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ARTICLE INFO ABSTRACT

Keywords: Hygroscopic dopant in hole transport layer (HTL) is a key factor contributing to moisture-induced perovskite
Perovskite solar CCHSA degradation and the resulting performance loss over time. This poses obstacles to the commercialization of
Hole ]:ralnsport materials perovskite solar cells (PSCs). Herein, we mixed two popular hole transport materials, i.e., [2,2/,7,7'-tetrakis(N,N-
PMo[i;I:n:rOgy di-p-methoxyphenyl-amine)9,9’-spirobifluorene] (Spiro-OMeTAD) and poly (3-hexylthiophene-2,5-diyl) (P3HT),

to form a binary mixed HTL. Due to the presence of hydrophobic P3HT component, the mixed HTL exhibits
improved moisture resistance. In addition, P3HT demonstrates a great ability to interact with the dopants, which
changes n-n packing orientation of P3HT from edge-on to face-on and improves its crystallinity, thus increasing
hole mobility and hole extraction capability of the mixed HTL. As a result, PSCs equipped with the Spiro-
OMeTAD/P3HT mixed HTL exhibit a champion power conversion efficiency (PCE) up to 24.3% and superior
operational stability. The cells without encapsulation can maintain 90% initial efficiency after storage in dark
ambient conditions (30% RH) for 1200 h. These results suggest that constructing Spiro-OMeTAD/P3HT mixed
HTL is a promising strategy to meet the future photovoltaic applications demands with low-cost as well as
excellent efficiency and device stability.

Moisture stability

1. Introduction 25% [4] in just a few years. High-efficiency PSCs usually possess a
classical sandwich structure composed of a perovskite (PVK) light

Benefiting from its superb opto-electronic properties [1,2], hybrid absorber film between electron transport layers (ETLs) and hole transport
organic-inorganic perovskite solar cells (PSCs) have become one of the layers (HTLs). These transport layers are essential for charge extraction
most promising photovoltaic technologies. The power conversion effi- and protection from the moisture, thermal and light sensitive perovskite
ciency (PCE) of single-junction PSCs has soared from 3.8% [3] to over film [5]. As one of the most famous HTLs used in n-i-p PSCs, organic
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molecule 2,2',7,7'-tetrakis(N,N-di-pmethoxyphenylamine)-9,9’-spirobi-
fluorene (Spiro-OMeTAD) paired with additives bis(trifluoromethane)
sulfonimide lithium salt (Li-TFSI) and 4-tert-butylpyridine (tBP) shows
suitable energy level alignment with the perovskite absorber, as well as
excellent hole transport and extraction capability [6,7]. However, these
dopants have been reported to impair device stability because of the
hygroscopic nature and dopant-induced ion migration [8], which pro-
motes perovskites degradation [9]. Thus, several strategies on HTL are
explored to improve the stability while maintaining high efficiency, e.g.
developing new doping strategies [10] or using alternative dopants [11].
Gradated mixed hole transport material is also reported to improve the
stability, while the device efficiency is relatively low [12]. In addition,
new HTL materials [13] or dopant-free materials [14] have been
explored to obtain operationally stable PSCs. Furthermore, interfacial
engineering [15-17] is also a promising strategy to reduce interfacial
defects, control perovskite crystallization and hinder the perovskite
degradation. Despite all the efforts, a facile and cost-effective method
that is conducive to the future commercialization of PSCs is yet to be
demonstrated.

Herein, we incorporated low-cost, thermally stable and strongly hy-
drophobic poly(3-hexylthiophene) (P3HT) [18] into Spiro-OMeTAD to
form a mixed binary HTL system. Thanks to the hydrophobicity of P3HT,
the mixed HTL (m-HTL) can better serve as a protective layer to enhance
the long-term stability. In addition, in the presence of Li-TFSI, P3HT not
only exhibits a higher degree of molecular order but also shows a pref-
erential “face-on” orientation, i.e., the P3HT molecules are parallel to the
substrate, which has significant positive effects on the opto-electronic
properties and charge carrier mobility [19]. As a result, PSCs equipped
with the Spiro-OMeTAD/P3HT mixed HTL exhibit a champion PCE of
24.3%. Furthermore, the cells without encapsulation can maintain 90%
of its initial efficiency after storage in dark ambient conditions (30% RH)
for 1200 h. These results indicate that Spiro-OMeTAD/P3HT mixed HTL
is a solution to obtain low-cost perovskite solar cells with excellent effi-
ciency and device stability.

