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ARTICLE INFO ABSTRACT

Keywords: In this study, we evaluate three distinct materials (PTAA, P3HT and P3HT-COOH) applied as passivation

Perovskites layers in combination with Cu:NiO,, which serves as a hole transporting layer (HTL) in organic-inorganic

Energy efficiency perovskite solar cells (PSCs). The investigation revealed that the solvent used for a perovskite precursor

1S>(1)11atr Celllts . (DMF:DMSO) exhibited the lowest contact angle on the P3HT-COOH. It leads to a smoother perovskite surface
otovoltaics

prepared on this passivation layer in a comparison to samples with PTAA and P3HT. Photoluminescence
spectra analysis indicated a superior quenching efficiency in the HTL/perovskite configurations employing
P3HT-COOH, slightly outperforming those with PTAA. This suggests an enhanced hole transfer from the
perovskite to the HTL. PSCs constructed with a dual-cation perovskite Csg;5FA gsPb(Iy ¢5Brg ¢5)3 and various
passivation layers were also fabricated. The results showed that devices with the P3HT-COOH exhibited the
lowest hysteresis index and achieved the highest power conversion efficiency, underscoring the potential of
P3HT-COOH as an effective passivation layer for PSCs.

1. Introduction

Currently, we observe intensive efforts directed toward the improv-
ing of an efficiency and a stability of perovskite solar cells (PSCs) [1].
A typical structure of the PSC includes a hole transporting layer (HTL)
and an electron transporting layer (ETL) located at both sides of a
perovskite material. It seems that the usage of an interface passivation
layer between the perovskite and the HTL (or ETL) should help to
achieve a better efficiency and stability [2]. The reason is that a passi-
vation material can limit the possible degradation reaction mechanism.
Additionally, it acts as a surface modifier to provide a better surface
property for the coating process of a perovskite during the device
preparation.

One of the materials employed as the HTL in PSCs is Cu:NiO,,
where the nickel oxide (NiO,) is doped with a copper to improve a
conductivity. Recently, it has been demonstrated that the poly[bis(4-
phenyl)(2,4,6-trimethylphenyl)amine (PTAA) serves as a good interme-
diary layer between Cu:NiO,, and the MAPbI; perovskite [3]. However,
the high cost and substantial hydrophobicity of PTAA, which lead
to coverage challenges in the inverted architecture, have prompted
researchers to explore more affordable passivation materials [4].

* Corresponding authors.

Here, two other polymer materials have been selected to be coated
on Cu:NiO, as a passivation layer. One of them is poly(3-hexylthi-
ophene-2,5-diyl) (P3HT), which is commonly used as a donor in organic
photovoltaics. The latter is poly[3-(6-carboxyhexyl)thiophene-2,5-diyl]
(P3HT-COOH) [5,6], which structure is based on P3HT but it has
an extra carboxylic groups at the end of the side chains [7]. In this
work, we have decided to compare all the above mentioned passivation
materials (PTAA, P3HT and P3HT-COOH) in order to find the most
effective passivation layer for PSC’s. The molecular structures of these
polymers are shown in Fig. 1.

It should be mentioned that perovskite solar cells with self-assem-
bled molecules were recently investigated [8,9]. A role of self-organized
molecules in PSCs is to use them as selective contacts, where an
achievement of desirable energy levels and dipoles at interfaces allows
to obtain a better charge transfer. Thus, this effect plays a different role
than in dye-sensitized solar cells [10-16], where the self-assembled ma-
terials increase a photon capture cross section and lead to a better har-
vesting of light. We should note that the self-organization of molecules
has been recently observed in P3HT-COOH [17,18]. Therefore, this
compound became much more attractive to use it in PSCs.
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Fig. 1. Molecular structures of passivation materials: (a) PTAA, (b) P3HT and (c) P3HT-COOH.

In this work, the dual cation (2C) perovskite Csg,5FAggsPb
(Io.95Brg 05)3 was applied to fabricate solar cells. Such a type of 2C
perovskite has been recently studied in our recent works [19-21].

