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ABSTRACT: Improving the energy alignment between charge-
transport layers and the perovskite is crucial for further enhancing
the photovoltaic performance of tin-based perovskite solar cells
(PSCs). Herein, the role of Ti3C2Tx MXene in a poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
hole transport layer (HTL) on the photovoltaic properties of
PSCs is investigated as a function of its concentration. An
improved perovskite film formation with reduced pinhole density
and a more uniform contact potential difference is noted when
MXene is embedded in the PEDOT:PSS HTL. The work function
of the HTL is increased according to photoelectronic measure-
ments, leading to a favorable energy alignment with the HOMO of
PEA0.2FA0.8SnI3 perovskite. PSCs fabricated using a MXene-
embedded PEDOT:PSS HTL delivered a power conversion efficiency (PCE) of 8.35% compared to 7.35% from the pristine
counterpart, while retaining ∼90% of its initial PCE after 450 h of storage in a N2 atmosphere.
KEYWORDS: 2D materials, tin perovskite, quasi-2D perovskites, phenylethylamine cation (PEAI), hole-transporting materials,
perovskite solar cells

The requirement of low lead content in electronic
appliances from regulatory bodies around the world has

triggered tremendous attention on developing lead-free
perovskites (LFPs) with a photovoltaic performance com-
parable to that of their lead-based counterparts.1−3 To date,
tin-based halide perovskites are the most promising alternative
among lead-based perovskites, with certified power conversion
efficiency (PCE) reaching ∼14% in an inverted p−i−n device
architecture.4−8 Nevertheless, the energy-level misalignments
between the LFP light absorber and its transport layers
resulted in a large open-circuit voltage (VOC) deficit.9,10

Additionally, the rapid crystallization of tin halide perovskites
causes inhomogeneous film formation, limiting the PCE of
perovskite solar cells (PSCs).11−13 With tin halide perovskite
showing an optical absorption coefficient and excellent charge
mobility identical with those of their lead-based counterparts,14

matching the energy level between the charge-selective layers
and the perovskite could be a critical proposition to further
improve the performance of tin-based PSCs. To date, state-of-
the-art tin-based PSCs employ the p−i−n (or inverted) device
structure,5,6 with tin halide perovskite deposited on top of a
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS), a hole-transport material with high transparency,
good perovskite solution wettability, and ease of deposition.15

However, PEDOT:PSS suffers from inferior electrical con-
ductivity, inferior electron blocking capability, and poor energy
matching with tin halide perovskites, severely limiting the
photovoltaic performance of the tin-based PSCs.16 Tuning the
electronic properties of PEDOT:PSS to enhance the photo-
voltaic performance by embedding additives could effectively
address these concerns.17−22 Utilizing two-dimensional
MXenes as additives to improve the photovoltaic performance
of organic solar cells and PSCs has slowly gained traction.

MXenes are denoted by Mn+1XnTx, where M represents any
transition metal (such as Ti, V, Mo, Ta, Hf, Ce, etc.), while X
represents carbon and/or nitrogen. Ti3C2Tx possesses superior
electrical conductivity (∼104 S cm−1), high carrier density
(∼3.8 × 1022 cm−3), and high charge mobility (∼300 cm2 V−1

s−1).23−25 The surface functional groups of MXenes, i.e.,
Ti3C2Tx (where Tx can be -F, =O, or -OH), could slow down
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the perovskite crystallization process,26 leading to improved
film formation and higher PCE.27 The use of Ti3C2Tx as an
additive (in charge-transport layers as well as in the perovskite
absorbers) or as an interlayer was previously reported to
passivate the surface trap states,28 significantly reducing trap-
assisted charge recombination and improving the photovoltaic
performance.29 However, completely replacing the charge-
transport layer with MXenes was reported to not offer any
significant improvement and concluded that the MXenes serve
better as additives for the components in lead-based PSCs.30

An increase in the hole mobility (from ∼3.39 × 10−4 to ∼5.76
× 10−4 cm2 V−1 s−1) was reported in PEDOT:PSS through
Mo1.33C integration, leading to a higher short-circuit current
(JSC) in PEDOT:PSS/PTB7-Th:PC71BM organic solar cells.31

In another example, embedding WOx nanoparticles in the
PEDOT:PSS hole-transport layer (HTL) lead to an improved
device performance in organic solar cells due to better
alignment of the work function and balanced electron−hole
extraction.32 The WOx-embedded PEDOT:PSS HTL was also
tested for lead-based (MAPbI3) PSCs, leading to a higher PCE
due to improved charge-transport properties.33 Despite the
growing interest in utilizing two-dimensional MXenes as
additives to improve the photovoltaic performance of lead-
based PSCs, to the best of our knowledge, their application in
tin-based PSCs has not been investigated. Coupled with the
efficient electron blocking characteristics of Ti3C2Tx,34

embedding Ti3C2Tx shows prospects in enhancing the
photovoltaic performance of tin-based PSCs by tuning the
electronic properties of PEDOT:PSS.