2. Experimental
2.1. Materials

The colloidal SnO5 (15 wt%) was obtained from Alfa Aesar. N, N-
dimethylformamide (DMF), and dimethyl sulfoxide (DMSO) were pur-
chased from Sigma-Aldrich. Lead iodide (Pbly) (99.999%), for-
mamidinium iodide (FAI) (99.5%), methylammonium iodide (MAI)
(99.9%), methylammonium chloride (MACI) (99.5%), poly(3-
hexylthiophene) (P3HT), lithium bis (trifluoromethanesulphonyl)
imide (Li-TFSI) and 2,2/,7,7'-tetrakis (N, N di-p-methoxyphenylamine)-
9,9’-spirobifluorene (Spiro-OMeTAD) (99.86%) were purchased from
You Xuan, Liaoning. 4-tert-butylpyridine (tBP) and phenethylammonium
iodide (PEAI) were purchased from Xi'an Polymer Light Technology
in China.

2.2. Device preparation

The indium tin oxide (ITO) glasses were cleaned by sequentially
washing with detergent, deionized (DI) water, acetone and isopropanol
(IPA) then treated with UV-ozone for 30 min before use. A thin layer of
SnO; nanoparticle film (2.67 wt% in ammonium hydroxide) was spin
coated on the treated ITO substrate at 4000 rpm for 30 s, then annealed in
ambient condition at 150 °C for 30 min. The precursor PbI; (692 mg, 1.5
mmol mL~!) in DMF: DMSO (9:1) solution was spin coated onto the
cooled substrate at 1500 rpm for 25 s and 2500 rpm for 10 s, and then
annealed at 60 °C for 2.5 min. After the Pbl; film cooled down to room
temperature, 60 pL of the organic mixture solution of FAL: MAL: MACI
(92.4: 6.5: 9.5 mg in 1 mL IPA) was spin coated onto the Pbl, during
spinning at 2500 rpm for 3 s, 1350 rpm for 15 s and then 1700 rpm for 12
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s. When the resulting film turned from orange to dark brown in glove box,
they were thermally annealed at 150 °C for 15 min under ambient con-
ditions. Upon cooling to room temperature, the PEAI (4 mg mL ™! in IPA)
was spin coated on the perovskite at 5000 rpm for 30 s without
annealing. 15 mg P3HT was dissolved in 1 mL of chlorobenzene and
stirred for 2 h before use. The Spiro-OMeTAD solution, which consisted
of 72.3 mg Spiro-OMeTAD, 35 pL bis(trifluoromethane) sulfonimide
lithium salt (Li-TFSI) stock solution (260 mg Li-TFSI in 1 mL acetonitrile),
30 pL 4-tertbutylpyridine (tBP) and 1 mL chlorobenzene, was deposited
on top of the perovskite layer at 3000 rpm for 30 s as the control hole
transport layer. In addition, different ratios of P3HT solution were added
to Spiro-OMeTAD solution and stirred for 0.5 h, then was deposited on
top of the perovskite layer at 4000 rpm for 30 s as the mixed hole
transport layer. Finally, 7 nm MoOs3 and 125 nm Ag films were deposited
via thermal evaporation as a counter electrode using a shadow mask.