2. Experimental section
2.1. Cleaning of substrates

Tin doped indium oxide (ITO) (7 Ohm/sq, Ruilong) substrates were
cleaned with a soap water solution and placed for 10 min under soni-
cation. Then, the solution has been changed to the mixture by blending
10 mL of ammonia (35%, Fisher) and 10 mL hydrogen peroxide (35%,
Acros) solutions in 40 mL of deionized water. The obtained mixture
solution was sonicated for 30 min. The next step was to sonicate
the substrates in methanol (99.99%, Burdick & Jackson) and later
in isopropanol (IPA) (99.99%, Burdick & Jackson), both for 30 min.
Subsequently, the substrates were dried with N, gas spray and cleaned
for 15 min in plasma oven on a high power.

2.2. Solution preparation

0.1 M Cu:NiO, (5% Cu) was prepared by dissolving Ni(NO3),-6H,0
(98%, Alfa Aesar) and Cu(NOj3),-3H,0 (99%, Sigma Aldrich) in 2-
methoxylethanol:acelyacetone solution with the ratio 9:1 by volume
and was sonicated to make sure it was completely dissolved. Here, we
used solvents: 2-methoxyethanol (99%, Alfa Aesar) and acelyacetone
(99%, Kanto Chemicals). Regioregular P3HT (M,, = 50-70 k, Rieke
Metal) solution was prepared by dissolving 1 mg of P3HT directly in
1 mL of chlorobenzene (CB) (>99%, Acros) and diluted to a certain
concentration before coating. PTAA (M,, = 5-20 k, Solaris Chem) solu-
tion was obtained with toluene (>99.8%, Acros) with a concentration
8 mg/mL and later diluted to 2 mg/mL before use. P3HT-COOH (M,
= 50-60 k, Rieke Metal) was dissolved in N,N-dimethylformamide
(DMF) (99.8%, Acros) with a concentration of 1.5 mg/mlL, stirred
over a week and sonicated several times to make sure that the P3HT-
COOH was completely dissolved. After that it was diluted to a certain
concentration before coating.

In order to prepare the perovskite with the formula Csg 15FA g5Pb
(Ip.o5Brg 05)3, the following procedure was applied. Cesium bromide
(CsBr) (99.999%, TCI), formamidinium iodide (FAI) (>99.99%, Great-
Cell Solar) and lead iodide (Pbl,) (99.999%, TCI) were dissolved in
DMF:DMSO solution with the ratio 4:1 by volume, where DMSO is an
abbreviation of dimethyl sulfoxide (99.7%, Acros). [6,6]-phenyl Cg;
butyric acid methyl ester (PCBM) (>99%, Solenne) was prepared by
dissolving the powder in CB with a concentration of 20 mg/mL. Both
these solutions were later stirred overnight at room temperature in the
glovebox. The stock solution of polyethylenimine (PEI) (99.9%, Alfa
Aesar) was obtained by dissolving PEI in IPA with a concentration of
8 wt% and after that it was diluted to 0.1 wt% and stirred overnight
before use.

2.3. Device fabrication

The HTL layer (Cu:NiO,) was deposited by a static spin-coating
(1500 rpm, 1500 rpm/s, 60 s) and annealed using a two-step method:
first at 150° C for 5 min in the glovebox and later at 300° C for
15 min in ambient air to achieve a complex phase transformation.
P3HT was spin-coated with a 4000 rpm speed for 30 s and 4000 rpm/s
acceleration, then annealed at 100° C for 10 min. PTAA was deposited
with a 5000 rpm for 30 s with 5000 rpm/s and subsequently annealed
at 100° C for 10 min. P3HT-COOH was spin-coated (4000 rpm, 4000
rpm/s, 35 s) and annealed at 150° C for 20 min to fully remove the
solvent. All these passivation layers were prepared in the glovebox.

For the fabrication of a perovskite layer, the spin-coating combined
with an anti-solvent method was used. The process started with a 1000
rpm rotational speed for 5 s with an acceleration 200 rpm/s and later
with a 5000 rpm for 30 s with 5000 rpm/s acceleration. At the 15th
second of the second step, CB was dropped onto the sample to facilitate
the formation of an intermediate phase of the perovskite. After the spin-
coating of the perovskite layer at 110° C, annealing process was used
for 20 min to form the perovskite crystal.