In this work, Ti3C2Tx MXenes were prepared by
delaminating the Ti3AlC2 MAX phase, as demonstrated in
Figure S1 (Figure S2 shows the delaminated MXenes
solution). More details on the synthesis of Ti3C2Tx can be
found in the Supporting Information. X-ray diffraction (XRD)
analysis in Figure S3 shows distinctive diffraction peaks
corresponding to that of the delaminated MXenes layer, with
small amounts of the unreacted MAX phase at 2θ ∼ 10°. The

flakelike morphology of the delaminated Ti3C2Tx can be
observed through transmission electron microscopy (Figure
S4), with the flake width in the range of 2 μm. The high
transparency of the Ti3C2Tx flakes indicates that the
delaminated MXenes have low thickness. No observation can
be made regarding the stacking layer at the peripheral of the
flake, showing that the delaminated Ti3C2Tx flakes are mostly
single-layered.24,35 The surface components of the MXenes (T
as in Ti3C2Tx) were analyzed using X-ray photoelectron
spectroscopy (XPS), where a mixture of -F and -O surface
elements were detected (Figure S5 and Table S1). These
surface elements will affect the work function of Ti3C2Tx and
PEDOT:PSS modified with MXenes.36

The effect of Ti3C2Tx incorporation on the local work
function of PEDOT:PSS was studied by using Kevin probe
force microscopy (KPFM). Increasing the concentration of
Ti3C2Tx was observed to deepen the work function of
PEDOT:PSS, as shown in Figure 1a. This observation was in
line with the data acquired from photoelectron spectroscopy in
air (PESA) in Figure S6 and summarized in Figure 1b. The
deep work function of pristine Ti3C2Tx at −5.7 eV could lower
the work function of PEDOT:PSS from −5.17 to −5.22 eV
after the incorporation of small amounts of MXene. Such a
modification could align the work function of PEDOT:PSS
closer to that of tin-based perovskite, where improved
performance can be anticipated. Notably, the inclusion of
Ti3C2Tx in PEDOT:PSS also affects the local contact potential
difference distribution (ΔCPD), as shown in Figure S7. The
Ti3C2Tx-modified HTLs generally showed a smaller variation
in CPD than the PEDOT:PSS counterpart (Figure S8), which
is preferable for efficient charge transport.37,38 The highest
ΔCPD is measured for the pristine PEDOT:PSS HTL, which
could be attributed to the inhomogeneous morphology and the
presence of pinholes in the film. Increasing the Ti3C2Tx
concentration beyond 16 μg mL−1 would lead to clustering
of the MXene flakes in the HTL, which results in significant
local variation in the work function (Figure S9; MXene flakes

Figure 1. (a) Statistical distribution of the work function measured over at least four spots on two different samples for each sample type, obtained
from KPFM. (b) Work function of the HTLs measured using PESA. (c) Statistical distribution of root-mean-square roughness measured over at
least four spots on two different samples for each sample type, obtained from AFM. (d) AFM morphology of the synthesized HTLs.
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induce a work function dip of over 700 meV). Such clustering
could exacerbate the energy-level misalignment between the
HTL and tin-based perovskite, disrupting hole extraction, and
lead to a reduction in the photocurrent.

To gain insights into morphological differences, atomic force
microscopy (AFM) measurements were performed for all
HTLs under controlled humidity (relative humidity below
3%). All samples show nearly identical morphology, although a
reduction in the root mean square (rms) roughness is noted
upon Ti3C2Tx incorporation (Figure 1c,d). Increasing the
Ti3C2Tx concentration beyond 16 μg mL−1 leads to an increase
in the rms roughness, which could be unfavorable for quality
perovskite formation, and it could lead to interfacial traps.
Scanning electron microscopy (SEM) was used to observe the
morphology of the tin-based perovskite films deposited on the
HTLs. Pinholes can be clearly observed in the pristine
PEDOT:PSS and in the M_32 μg samples (Figure 2a),
indicating poor wetting of PEDOT:PSS by the perovskite
precursor solution. The pinholes observed in M_32 μg could
be the result of Ti3C2Tx flake aggregation, which would
negatively impact these layers’ wettability and result in
inhomogeneous perovskite film formation. Cross-sectional
SEM of the perovskite coating on the reference and on the
M_8 μg HTL sample (Figure S10) shows identical perovskite