2.3. Device characterization

Photocurrent density-voltage (J-V) curves were measured using a
solar simulator equipped with 450 W Xenon lamp (Newport 6279 NS)
and a Keithley 2400 source meter. The effective active area of the device
was defined to be 0.08 cm? (calibrated mask). J-V curves were measured
from 1.2 V to —0.1 V (reverse scan, RS) with a scan rate of 100 mV s L
Light intensity was adjusted to AM 1.5G one Sun (100 mW cm™2) with a
NIM calibrated standard Si solar cell. The incident photon-to-electron
conversion efficiency (IPCE) measurement was conducted on an IPCE
measurement system. X-ray diffraction (XRD) patterns were acquired
using a PANalytical Empyrean diffractometer equipped with Cu Ka ra-
diation (A = 1.5406 A). The light pulse was 10 ns. Atomic force micro-
scope (AFM) measurements were conducted on a Dimension Edge
(Bruker) by using in tapping mode. Absorption spectra was measured
using a Shimadzu UV-1800 UV-vis spectrophotometer. A Fluorescence
spectrophotometer (Cary Eclipse, Agilent) with an excitation wavelength
of 532 nm was used to collect steady state photoluminescence (PL)
spectra. The grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were carried out at PLS-II 9A beamline of the Pohang
Accelerator Laboratory in Korea. The samples were prepared on Si sub-
strates using the identical conditions with the device fabrication. Raman
spectra of P3HT were obtained using a high-resolution dispersive Raman
microscope (LabRAM HR Evolution, Horiba) under 523 nm excitation
wavelength at room temperature. Contact angle was measured with a
KRUSS DSA-100 contact angle measurement instrument. The hole
mobility was measured by the space charge limited current (SCLC)
method with a configuration of ITO/PEDOT:PSS/HTL/Ag as hole only
devices. When operating in the space charge limited current (SCLC)
regime, the dark current of the hole only device is described by the
Mott-Gurney law:

J =9¢e,uV? /8L (@)

where J is the measured current density, L is the film thickness, p is the
hole mobility, g is the permittivity of vacuum, &, is the relative dielectric
constant (assumed to be 3), V is the applied bias. Electrochemical
impedance spectroscopy (EIS) and Mott-Schottky measurements (100
Hz) are performed on Chenhua electrochemical workstation (CHI 760E)
under conditions. For THz emission device, the spectrometer was driven
by a Ti: sapphire laser amplifier (Spectra-Physics® Solstice™ Ace™),
which generated 35 fs duration of 800 nm light at 1 kHz repetition rate.
The femtosecond laser is split into three beams, one of which is used to
excite the ZnTe crystal (1 mm thick, (110)-oriented) to generate THz. The
second laser beam is used as the probe light to detect the THz signal of the
sample. And the third beam is wavelength-tuned through optical para-
metric amplification (OPA) as pump light. These three laser beams use
two delay lines (TD1, TD2) to adjust the time interval between each
other. The electro-optical effect of ZnTe was used to detect THz signal.
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Fig. 1. (a) Schematic illustration of the planar structure of n-i-p perovskite solar cell and the chemical structure of Spiro-OMeTAD and P3HT. (b) Statistical distri-
bution of PCE values for control PSCs and m-HTL based PSCs (25 devices are made for each condition). (c) J-V curves under reverse scan for the control and m-HTL
based devices. (d) PCE evolution of the unencapsulated control and m-HTL based devices (20 devices for each condition) under dark ambient conditions (30% RH).

Compared with control cells with only Spiro-OMeTAD as HTL, m-HTL
can lead to improved efficiency with good repeatability (Fig. 1b and
Fig. S1). The m-HTL based PSCs show a champion PCE of 24.3% (certi-
fied 24.22% as shown in Fig. S2), with an open-circuit voltage (Vo) of

3. Results and discussion

Fig. 1aillustrates the n-i-p cell structure adopted in this work. The top
HTL is a mixture of Spiro-OMeTAD and P3HT, labelled as m-HTL.
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Fig. 2. AFM height images in 2*2 pm area of HTLs with different ratios of P3HT: (a) Control Spiro-OMeTAD, (b) 1 wt%, (c) 5 wt%, (d) 10 wt% and (e) 20 wt% P3HT/
Spiro-OMeTAD m-HTL. (f) Statistical PCE distribution of PSCs devices with various ratios of P3HT in Spiro-OMeTAD (25 devices are made for each condition).
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1.18 V, a short-circuit current density (Js.) of 24.94 mA cm 2 and a fill
factor (FF) of 82.51% (Fig. 1c). The integrated Jy. value from the incident
photon-to-electron conversion efficiency (IPCE) spectra is 24.35 mA
cm ™2 for the m-HTL based PSC (Fig. $3), which is in good agreement with
the Js. value obtained from J-V measurements. It is worth mentioning
that the PSCs equipped with m-HTL also exhibit excellent long-term
stability. They can maintain 90% of its initial efficiency after 1200 h of
storage in dark ambient environment (30% RH); while under the same
conditions, the average PCE drops below 60% of initial value for the
control cells (Fig. 1d).