Here, due to the hydrophobic properties of PTAA and P3HT layers,
the dynamic spin-coating method was applied for these samples. It
means that during preparation of the perovskite layer, a high amount of
the perovskite solution was dropped onto a sample after 3 s from start-
ing the spin-coating process. The regular static spin-coating technique
was used for a sample with P3BHT-COOH. The ETL material (PCBM) was
deposited (1000 rpm, 1000 rpm/s, 30 s) without annealing. After that,
PEI (a work function modifier) was spin-coated with a 3000 rpm speed
for 30 s with an acceleration 3000 rpm/s. Lastly, 100 nm of a silver slug
(99.99%, Gredmann) was thermal evaporated on the top of samples
under a pressure lower than 5 x 107 Torr to create the electrode with
an active area of 0.09 cm?. Architecture of a complete PCS is shown in
Fig. 2.

2.4. Characterization

The morphology of surfaces was investigated using the scanning
electron microscope (SEM) (JEOL, JSM-7800F) and the atomic force
microscope (AFM) (Bruker, OMV-NTSC). Photoluminescence (PL) spec-
tra were recorded with a system created by CL-technology (model
Uninanotech). The ultraviolet photoelectron spectroscopy (UPS) mea-
surements were performed using the PHI 5000 VersaProbe III system
(ULVAC-PHI Inc.) equipped with a He I ultraviolet source (21.2 eV).
The goniometer (Sindatek, model 100SB) has been used to determine
the contact angles. The external quantum efficiency (EQE) spectra
were measured with the IPCE instrument (LiveStrong, model LSQE-
R). The solar simulator (Yamashita Denso, model YSS-50A-400A) has
been applied to illuminate samples. In order to record the J-V charac-
teristics, a source measure unit (Keithley 2400) has been used. These
measurements were done in N, environment.

The J-V characteristics have been obtained for two applied voltage
directions. The first scan was recorded in the reverse direction (from
1.2 V to —0.2 V) and the second scan in the forward one (from —0.2 V
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Fig. 2. The architecture of solar cells studied in this work.

to 1.2 V). Therefore, the hysteresis effect could be determined. Both
scans were measured with a scanning rate equal to 0.165 V s~! with
20 mV step and with 2 min of light soaking preconditioning.

The representative solar cells were selected to find the maximum
power point tracking (MPPT). Here, we continuously illuminated these
samples for 120 s with the control of current and voltage.

2.5. Simulation model

To simulate photoelectrical properties of PSCs, the drift-diffusion
model with the Shockley—Read-Hall, the Auger and the modified Lang-
evin recombination mechanisms has been used. The mathematical de-
scription of the model and applied numerical methods were presented
in details in our previous papers [19,21,22]. We should mention that
the dynamical effects of ions were not taken into account in these
simulations. The reason is that only steady-state conditions have been
considered here and, for such a case, ions influence the PSCs negligi-
bly [22].

For the hole transporting layer (Cu:NiO,) [23-25], the electron
transporting layer (PCBM) [26-30] and an active layer (a perovskite
material) [19,31], the electrical parameters were adopted from the
literature. To determine the generation profile of samples, the optical
transfer-matrix model [32-34] has been used. Such a generation profile
was calculated with values of real and imaginary refractive indices
drawn versus wavelengths for Cu:NiO,,, perovskite and PCBM [3].

3. Results and discussion
3.1. Hydrophobicity of passivation layers

In order to determine the surface hydrophobicity, the contact angle
of a pure DMF:DMSO (1:4 volume ratio) on the top of passivation
materials was measured. It should be reminded that DMF:DMSO serves
as a solvent for a perovskite precursor. Here, the investigated samples
had a structure: passivation layer/Cu:NiO, /glass. Fig. 3 shows results
obtained for samples with investigated compounds (PTAA, P3HT and
P3HT-COOH) and for a sample without a passivation layer. For the
latter, the contact angle was measured directly on the Cu:NiO,, surface.
In the following, we will use the notation ‘None’ for all types of samples
(including solar cells) without a passivation material.