film thickness (with a thickness of around 160 nm). The
distribution curves of the tin-based perovskite grain size
measured from 100 grains (Figure S11) demonstrated the
capability of Ti3C2Tx-modified PEDOT:PSS in promoting
grain growth at a concentration of 8 μg mL−1 (average grain
size of 164.2 nm), while increasing the concentration beyond
16 μg mL−1 reduces the average grain size to 141.21 nm,
further down to 140.7 nm for 32 μg mL−1, and 109.5 nm for
pristine PEDOT:PSS. Evidently, the inclusion of Ti3C2Tx
could reduce the pinhole density and enhance the film quality
of the tin-based perovskite films, which can be beneficial in
enhancing the photovoltaic performance.

The optoelectronic properties of the tin-based perovskite
deposited on the HTLs were studied using steady-state
photoluminescence (PL) and time-resolved photolumines-
cence (TRPL). The PL spectra for all samples in Figure S12
show emission peaks centered at 873 nm, equivalent to an
optical band gap of 1.42 eV. No shifting in the PL peaks were
observed after the modification of PEDOT:PSS, indicating that
the inclusion of Ti3C2Tx in PEDOT:PSS does not alter the
chemical composition of the tin-based perovskite. The TRPL
spectra of the samples (Figure 2c) show biexponential decays
with fast (τ1) and slow (τ2) decay components. These decays
correspond to the interfacial charge extraction and trap-assisted

Figure 2. (a) SEM morphological observation of a tin-based perovskite film deposited on top of (i) PEDOT:PSS, (ii) M_8 μg, (iii) M_16 μg, and
(iv) M_32 μg, respectively. (b) TRPL spectra for the respective samples. The inset shows the time constants extracted through fitting of the TRPL
spectra with biexponential functions. (c) J−V curves of the champion devices during a forward scan. The inset shows the inverted p−i−n device
structure tested and their respective photovoltaic parameters. (d) PCE stability testing for 450 h. The inset shows the hysteresis index of the devices
throughout the stability testing.
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recombination (τ1) and bimolecular recombination (τ2),
respectively.39 We note that the maximum carrier lifetime
could be achieved with the addition of 8 μg mL−1 Ti3C2Tx.
The average carrier lifetime was calculated from τAve = ∑Aiτi

2/
∑Aiτi,

40 where Ai and τi represent the decay amplitude and
component. The τAve value of M_8 μg was higher (∼10.3 ns)
compared to that of PEDOT:PSS (∼9.6 ns), while further
increasing the content of Ti3C2Tx reduced τAve, recording
∼10.2 and ∼9.9 ns for M_16 μg and M_32 μg, respectively.
The reduction of τAve in M_32 μg could be attributed to the
clustering of Ti3C2Tx that induced charge recombination
centers, which could be detrimental to the photovoltaic
performance of the PSCs. Similar observations could be
made from the observation of Urbach energy extracted from
visible-light absorption spectroscopy (Figure S13). The
Urbach energy of the tin-based perovskite deposited on the
HTLs decreased from ∼0.127 eV for PEDOT:PSS to ∼0.118
eV for Ti3C2Tx, indicating the formation of PEA0.2FA0.8SnI3
with fewer trap states.

To study the photovoltaic performance of the HTLs, PSCs
with a device structure of ITO/HTLs/PEA0.2FA0.8SnI3/ICBA/
BCP/Ag (as shown in the inset of Figure 2c) were fabricated
and characterized. The J−V curves for the champion devices
are shown in Figure 2c, while the photovoltaic performance
parameters averaged from 10 devices are summarized in Table
1. Improvement in the photovoltaic performance can be
observed after the incorporation of MXene in PEDOT:PSS,
where the device with M_8 μg as the HTL showed the best
performance (PCE ∼8.3%, JSC ∼21.8 mA cm−2, VOC ∼0.65 V,
and fill factor (FF) ∼0.59). The PCE reproducibility in M_8
μg also significantly improved, showing a standard deviation of
0.3%. In a separate experiment, the M_8 μg-based device also
shows the best stabilized photovoltaic performance (Figure
S14). Such an improvement in the photovoltaic performance
can be attributed to the synergistic effect of improved
perovskite film formation, enhanced carrier lifetime, and better
aligned energy level arising from the inclusion of Ti3C2Tx in
PEDOT:PSS. For stability analysis, the nonencapsulated PSCs
employing different HTLs were stored in the dark under an
inert N2 atmosphere for 450 h (following the ISOS-D
protocol). Figure 2d shows that the device with M_16 μg as
the HTL retained 89% of its PCE after 450 h of testing,
followed by 84%, 72%, and 64% for M_8 μg, PEDOT, and
M_32 μg, respectively. The J−V hysteresis for all samples
increased with time, where M_16 μg recorded the lowest
hysteresis index (HI), as shown in the inset of Figure 2d. The
HI strongly depends on (i) the perovskite intrinsic properties
as well as the properties of the charge-selective layers and (ii)
external factors such as the measurement protocol and
atmospheric conditions. Because the only parameter changing
in all of these devices is the HTL and its interface with the