Firstly, atomic force microscopy (AFM) measurements were
employed to monitor the morphology change of the Spiro-OMeTAD film
as a function of P3HT concentration (from 1 wt% to 20 wt% P3HT in
Spiro-OMeTAD). Fig. 2a—e clearly indicate that phase separation of the
binary mixed films becomes clearer with increasing proportion of P3HT

Spiro-OMeTAD film

(a)

m-HTL film
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within the m-HTL film. In addition, the root-mean-square roughness (Rq)
of the films shows an upward trend with increasing P3HT content from
0.5 nm to 2.7 nm. Such increased film roughness may hinder carrier
extraction across the perovskite/HTL interface, thus the P3HT content
requires optimization. Therefore, we fabricated a series of PSCs (active
area of 0.08 cm?) based on the following planar structure: glass/indium
tin oxide (ITO)/tin oxide (SnO)/perovskite/phenethylammonium io-
dide (PEAI)/HTL/molybdenum trioxide (MoQO3)/Ag, where the guest
P3HT in the HTL was varied. Fig. 2f presents the statistical distribution of
PCE:s extracted from the fabricated devices as a function of P3HT content,
while the corresponding average photovoltaic parameters are listed in
Table S1. These results suggest that 5 wt% mixed HTL yields the highest
efficiency as a result of improved short-circuit current density, fill factor
and relatively low Rq roughness. To gain a deeper understanding of the
observed improvements, we conducted further detailed analyses of the
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Fig. 3. Moisture resistance and suppressed perovskite degradation via m-HTL. (a) Contact angle images as a function of time for the control HTL and m-HTL using
deionized water. XRD patterns of fresh and aged perovskite films based on (b) control HTL and (¢) m-HTL. 2D GIWAXS patterns of aged perovskite films based on (d)
control HTL and (e) m-HTL.
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mixed HTL at this fixed ratio.

As an indicator of moisture resistance, water contact-angle mea-
surements tracked in real-time were carried out on HTL with and without
P3HT, as shown in Fig. 3a. The initial water contact angle of the m-HTL
(95.4°) is much larger than that of the hydrophilic Spiro-OMeTAD film
(64.9°), and it remains so at all measurement time considered. In addi-
tion, the average rate of change in the measured contact angle as a
function of time in the m-HTL is relatively slow, indicating suppressed
wettability relative to the control-HTL. The increased contact angle can
be attributed the relatively low surface energy surface [20] of P3HT. In
general, materials with different surface energies can form segregated
phases due to strong repulsive interactions [21], and the component with
lower surface energy is preferentially distributed near the surface. Thus,
P3HT acts as a barrier against water ingress, and the resulting m-HTL
should enhance the operational stability of humidity-sensitive PSCs.

To further confirm the superior moisture resistance of the m-HTL, X-
ray diffraction (XRD) measurements were performed on fresh and aged
films (the HTL was removed with chlorobenzene prior to the test), as
shown in Fig. 3b and c. The control device exhibited a clear degradation
of the FAPbI3 perovskite XRD peaks along with the appearance of yellow
5-FAPbI3 phase in the aged diffraction pattern [22]. Meanwhile, no
apparent peaks corresponding to the 5-FAPbI3 phase were observed in
the diffraction patterns of both fresh and aged perovskite films based on
m-HTL even after 200 h. In addition, grazing incidence wide angle X-ray
scattering (GIWAXS) on aged films, and UV-vis absorption measure-
ments on both fresh and aged films (Fig. S4) were carried out to confirm
these observations (the HTL was removed with chlorobenzene prior to
the test). According to the GIWAXS 2D patterns of the aged films (Fig. 3d
and e), both perovskite film samples contain two components: trigonal
Pbl; and cubic o-FAPbI3 phase [100].. However, an additional
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)

4/ —— Pristine P3HT '

Normalized Absorption (a.u

Wavelength (nm)

Dopant-free P3HT

edge on

"05 00 05 1.0 15 20

Qyy (A7)

%
of Doped P3HT S
350 450 550 650 750

DeCarbon 1 (2023) 100004

orthorhombic 8-FAPbI3 phase[100], [23] was identified in aged control
samples (Fig. 3d), whereas this phase was absent in m-HTL based samples
(Fig. 3e). The presence of photo-inactive [24] 5-FAPbI3 phase in the aged
perovskite film based on control HTL indicates poorer bulk photoelectric
properties of the absorber layer, ultimately resulting in the degradation
of photovoltaic performance. In sum, the results described so far provide
unambiguous evidence that the increased hydrophobicity of the m-HTL
via P3HT incorporation is an important factor contributing to the
enhanced stability of devices against humidity.