Solar Energy 300 (2025) 113817
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Fig. 3. The contact angles of DMF:DMSO dropped on PTAA, P3HT, P3HT-COOH and
Cw:NiO, materials.

In Fig. 3, we can see that contact angles of DMF:DMSO on the
PTAA and P3HT films have values 31.2° and 74.0°, respectively. The
first thing immediately affected by a contact angle is the quality of
the subsequent coating, leading to difficulty in obtaining a good film
on the surface with a low contact angle. If we use a regular static
spin-coating method for the perovskite layer deposited on the top of
films characterized by the highest contact angles (PTAA and P3HT),
then we observe a coverage problem, as demonstrated in Figure S1. It
induces formation of numerous pinholes with a direct impact on the
shunt resistance, leading to an inefficient and worrisome fabrication
process. Therefore, a dynamic coating method was used for this kind
of samples by dropping the perovskite precursor solution, when the spin
process already started. Thus, the centrifugal force and the pressure
caused by the dropping solution assist the solution to be deposited on
substrates with a better coverage. However, it should be noted that
this method is not as stable as a regular static spin-coating. The reason
is that the timing of a dropping solution is hard to control. Also, the
dropping pressure can be treated as an another unstable factor during
the dynamic spin-coating.

The contact angles for the ‘None’ and P3HT-COOH samples are 5.0°
and 8.1°, respectively. Thus, we can see a huge difference between
samples with P3HT and P3HT-COOH, meaning that carboxylic groups
on the end of a side chains can largely change the wetting property
of a thin film. Also, P3BHT-COOH has a surface energy that is closer
to Cu:NiO,. It causes a full coverage of a perovskite layer and gives a
better reproductivity from batch to batch.

3.2. Surface morphology studies

The SEM and AFM images of perovskite surfaces fabricated on
different passivation layers are presented in Figs. 4 and 5, respectively.
Here, the investigated samples had a structure: perovskite/passivation
layer/Cu:NiO, /glass. We found a correlation between the root mean
square roughness (Rq) of perovskite surfaces and the contact angle
described in the previous paragraph.

The P3HT layer characterized by the highest contact angle (74.0°)
causes a high roughness (Rq = 18.1 nm) of a perovskite layer deposited
on the top of P3HT surface. Therefore, the insufficient contact between
the perovskite and the HTL can occur in such a sample. In the solar
cells, it might even lead to shunted effects consequently lowering
the device performance. Comparing with other samples, the relative
smaller grain size of a perovskite observed for the P3HT sample means
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Fig. 4. SEM images of perovskite films coated on the top of PTAA, P3HT, P3HT-COOH
and Cw:NiO, materials.

that more grain boundaries were formed in the bulk. These boundaries
can act as recombination centers for electrons and holes, decreasing
the diffusion length of charge carriers. As a consequence, they limit
the number of carriers that are generated by the perovskite layer.

Furthermore, the PTAA layer (with a high value of contact angle
of 31.2°) also causes a rough surface of a perovskite prepared on the
PTAA (Rq = 18.1 nm). Consistently, in a comparison to the samples
with P3HT and PTAA, the much smoother perovskite surfaces were
obtained for the P3HT-COOH (Rq = 17.4 nm) and ‘None’ (Rq =
17.3 nm) samples. For both materials (P3HT-COOH and not passivated
Cu:NiO, ), we obtained the lowest values of contact angles. It confirms
a correlation between the contact angle of DMF:DMSO solvent on the
passivation layer and the roughness of a perovskite surface deposited
on the top of this passivation material.

3.3. Photoluminescence studies

The PL measurements have been conducted in perovskite/passiv-
ation layer/Cu:NiO,/glass structures, where the perovskite layer ab-
sorbs photons. In such a system, generated holes are immediately ex-
tracted through Cu:NiO, (which serves as a HTL in PSCs) and suppress
the emission of luminescence from the sample.

