s layers are labeled on the top image. b-d) NMF phase decomposition of EDX data for the
areas shown in (a), showing the (b) primary perovskite and Pb,l-rich phase, (c) Cs,I-rich phase,
and (d) Pb,Br-rich phase. The spectrum for each phase is plotted in (e). Scale bars represent 1
pum and are applicable to all NMF maps and HAADF images. The colour scale applies for pan-
els (b-d), where the minimum and maximum values for each set of NMF maps are as stated in
the respective panel. In each panel, brighter colours indicate higher signal intensities for the
phase of interest."
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4. Conclusion

We studied the influence of molecular weight and polaron arrangement of doped PTAA on the
performance and stability of n-i-p perovskite solar cells. Considering the experimental investi-
gation presented above, we can clearly relate the performances of PSC to two main phenomena.
The first one is the reduction of non-radiative interfacial recombination when the MW of PTAA
is increased. As the MW of doped-PTAA increases, the charge extraction from the perovskite
active layer is more effective, and carriers have a lower chance of recombining non-radiatively.
The explanation for this come from the fact that, similarly to what happens for P3HT,[23] as the
MW of doped-PTAA increases, the polarons resulting from the interaction between the charges
and the polymer will be more delocalized, as longer chain molecules will exhibit a lower degree
of vibrations.[88,89] The second phenomena is related to the increase of PTAA DC conductivity
by increasing the MW of PTAA. This happens, however, only for doped PTAA while pristine
PTAA does not show this behaviour. Here, a higher degree of delocalization of charge along the
chain of the doped PTAA molecules will result in an improved mobility.[90] These two phe-
nomena, however, influence the PSC efficiency differently: while the doping of PTAA influ-
ences the overall efficiency, the main contribution to the dependence of PCE on PTAA’s MW
arises from the charge transfer at the perovskite/PTAA interface.

An additional positive side-effect of employing a higher molecular weight doped PTAA is the
improved thermal stability of the PSCs, because of the stronger resilience of longer chains to the
thermal stress and the improved passivation of the perovskite/HTL interface due to accumula-
tion of bromine, as emerging from the TEM analysis. The increase of delocalized polarons in
the HMW PTAA layer can also positively affect the underlying perovskite lattice and improve
the overall stability of the device. In particular, this interesting phenomenon might be attributed
to the strong electrostatic attraction of the ionic moieties of the dopants which are stabilized in
the perovskite/HTM interface [91] and demonstration of a dynamic disorder in the perovskite
lattice which leads to localization of charge carriers into states known as large polarons, which
reduces their mobility but greatly extends their lifetime.[92]

The use of high MW doped-PTAA permits to increase the efficiency of our small area cells
(more than 20%), and to demonstrate an over 17% efficient perovskite module (active area of
42.8 cm?), which is among the best in this area size. Both Large area and modules have an ex-
trapolated T80 of more than 2500 hours under stress at 85 °C in ambient. In addition, large area
PSCs containing HMW PTAA show around 800 hours extrapolated lifetime against 1 sun light
soaking test.

These results demonstrate that high MW doped-PTAA is a viable replacement for Spiro-
OMEeTAD in conventional n-i-p PSCs, combining high efficiency with stability. All this will be
crucial for industrial exploitation of this very promising PV technology.

5. Experimental section
Device fabrication: Etching of the FTO/glass substrates (Pilkington, 15Q/0, 25mm x 25mm) was per-
formed using a raster scanning laser (Nd:YVO4 pulsed at 30 kHz average output power P=10 W). For
the small area devices the FTO substrates is LASER patterned to contain 4 separate pixels,
while for the large-area devices the substrate contain only one cell.

A stepwise ultrasonic bath cleaning process was applied to the patterned substrates by using
detergent aqueous solution, de-ionized water, and 2-propanol, respectively and 3 minutes for
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each step. A 50 nm of compact TiO2 (c-TiO2) layer was deposited onto the patterned FTO by
spray pyrolysis deposition at 450 °C and 15 spray cycles, using a previously reported proce-
dure.[24] Nanocrystalline mesoporous TiO> was deposited on the c-TiO- layer by using a dilut-
ed commercial paste (30-NRD paste, Dyesol diluted in ethanol 1:6 w/w) and spin coating with
5000 rpm for 20 second and sintered using an stepwise annealing elevation ramp from room
temperature to 480 °C.[63] Subsequently, a Li-TFSI treatment process was done via static spin
coating of Bis(trifluoromethane)sulfonimide lithium salt in acetonitrile (34.8 mM) solution on
the mp-TiO- layer. Indeed, 200 pl of this solution was loaded on the substrate and was spin
coated after 7 seconds at 3000 r.p.m for 10 seconds, following sintering program same as mp-
TiO2 and subsequently cooled down to 150 °C. The hot substrates were transferred immediately
to the glove box. The process for preparation of the perovskite solution and deposition on mp-
TiO. layer was followed as previously reported procedure.[63] Device structure is shown in
Figure S10.