Li-TFSI is the most commonly used dopant in Spiro-OMeTAD [25],
and its doping effect on P3HT properties has been studied [26]. It is well
known that regioregularity or inter-chain order (in the form of n-1 mo-
lecular stacking) of semiconducting polymeric films such as P3HT has a
significant effect on its optoelectronic properties [27]. UV-vis absorption
spectroscopy measurements of P3HT on ITO substrates were carried out
to investigate the effect of Li-TFSI doping on the degree of molecular
ordering within the P3HT films, as shown in Fig. 4a. The absorption
spectra of the dopant-free P3HT layer show a broad peak at 510 nm
containing two shoulders at 553 and 600 nm. Upon adding Li-TFSI, a
clear red shift in P3HT absorption with significantly enhanced vibrionic
peak intensity at 600 nm was observed. This increase in absorption at
longer wavelengths can be ascribed to decreased disorder in P3HT chain
packing [28,29].

In addition, Raman spectra were recorded to further investigate the
pristine P3HT and Li-TFSI doped P3HT films. A typical Raman spectrum
of P3HT excited at 633 nm is shown in Fig. 4b. There are two dominant
Raman modes: a symmetric C—=C stretch (around 1440 cm’l) and a C-C
intra-ring stretch (around 1380 cm™') corresponding to the main in-
plane ring-skeleton modes of the thiophene units [30]. For comparison,
the Raman signal of the C=C mode of doped film is much stronger than

(b)
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Fig. 4. Molecular stacking characterization of m-HTL. (a) Normalized absorption spectra of the P3HT film with or without Li-TFSI, respectively. (b) Raman spectra of
the P3HT with or without Li-TFSI, respectively. 2D GIWAXS patterns of the (c) dopant-free P3HT and (d) Li-TFSI doped P3HT films.
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that of dopant-free film, which reflects the higher degree of molecular
order of P3HT in the Li-TFSI doped P3HT film [31]. The spectra results
collectively suggest that the Li-TFSI dopant has a positive effect on either
the degree of conjugation of the thiophene chains [32], the degree of
inter-chain ordering [26], or a combination of these factors.

In general, the orientation of inter-chain stackings in regioregular
P3HT crystallites, namely face-on (n-r stacking direction perpendicular to
the substrate) and edge-on (n-n stacking direction parallel to the sub-
strate), can be distinguished from GIWAXS measurements [33]. In Fig. 4c,
dopant-free P3HT presents relatively low diffraction peak with indexed
(100) and (010) peaks at 0.38 A1 and 1.64 A! corresponding to a
lamellar distance d; of 16.5 Aandnn stacking distance d of 3.83 ;\, which
preferentially stacks in an “edge-on” manner. While in the presence of
Li-TFSI, the P3HT exhibits higher scattering intensity at out-of-plane di-
rection than that at in-plane direction (Fig. 4d and Fig. S5). This result
demonstrates that the dopant breaks the edge-on long-range ordering of
P3HT and induces the formation of face-on domains because of the for-
mation of a n-Li chemical bond and reduces the distance between the
backbones. As a result, the n-conjugation of the backbones becomes
stronger [34]. Furthermore, both the in-plane and out-of-plane (100, 200,
300) diffraction peaks of doped m-HTL significantly increased, which
indicated a more ordered structure of the polymer and was consistent with
the absorption and Raman spectra [35]. The face-on stacked P3HT do-
mains are beneficial for efficient carrier transfer in vertical structured
solar cells because of perpendicular n-n stacking [36,37].