Fig. 6 presents the PL results obtained for samples with different
passivation layers. We can see that all peaks are located at the same
wavelength. It clearly shows that there are no band-gap shifts for the
perovskite in investigated samples. The intensity of PL can indicate
the extraction capability of HTL in such systems. The highest peak
is observed for the sample with P3HT. It means that the worst hole
extraction occurs for this sample, which has even worse properties
than a not passivated Cu:NiO, material. Low PL intensities observed
for the P3HT-COOH (the lowest) and PTAA samples are a consequence
of a good quenching efficiency, suggesting that a faster hole transfer
may occur at the HTL/perovskite interface, when these materials are
incorporated.

3.4. Optimization of passivation layers
In this work, photovoltaic devices with the architecture of ITO/

Cu:NiO, /passivation layer/ Csg 15FAq gsPb(Ig 95B1 05)3/PCBM/PEI/Ag
were studied. However, to obtain a better comparison between the
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passivation layers, the concentrations of solutions with passivation
materials should be optimized.

The solar cells performance with the P3HT layer is shown in Figure
S2. Here, four photovoltaic parameters (a power conversion efficiency
(PCE), a short-circuit current (J,.), an open-circuit voltage (V,.) and a
fill factor (FF)) are illustrated for three concentrations of P3HT (0.25
mg/mL, 0.125 mg/mL and 0.05 mg/mL). We can see a clear trend
that PCE decreases with the decreasing of a P3HT concentration. The
worse performances for lower concentrations were largely stemmed
from the high current loss. It can be explained that, when the P3HT
layer becomes thinner or it even cannot fully cover the substrate, the
possibility of a direct contact between Cu:NiO, and the perovskite
increases. Then, the degradation reaction can occur at the interface
which, consequently, lowers both the current and the FF of devices.
It should be mentioned that, if the concentration of P3HT was higher
than 0.25 mg/mL, then it was almost impossible to cover the top of a
sample due to a high contact angle of the perovskite precursor solution
on the top of P3HT film (even when the dynamic coating method was
used). This is a reason why we decided to investigate solar cells with
maximum 0.25 mg/mL concentration of P3HT.

Figure S3 shows the results for PCE, J,., V,. and FF obtained for
three concentrations of P3HT-COOH (0.25 mg/mL, 0.5 mg/mL and
1 mg/mL). The device performance for 0.25 mg/mL and 0.5 mg/mL
are almost the same, having the average PCE of (16.56 + 0.52) %
and (16.69 + 0.61) %, respectively. The observed a small difference
might be due to the discrepancy from batch to batch. The PCE starts
to decrease, when the concentration increases up to 1 mg/mL. It shows
around 1% lower value in a comparison to the average PCEs for 0.25
mg/mL and 0.5 mg/mL samples. This effect originates from a little bit
lower J,, and FF. We decided to choose 0.5 mg/mL concentration of
P3HT-COOH to compare solar cells with different passivation layers.

The concentration for the device with PTAA was optimized in our
previous work [3], where the best performance of PSCs was obtained
for the PTAA concentration equal to 2 mg/mL.

3.5. UPS studies

Figure S4 presents the UPS results for the secondary electron cutoff
region (left) and the valence band region (right) obtained for the
following configurations: Cu:NiO,, Cu:NiO,/PTAA (denoted here as
PTAA), Cu:NiO,/P3HT (denoted as P3HT) and Cu:NiO,/P3HT-COOH
(denoted as P3HT-COOH). In all samples, the Cu:NiO, layer was used as
the base, ensuring consistent device architecture throughout the study.
The ionization energies were calculated as: (—4.644 + 0.302) eV for
Cu:NiO,, (—4.938 + 0.168) eV for PTAA, (—4.554 + 0.078) eV for P3HT
and (-5.147 + 0.159) eV for P3HT-COOH. Similarly, the corresponding
Fermi level positions (with respect to vacuum) were (—4.146 + 0.204)
eV for Cu:NiO,,, (—4.168 + 0.199) eV for PTAA, (-3.938 + 0.069) eV
for P3HT and (—3.885 + 0.134) eV for P3HT-COOH.