perovskite, the changes in the HI over time suggested a strong
dependence on the HTL properties and the related interfacial
processes. Similar trends have been reported in the literature
for lead-based PSCs.41−43 The performance deterioration in
M_32 μg could be attributed to the accumulation of MXene
within the PEDOT:PSS matrix, which induced the formation
of a deep potential well that acts as a charge trap. Other than
that, the higher surface roughness in PEDOT and M_32 μg
could also lead to poorer surface wettability, leading to pinhole
formation and an inferior photovoltaic performance.

The evolution of JSC, VOC, and FF throughout the stability
measurement is shown in Figure S15. JSC and FF remain
considerably constant throughout the measurement, while VOC
shows an obvious reduction, indicating that the performance
degradation originated from deteriorating VOC. The reduction
of VOC could be attributed to the increasing interfacial charge
recombination due to hole accumulation at the interface.44,45

The accumulation of positive charges at the HTL/tin-based
perovskite interface could induce the interfacial oxidation of
PEA0.2FA0.8SnI3, leading to degradation of the device. Due to
the improved energy alignment in M_8 μg and M_16 μg,
coupled with enhanced charge extraction efficiency, the
stability of the tin-based perovskite could be significantly
improved, minimizing the accumulation of positive charges.

Overall, embedding PEDOT:PSS with a low concentration
of Ti3C2Tx MXene could effectively tune the work function of
the HTL, improving the energy alignment between the HTL
and tin-based perovskite. The presence of Ti3C2Tx within
PEDOT:PSS also improves the film quality of the tin-based
perovskite, with enhanced homogeneity in the contact
potential, which favors efficient charge transport/extraction.
Cumulatively, these effects lead to a prolonged carrier lifetime
and enhanced charge extraction. These improvements are
directly reflected in the improved photovoltaic performance of
the tin-based PSCs. Among the investigated concentrations, 8
μg mL−1 Ti3C2Tx@PEDOT:PSS resulted in the best PCE of
8.3% (JSC ∼21.8 mA cm−2, VOC ∼0.65 V, and FF ∼59%), a
13.5% relative improvement compared to 7.3% for PEDOT
(JSC ∼ 20.4 mA cm−2, VOC ∼ 0.60 V, and FF ∼59.9%). The
device fabricated using Ti3C2Tx-embedded PEDOT:PSS as the
HTL also demonstrated improved stability, retaining 89% of its
initial PCE after 450 h under an inert atmosphere, while its
pristine PEDOT:PSS analogue retained only 72%.
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Table 1. JSC, VOC, FF, and PCE for PSC Devices, Averaged from 10 Devices as well as the Champion Device

sample direction JSC (mA cm−2) VOC (V) FF (%) PCE (%)

PEDOT forward 20.7 ± 0.4 0.60 ± 0.06 51.8 ± 3.6 6.3 ± 0.6
reverse 20.6 ± 0.5 0.61 ± 0.02 49.1 ± 2.2 6.1 ± 0.4

M_8 μg forward 22.2 ± 0.6 0.64 ± 0.02 53.9 ± 3.4 7.6 ± 0.3
reverse 21.8 ± 0.7 0.61 ± 0.02 49.7 ± 3.1 6.5 ± 0.3

M_16 μg forward 22.1 ± 0.7 0.61 ± 0.05 55.3 ± 3.2 7.2 ± 0.4
reverse 21.8 ± 0.8 0.54 ± 0.03 48.1 ± 3.4 5.6 ± 0.3

M_32 μg forward 22.0 ± 0.9 0.62 ± 0.05 51.2 ± 6.2 6.3 ± 0.5
reverse 21.5 ± 1.2 0.57 ± 0.06 46.1 ± 6.5 5.5 ± 0.3
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