In order to explore whether the orientation of inter-chain stackings of
P3HT in m-HTL can still maintain the same trend, we added 2D GIWAXS
patterns and Azimuthal integration plots along the (010) plane of P3HT
in m-HTL. Firstly, we measured 2D GIWAXS patterns of doped Spiro-
OMeTAD to differentiate the face-on n-n stacking was caused by Spiro-
OMeTAD or not, as shown in Fig. S6. No n-n stacking signal is observed
in either GIWAXS 2D image nor 1D profile for Spiro-OMeTAD. This is
mainly due to the amorphous nature of Spiro-OMeTAD, whose spiro-
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center (a tetrahedral carbon linking two aromatic moieties) prevents
crystallization of this organic material [38]. Next, we performed GIWAXS
characterization of the dopant-free and doped m-HTL. As shown in
Fig. S7 (a) and (b), the diffraction pattern is predominantly from
Spiro-OMeTAD. In addition, a weak diffraction ring located at q = 1.64
A1 is also visible. This is attributed to the 7-t stacking of P3HT. To
analyze the orientation of the P3HT crystallites, the azimuthal integra-
tion plots along the (010) plane (the ring at g = 1.64 A™!) were plotted
(Fig. S7c). Compared with the dopant-free m-HTL, the doped m-HTL
exhibits a prominent peak ~90°, indicating a face-on n-n stacking of
P3HT in m-HTL. It is also worth noting that a new diffraction ring at 0.45
A1 (the corresponding distances are 14 A) appears in Fig. S7b. The
distance of 14 A is consistent with the lattice constants a and b obtained
from the single crystal structure analysis of Spiro-OMeTAD [39], so this
might be a typical diffraction fringe from the Spiro-OMeTAD [40].
Subsequently, space charge limited current (SCLC) measurements for
hole mobility determination were carried out to study the effect of
preferential face-on stacking in the m-HTL [41]. As shown in Fig. 5a, the
hole mobility of m-HTL was derived to be 2.09 x 10~ ecm? V™1 57},
which is almost twice the value of the control HTL (1.26 x 10~ *em? v!
s1). For comparison, we also measured the hole mobility of a neat P3HT
film and a Li-TFSI doped P3HT film. As shown in Fig. S8a, the addition of
Li-TFSI also leads to an increase of hole mobility, from 1.15 x 10~* cm?
V157110245 x 10~*em? V1571, Increased hole mobility can facilitate
effective hole conduction and alleviate charge recombination at the
perovskite/HTL interface [42,43]. We also prepared PSCs using
dopant-free/Li-TFSI doped P3HT as HTL. The J-V curves of the
dopant-free/doped P3HT based devices are displayed in Fig. S8b. The
doped P3HT-based PSCs show a PCE of 16.5% compared to a PCE of
12.9% for dopant-free P3HT devices. The increased photovoltaic pa-
rameters, especially FF, indicate that the carrier extraction and hole
mobility are promoted. However, the PCE of P3HT-only devices is poor
compared to Spiro-OMeTAD PSCs. This is probably due to the higher
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Fig. 5. (a) Space-charge-limited current (SCLC) results obtained from the structure of ITO/PEDOT:PSS/HTL/Ag. (b) Steady-state and (c) time-resolved PL spectra of
neat perovskite film, perovskite/control (Spiro-OMeTAD) and perovskite/m-HTL. (d) Nyquist plots of the PSCs based on control and m-HTL, the inset in 5d represents
the equivalent circuit. (e) Normalized time-resolved THz photoconductivity of neat perovskite film, perovskite/control (Spiro-OMeTAD) and perovskite/m-HTL for
500 nm (2.48 eV) pump with fluences of 35.65 pJ/cm?, the inset in 5e represents the schematic illustration of the TRTS for samples. (f) Steady-state photocurrent for
control and m-HTL based devices at the maximum power point under AM 1.5G one Sun illumination.
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HOMO energy level and poor physical contact with the perovskite, which
may lead to significant V. loss [31].