3.6. Comparison of devices

Fig. 7 presents the comparison of four photovoltaic parameters
obtained for solar cells fabricated with different passivation layers. The
samples with P3HT-COOH show a highest average PCE (16.69 + 0.61)
% than devices with PTAA (16.26 + 0.42) %, P3HT (12.24 + 0.52)
% and without a passivation layer (13.56 + 0.57) %. It looks that
the best PCE obtained for the P3HT-COOH samples originates from
the largely improved J,, and FF compared to the P3HT and ‘None’
samples, which can come from a good perovskite crystallinity and a
better hole extraction capability through HTL. Although the P3HT-
COOH and PTAA devices have similar average PCEs, there is a visible
difference in FF and V.. We can see that the P3HT-COOH samples have
a higher average FF (77.96 + 1.71) %, whereas the PTAA samples are
characterized by a lower FF (73.49 + 2.54) %. For the case of an open-
circuit voltage, the PTAA devices have a higher average V,. (1.00 V)
than the P3HT-COOH cells (0.96 V).
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Fig. 5. AFM height images with the root mean square roughness (Rq) of perovskite films coated on the top of PTAA, P3HT, P3HT-COOH and Cu:NiO, materials.

PTAA
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P3HT-COOH
None

Intensity (a.u.)
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Fig. 6. The steady-state photoluminescence spectra of perovskite films coated on
different passivation materials.

It is seen that the ‘None’ samples indicate a better performance
comparing to the P3HT devices. The reason is that the solvent (CB) used
for P3HT plays a role of an anti-solvent for the perovskite. Therefore,
even after the annealing process, it still could worsen the interface and
leads to a worse perovskite crystallinity.

The current—voltage curves for representative photocells are shown
in Fig. 8. The corresponding performance parameters are summarized
in Table 1 including the hysteresis index (HI), which is defined as

— (PCEReverse — PCEFarward)
P CEReverxe

HI

@

where PCEg,yerse a0d PCEp,,,.0ra are PCEs measured for the reverse
and the forward directions, respectively. We can see that the P3HT-
COOH sample has the lowest hysteresis index (1.1%) indicating its

Table 1
Performance parameters for PSCs with different passivation layers.
Sample Hysteresis Scan Ve Je FF PCE
index (%) direction W) (mA cm~2) (%) (%)
PTAA 3.0 Reverse 1.00 22.17 73.49 16.26
Forward 0.99 22.05 72.02 15.77
P3HT 3.5 Reverse 0.92 18.03 73.79 12.24
Forward 0.93 17.81 71.55 11.80
P3HT-COOH 1.1 Reverse 096 2224 77.96 16.69
Forward 0.96 2215 77.60 16.51
’None’ 2.4 Reverse 0.99 19.05 72.23 13.56
Forward 0.98 18.90 71.25 13.23

smoother transport properties. The HI is higher for other samples but
the obtained values (2.4-3.5%) are still in a very low level.

Meanwhile, the reliability of the solar cells performance is further
confirmed by MPPT presented in Fig. 9. We can see that the PTAA and
P3HT-COOH samples show a good stability of PCE through the 120 s
measurement. The P3HT and ‘None’ devices have a slightly gradually
increased PCE during this whole period.

The EQE spectra for all solar cells are presented in Fig. 10. We can
see that the PBHT-COOH sample shows an enhanced light response
compared to the others. As a result, the P3HT-COOH device has a
higher integrated current density of 21.86 mA/cm? compared to 21.51
mA/cm?, 18.57 mA/cm? and 21.12 mA/cm? for the PTAA, P3HT
and ‘None’ samples, respectively. This trend is consistent with the PL
results, showing that the difference is largely due to the HTL/perovskite
interface and the perovskite crystallinity. The patterns of obtained EQE
curves are similar for the P3HT, P3HT-COOH and ‘None’ samples in a
wavelength range from 300 to 650 nm. Only a down shift of the EQE
to lower values observed for the P3HT and ‘None’ samples indicates
that the current differences might be highly related to the perovskite
bulk recombination. The curve for the PTAA sample is slightly different
than for other devices. It looks that the EQE peaks for this device
are slightly shifted towards the longer wavelengths. We also observe
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a significant loss of the EQE values at short (350-410 nm) and long
(690-780 nm) wavelengths. This discrepancy might be related to the
interface properties.