Doping Optimization for the PTAA solution: In our recent work on P3HT as HSL of perovskite
solar cells we applied a doping strategy for markedly enhancement the performance of the de-
vices and solar modules.[63] In particular, doped P3HT shows an interesting candidate for up-
scaling from small area devices to large area perovskite solar modules. Mixture of three dopants
including Li-TFSI, TBP, and FK209-Co(lll)-TFSI were used as additive into the PTAA solution.
Three types of dopant mixtures have been prepared as following. 1) Mixed of Li-TFSI and TBP
(21:79 mol%); 2) Li-TFSI, TPB and FK209 (20:78:2 mol%); 3) Li-TFSI, TPB and FK209
(19:77:4 mol%) and the ratio of 20:78:2 was selected as the optimized mixture for all the PTAA
solutions, (see Figure S7).

HTM and back contact deposition: Different concentration of each MW PTAA (LMW: 2 mM,
MMW: 0.54 mM and HMW: 0.173 mM) solution in chlorobenzene were doped with LiTFSI/
TBP/FK209 Co(lll)-TFSI (20:78:2 mol%) and aged for 1 hours. The HTM solutions were de-
posited on the perovskite layer via spin coating at 6000 r.p.m for 45 second with acceleration
rate 6000 (static coating for LMW and MMW and dynamic coating for HMW) in order to reach
50-60 nm thickness for all HTM samples. All MWs of PTAA have been doped in the same way.
Finally 100 nm gold was deposited on the substrates via a vacuum metal evaporator.

Module Fabrication: In order to produce Perovskite Solar Modules, we adopted the P1-P2-P3
patterning procedure.[93,94] The P1 process was performed by means of a Nd:YVOgs ns laser (A
= 355 nm, Fluence = 10.2 J/cm?) in order to patterning and insulate the FTO cells. The patterned
FTO substrates (Pilkington, 15Qcm™, 100mm x 100mm) were cleaned same as small and large
area devices. Afterwards, the substrates were kept on a hot plate, reaching 460 °C in 40 min and
the solution for spray (the same for small area) was deposited by spray pyrolysis to reach 50 nm
c-TiO2 thicknesses. Owing to deposition of the mesoporous layer, 30-NRD paste (Dyesol) was
diluted with ethanol (1:6 w/w ratio) and deposited for 20 second at 4000 r.p.m. with a ramp of
2000 r.p.m. The substrates were annealed using same stepwise program mentioned for small ar-
ea devices. Afterward, Li-salt treatment was performed on the mesoporous layer by load-
ing/deposition of Bis(trifluoromethane)sulfonimide lithium salt in acetonitrile (34.8 mM) solu-
tion via 7 second loading time and subsequently spin coating at 3000 r.p.m following sintering
program same as mp-TiO.. In the next step for deposition of the perovskite layer we used a
stepwise spin coating procedure, firstly perovskite solution was deposited on the substrate and
spin coating at 1000 rpm for 10 s with 200 rpm/s acceleration, and then the second step at 4000
rpm for 20 s with 2000 rpm/s ramp, finally in the last second step, chlorobenzene was dynamic
dispense spin casted on the substrate to precipitate the perovskite intermediate. The substrates
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then were transferred on a hot plate for sintering at 100 °C for 1 hour in order to complete crys-
tal growth. PTAA solution was dynamic dispense spin coated on the perovskite layer through a
30 second spin coating at 4000 r.p.m. After the deposition of Perovskite and PTAA layers, the
P2 patterning process was applied to remove the ESL-Perovskite-HSL stack from the under-
neath the FTO, owing to realize a vertical contacts between the latter and the subsequently de-
posited electrode. The P2 step was applied by means of a Nd:YVOa ns laser (A = 355 nm, Flu-
ence = 155 mJ/cm?). Finally, 100 nm gold was deposited as back contact electrode via vacuum
evaporation, and a P3 laser patterning step was realized to insulate the counter-electrodes of the
single cells, employing a Nd:YVOus ns laser (A = 355 nm, Fluence = 59 mJ/cm?).

Schottky diode Fabrication: gold bottom electrodes were deposited on a clean glass substrate;
afterward, 5 wt% solution drop casted on a glass substrate. After drying the film top electrodes
were deposited, the device area was 0.0016 cm?.

Device measurement and instruments: Photovoltaic performance of the devices and modules
was analyzed through measurement of masked devices under a solar simulator (ABET Sun
2000, class A) at AM1.5G and 100 mW cm2 illumination conditions which was calibrated with
a certified reference Si Cell (RERA Solutions RR-1002). The incident power was checked with
a Skye SKS 1110 sensor. Dark JV measurement from fabricated PSCs was performed using cy-
clic Voltammetery module of AUTOLAB potentiostate instrument. Electrochemical impedance
spectroscopy was done via AUTOLAB. TPV, TPC was measured with a commercial apparatus
(Arkeo, Cicci Research s.r.l.) based on a high speed Waveform Generator that drives a high
speed LED (5000 Kelvin).