Steady-state photoluminescence (PL) measurements (Fig. 5b) were
performed to investigate carrier extraction efficiency across the interface.
The pristine perovskite film shows an intense PL emission peaked at ~800
nm, while both perovskite/control HTL and perovskite/m-HTL bilayer
films exhibited significant PL quenching. Furthermore, the PL peak of
PVK/HTLs film is slightly blue-shifted relative to others, which could be
related to the reduced defect density in the perovskite film [44-46]. More
importantly, the weaker PL emission from the perovskite/m-HTL bilayer
film, compared to the perovskite film in contact with the control HTL film,
indicates enhanced hole extraction from perovskite to m-HTL [47]. These
observations are in agreement with those from time-resolved PL mea-
surements (Fig. 5c and Table S2). The neat perovskite film exhibits an
average decay time (7ayg) of 724.1 ns, which significantly decreases to 59.5
and 32.5 ns in the perovskite/control HTL and perovskite/m-HTL bilayer
films, respectively. The decreased transient lifetime indicates that the
carrier extraction via the m-HTL film is faster than that in the control HTL.
Furthermore, the electrochemical impedance spectroscopy (EIS) of control
and m-HTL based PSCs further indicates the effective charge transfer as
shown in Fig. 5d. Where the first high-frequency arc is assigned to charge
transfer resistance (R.;) while the second arc at low-frequency represents
recombination resistance (Rre.) at the HTL/perovskite interface [48,49].
Notably, the m-HTL based devices have smaller R, and larger Rye. Fig. S9
shows the Mott-Schottky plots for PSCs employing different HTLs and the
m-HTL device had a higher flat-band potential (0.98 V) compared with the
control device (0.92 V), indicating that at perovskite/m-HTL interface the
carrier extraction is promoted and carrier recombination is inhibited,
which could help to improve FF and V. of the devices. These results
described so far therefore provide clear evidence that the presence of
Li-TFSI dopants in the m-HTL film induces a higher degree of molecular
ordering within P3HT domains and this, in turn, leads to enhanced carrier
transport and extraction relative to the control HTL.

To obtain more details on the photoexcited charge carrier relaxation
processes from non-equilibrium states on ultrafast time scales after
photoexcitation, time-resolved terahertz spectroscopy (TRTS) technique
is used. This contact-free and noninvasive method reveals the free and
trapped carrier dynamics in the picosecond time scale [50]. The photo-
conductivity of the carriers in solid curves obeys the relation A = Ne?/
ym,, where N is the charge carrier density, e is the fundamental charge, y
is the momentum scattering rate, and m; is the effective mass of charge
carriers. For 500 nm (Figs. 5e) and 750 nm (Fig. S10) photoexcitation, all
these decay transients are fitted with a single exponential time constant
summarized in Table S3. Unlike the trend of time-resolved PL measure-
ments, PVK/control HTL bilayer films showed a relatively small decay
compared with neat PVK films in the picosecond time scale, which in-
dicates that the decay mainly arises from the recombination in the bulk
PVK films. It is reported that using pure P3HT as HTL could accelerate the
recombination of the separated charges in the device compared with
Spiro-OMeTAD based device [51]. However, as shown in Fig. Se, the
TRTS data for PVK/control and PVK/m-HTL exhibited almost the same
decay curves in the picosecond time scale, which means the recombi-
nation in the bulk PVK films did not change even with the addition of
P3HT in m-HTL. Therefore, from different time scales, we conclude that
P3HT in m-HTL doesn't affect the recombination in the bulk PVK films,
but will facilitate carrier extraction and transport relative to the control
HTL, leading to enhanced photovoltaic performances.

Finally, to show the impact of HTL on steady-state photovoltaic per-
formance, we monitored the stable PCE output versus time of the control
and target devices at the maximum power point under 1 Sun illumina-
tion, as shown in Fig. 5f. The control device gave a stabilized PCE output
of 22.4% at its Viax of 0.99 V, while 23.6% of the stabilized PCE were
obtained for the target device at its Vipax of 1.01 V. The result implies that
m-HTL based devices enable better and more stable photovoltaic
performance.

DeCarbon 1 (2023) 100004

4. Conclusions

In summary, a successful modification of the conventional Spiro-
OMeTAD HTL has been demonstrated by incorporating hydrophobic
polymeric P3HT into Spiro-OMeTAD film to improve the efficiency and
stability of PSCs. The binary system exhibits excellent hydrophobicity to
alleviate the damage caused by hygroscopic dopants. Furthermore, the
presence of Li-TFSI dopant shows further positive effects apart from its
primary purpose of inducing p-type doping of Spiro-OMeTAD in the m-
HTL film. Possible positive effects in the mixed HTL include a higher
degree of conjugation within the thiophene chains, as well as inducing
“face-on” domains, leading to improved hole extraction and conductivity
of the HTL. As a result, the PSCs based on binary mixed HTL system
exhibited a champion PCE of 24.3% and significantly improved long-
term stability, maintaining 90% of their initial PCE after aging 1200 h
in dark ambient conditions without encapsulation. We believe that this
strategy will pave the way on the development of low-cost, efficient and
stable perovskite solar cells.
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