3.7. Light intensity analysis

In the following, we will focus on the light intensity analysis of
the devices with different passivation layers. It should be noted that,
recently, a detailed and stepwise guidance for such an analysis has
been provided [35]. In this work, the light intensity characteristics
were obtained by measuring the current-voltage curves under different
illuminations (1, 0.1, 0.01 and 0.001 suns), which were controlled by
neutral density (ND) filters.

The experimental results of J,. versus a light intensity obtained for
devices with different passivation layers are shown in Figure S5. We
can see that J,, is practically linear with the light intensity drawn in the
log-log scale. This is a reason that we can present other photovoltaic
parameters (V,., FF and PCE) as a function of J,., which can be treated
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Fig. 11. The light intensity experimental (open symbols) and simulation (closed
symbols) results drawn for solar cells with different passivation layers. The results are
shown for PTAA (blue), P3HT-COOH (green) and ‘None’ (dark yellow) devices. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

as an equivalent of the intensity of illumination. The obtained relations
are presented in Fig. 11 for the PTAA, P3HT-COOH and ‘None’ devices.
We decided to neglect such an analysis for the P3HT cell due to its
weaker passivation properties in a comparison to other materials.

First, the FFs do not show a huge differences around 1 sun, meaning
that there is no visible impact of series resistance for all samples.
Also, it can be attributed to similar energy levels for all HTLs, which
situation does not lead to any visible transport losses at the interface
between HTL and a perovskite layer. The FFs of all devices show larger
differences at lower light intensity, which can be more related to the
bulk losses in the devices. It is clearly seen that the P3HT-COOH and
PTAA samples indicate very similar values of FF in a high range of
intensities. At a low light intensity, the P3HT-COOH sample has an
observable drop by about 5%, if comparing to the PTAA sample. Such
a behavior can be associated with a higher bulk recombination or the
shunt resistance for the P3HT-COOH device in a comparison to the
PTAA solar cell.

For the V,, analysis, an ideality factor (n;;) has been calculated
from the diode equation, which is related to a slope of V,. versus J,
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Fig. 12. Schematic energy level alignment between different HTLs and a perovskite
material. The diagram is illustrative and not drawn to scale.

presented in the semi-log scale. The obtained values of n;; (in kT/q
units) are presented in Fig. 11c. The PTAA and ‘None’ samples have
a high n;;, with values close to 2 kT/q. It means that either interface
losses should be lower or the bulk defects dominate in these devices.
However, we would expect that Cu:NiO, has a much higher interface
recombination than the PTAA sample. For the P3HT-COOH sample, n,,
value is around 1.5 kT/q and shows V,. losses larger than 300 mV,
if comparing to the Shockley-Queisser limit. Based on conclusions
presented in the guideline [35], it could be explained that this sample
suffers from a higher interface recombination.

In addition, Fig. 11 shows a comparison between experimental re-
sults and theoretical calculations based on the electrical drift-diffusion
model. Tables 2 and 3 present physical parameters used in the model-
ing. The obtained goodness-of-fit was equal or higher than 98% for the
PTAA, P3HT-COOH and ‘None’ devices. We can clearly see that the bulk
defect concentration is the highest for the ‘None’ sample and decreases
for solar cells with P3HT-COOH (slightly) and PTAA (strongly). In
general, values above 1022 m~3 are considered as high bulk defect
densities. Therefore, all samples suffer from relatively high bulk losses.
However, the mobility of charge carriers in the bulk is very high and
only the ‘None’ device has it lower than 18 cm? V-1 s~1. Thus, a higher
recombination rate or the transportation losses in the bulk are more
visible for the ‘None’ PSCs.

The ETL and HTL interface trap densities are relatively small for
the PTAA and ‘None’ samples. We have found much higher values of
these densities for the P3HT-COOH device. For example, they are three
orders of magnitude greater for the boundary between the ETL and the
perovskite. It might lead to higher interface losses in this solar cell,
especially observed at V,,. The small shift of the energy levels appears
for the ‘None’ sample. It can be attributed to a different position of the
Cu:NiO,, valence band in a comparison to passivation layers.