Encapsulation Procedure for Large area cells and Module PSCs: For the encapsulation of de-
vice we used a very simple and cheap method that avoids the use of temperature and pressure on
the device. The device’s surface was carefully covered with the microscope slides (same size as
device), then fully sealed with the Thread seal tape (also known as Teflone PTFE tape) which is
a polytetrafluoroethylene (PTFE) film tape (please see Figure S11). PTFE is completely stable
up to +260°C and decomposition is above 400°C. PTFE did not show any reaction with the lay-
ers in the PSCs since PTFE is chemically inert. Encapsulated device is shown in Figure S11. In
our sealing process we did not use any glue, thus it is possible to easily open the sealing at any
time.

Scanning transmission electron microscope characterization: Cross-sectional sample lamellae
were cut and thinned to electron transparency (~200 nm) with a FEI Helios NanolabDualbeam
FIB/SEM following a standard protocol.[95] The lamellae were then directly transferred into a
FEI Osiris TEM operated at 200 kV, minimising air exposure to ~2 minutes. To minimize beam
damage, STEM-EDX SIs were acquired using a defocused beam (Af = -1 um), a beam current
of ~250 pA, dwell time of 50 ms/pixel, and spatial sampling of 10 nm/pixel. STEM-EDX Sls
were analysed in HyperSpy[96] using anon-negative matrix factorization algorithm for decom-
position into distinct components.[81]

Photothermal Deflection Spectroscopy: PDS is a scatter- free surface sensitive absorption
measurement. Perovskite films were excited with a modulated monochromated light beam per-
pendicular to the plane of the sample. A combination of a Light Support MKI1I 100 W xenon arc
source and a CVI DK240 monochromator was used to produce a modulated monochromated
light beam. The laser probe beam was produced with Qioptiq 670- nm fiber- coupled diode la-
ser and directed parallel to the perovskite film surface. A white- light LED source with an inten-
sity of 100 mW cm~2 was used to light- soak the perovskite films.

15



Photoluminescence Characterization: Photoluminescence spectra were measured using an in-
tegrating sphere and a 532 nm CW laser at an illumination intensity of =60 mW c¢m 2.

Time- Resolved Photoluminescence Measurements: Time- resolved PL spectra were recorded
using a gated intensified CCD camera (AndoriStar DH740 CCI- 010) connected to a calibrated
grating spectrometer (Andor SR303i). A Ti:sapphire optical amplifier (1 kHz repetition rate, 90
fs pulse width) was used to generate narrow bandwidth photoexcitation (10 nm full- width at
half maximum (FWHM)) with a wavelength of 550 nm, via a custom- built non-collinear opti-
cal parametric amplifier. Light soaking of perovskite films was performed during the measure-
ment using a laser source with a wavelength of 532 nm and an intensity of 60 mW c¢cm™. The
emitted steady- state photoluminescence was collected via an optical fiber coupled to an Ocean
Optics Maya2000 Pro spectrometer.

External Quantum Efficiency (EQE): The EQE spectra were recorded as a function of wave-
length under a constant white light bias of approximately 5mW.cm supplied by an array of
white light emitting diodes. The excitation beam coming from a 300 W xenon lamp (ILCTech-
nology) was focused through a Gemini-180 double monochromator (JobinYvon Ltd) and
chopped at approximately 2 Hz. The signal was recorded using a Model SR830 DSP Lock-In
Amplifier (Stanford Research Systems). All measurements were conducted using a non-
reflective metal aperture of 0.105 cm? to define the active area of the device and avoid light
scattering through the sides.

Broadband dielectric spectroscopy was measured using Novocontrol equipped with Linkam
LTS420 heating-cooling hot-stage in the frequency range of 10°-10° at 25 °C and 85 °C.

TGA of different MW of PTAA: Themogravimetric analyses were carried out using Mettler To-
ledo TGA/DSC3+ from 20 to 700 °C at 10 °C/min under N2 atmosphere.

Materials: Pbl> and PbBrz is from TCI company, FAI, MABr from Sigma Aldrich, PTAA with
different MWs is from Solaris Chem Inc. The poly dispersity index (PDI) of PTAA with MW of
10 kDa, 37 kDa and 115 kDa PTAA MWs is 1.4, 1.7 and 3.1, respectively as reported by the
company. The glass transition temperature (Tg) values of PTAA with the different MWs have
peen reported by Lee et al.[26]), TiO> 30NRD from dyesol company, Csl powder from abcr
GMBH company, Li-TFSI form sigama Aldrich, FK209 Co(lIl)-TFSI from sigma Aldrich.
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