3.8. Influence of the energy level alignment on photovoltaic properties

Fig. 12 shows an energy level alignment between different HTLs
and a perovskite material. Here, diagrams for HTLs are presented with
energy ionizations and Fermi levels found from the UPS measurements.
The literature value of the valence band maximum for the perovskite
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Table 2
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Parameters used in simulation of the PSCs. Parameters for holes are written in brackets and for electrons

without brackets.

Name Unit Cw:NiO, (HTL) 2C perovskite PCBM (ETL)

Thickness nm 13 360 37.5

Permittivity 2.1 24.1 3.75

Mobility cm? V-1 g1 (0.01) - 7.91 x 104

Capture rate 10714 m3 s! - 1) -

Auger coefficient 1074 mé s7! - 1.55 (1.55) -

Langevin prefactor - 1.2 x 1075 -

Energy level ev - —3.88 (-5.46) -3.90

Doping concentration m~3 (1.20 x 10%%) 0 0

Effective density of states m~3 2.5 x 10%° 1.2 x 10% 2.5 x 10%°

Series resistance Q cm? 0.1

Shunt resistance Q cm? 1.1 x 10°

Table 3 — review & editing, Visualization, Validation, Resources, Investiga-
The fitted parameters obtained from the simulation of PSCs. tion, Formal analysis. Satish Bykkam: Writing — review & editing,
Name Unit PTAA  P3HT-COOH  ‘None’ Formal analysis. Damian Glowienka: Writing — original draft, Visu-
Bulk trap density 102 m=3 291 4.79 4.92 alization, Validation, Software, Resources, Investigation, Funding ac-
i ili 2 y-1 g1 L . . . . .

2C perovskite mobility em® V7 s 18.23 18.53 14.09 quisition, Formal analysis. Yulia Galagan: Writing — review & editing,
ETL interface trap density 104 m=2 1.8674 1433.6 1.2568 S .. Fundi it F 1 lysis. C tualizati
HITL interface trap density ~ 101 m-2 7512 183.99 64.909 upervision, Funding acquisition, Formal analysis, Conceptualization.

is located around —5.46 eV [36]. We can see that the energy alignment
between Cu:NiO,, the organic HTL and the perovskite layer is most
favorable for P3HT-COOH. In contrast, the largest hole extraction
barrier exists in the Cu:NiO, /P3HT/perovskite system, which correlates
with the lowest J,, values observed among all tested samples. On
the other hand, the best energetic alignment has been achieved for
the P3HT-COOH-based architecture, which corresponds to the highest
J,. values in our study. This performance trend strongly supports the
interpretation that interfacial energy level alignment should be a key
factor driving a charge extraction efficiency in these devices.

Interestingly, the Fermi level of P3HT-COOH (—3.885 + 0.134) eV is
very close to the reported conduction band minimum of the perovskite
layer (around —3.88 eV [36]). This alignment may create an unintended
electron extraction pathway from the perovskite to the HTL, increas-
ing the likelihood of interfacial recombination. This interpretation is
consistent with our findings of the reduced V,. in P3HT-COOH-based
devices compared to those using PTAA which, due to its deeper Fermi
level, presents a larger electron extraction barrier and therefore reduces
recombination losses.

4. Conclusions

Here, the PTAA, P3HT and P3HT-COOH compounds have been
tested as passivation layers for the Cu:NiO, material, which can play a
role of the HTL in PSCs. The studies of a contact angle have shown that
a sample with the perovskite precursor solvent (DMF:DMSO) dropped
on the P3HT-COOH film has the lowest contact angle in a compari-
son to samples with other passivation materials. As a consequence, a
smoother perovskite surface was obtained on the P3HT-COOH layer.
The photoluminescence spectra measured for the HTL/perovskite struc-
tures prepared with different passivation materials indicate the best
quenching efficiency for samples with P3HT-COOH, which is associated
with a fast hole transfer from a perovskite to HTL. The solar cells
with P3HT-COOH shows the lowest hysteresis index and the highest
power conversion efficiency. Results obtained for PSCs with PTAA also
look promising. However, a high cost of this passivation compound
causes that P3HT-COOH seems to be a much more attractive material
to construct efficient PSCs.
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