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Interface passivation with Ti3C2Tx-MXene doped
PMMA film for highly efficient and stable inverted
perovskite solar cells†
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Gabriel L. Nogueira,a João V. M. Lima, a Silvia L. Fernandes,b Rafael K. Nishihora,c

Ricardo V. Fernandes,d Sidney A. Lourenço,d Diego Bagnis,b Sydney F. Santosc and
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Achieving inverted perovskite solar cells (PSCs) that combine high efficiency and long-term stability is

still challenging due to intrinsic material issues and low tolerance to environmental factors. The use of

an ultra-thin poly(methyl methacrylate) (PMMA) layer to passivate interfacial defects as well as working

as a physical barrier to extrinsic factors is promising. However, the low electrical conductivity of PMMA

may have deleterious effects on charge extraction. Herein, we explored the use of Ti3C2Tx MXene as a

PMMA additive (PMMA:MX) to tune the electrical features of the passivation layers. The optimal

concentration of MXenes resulted in improvement of the PSC photovoltaic parameters, boosting their

efficiency to 21.30 � 0.51% (22.1% for the benchmark PSC). Electrical characterizations indicate a

reduction of trap state densities accompanied by mitigation of non-radiative recombination. These

features contributed to an increase in the extraction of photo-generated carriers and a considerable

enhancement of Voc. The improved performance may be attributed to the electrical properties of

MXenes and the better wettability of the PMMA:MX interface. Furthermore, the combination of

hydrophobic characteristics and passivation features of the PMMA:MX layer resulted in more stable PSCs.

The PMMA:MX based devices maintained 95% of their original PCE after 3000 h (ISOS-D-1I) and took 3�
longer to reach T80 compared to the control PSC under heat and light soaking (ISOS-L-2).

Introduction

Perovskite solar cells (PSCs) have attracted widespread atten-
tion in academia and industry due to their high-power conver-
sion efficiency (PCE) and potential for low-cost, sustainable,
and large-scale manufacturing. Since their first appearance in
2009, the PCE of PSCs has rapidly increased from 3.8% to over
26%, making them a strong candidate to replace silicon solar
cells in practical applications.1 In particular, the planar
inverted architecture (p–i–n) shows good compatibility with
flexible substrates and the possibility for integrating these

devices with silicon or tandem solar cells.2,3 In addition,
inverted PSCs usually show reduced hysteresis and better
environmental stability when compared to the regular archi-
tecture due to the presence of a high electrical conductive,
hydrophobic and additive-free PCBM rear layer.3

Despite the outstanding advantages of PSCs, achieving large-
scale inverted devices that combine high efficiency and long-
term stability remains a challenge. This is due to several
intrinsic unresolved issues related to the perovskite and charge
transport materials. Among them, interfacial and bulk defects
in addition to poor energy-level alignment between perovskite/
charge transport layers result in recombination losses,
which compromises charge extraction.2,4 These non-radiative
recombination processes also affect the solar cell Voc and FF.
Moreover, ion diffusion across the layers promotes charge
accumulation at interfaces, affecting the operation and stability
of PSCs.5 Thus, interfacial engineering strategies to mitigate
ion diffusion and defect density improve both device efficiency
and stability2,3,6

The addition of a passivation layer between the perovskite
and the charge transport layers is an interesting interfacial
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engineering approach.7–11 For instance, Wang et al.12 studied the
introduction of thin polymeric insulating films, such as poly-
styrene (PS), Teflon and polyvinylidene-trifluoroethylene (PVDF-
TrFE), between the perovskite and the electron transport layer
(ETL). The insulating polymeric layer enhanced stability against
humidity for non-encapsulated PSCs. In addition, the passiva-
tion layer blocked the photogenerated holes, while promoting
the transport of the photogenerated electrons by tunneling.12

Similarly, thin passivation layers of poly(methyl methacry-
late) (PMMA) have been shown to reduce trap density and to
improve the PCE of devices either deposited before or after the
perovskite layer.7,13–15 Yang et al.7 used PMMA as an interlayer
between the perovskite and Spiro-OMeTAD. This study shows
that PMMA layer thickness and the conductivity are highly
dependent on the solution concentration, once higher concen-
trations led to a higher film thickness negatively impacting the
device series resistance (Rs). Under optimal conditions, they
improved the solar cell PCE by passivating surface defects of
the perovskite layer as well as filling pinholes and grain
boundaries, and thus reducing carrier recombination losses.
Moreover, the PMMA film protected the perovskite from direct
contact to the atmosphere resulting in better device stability.7

Peng et al.14 reported the application of a PMMA film at both
perovskite/ETL and perovskite/HTL interfaces. Spectroscopic
and numerical analyses revealed that the carbonyl groups
(CQO) from PMMA passivates Pb2+ ions via Lewis base electro-
nic interaction.14 Thus, the reduced number of traps states
associated with uncoordinated Pb atoms mitigates nonradia-
tive recombination. However, due to the high resistivity of
PMMA, charge transport is limited, reducing the charge extrac-
tion of the devices. To improve charge transport, high conduct-
ing materials such as PCBM have been incorporated into
PMMA.16–18 Peng et al.18 successfully increased the conductivity
of the PMMA passivation layer by incorporating PCBM. The
author showed that an ultra-thin layer based on a PMMA:PCBM
blend effectively passivated the perovskite/m-TiO2 interface
leading to a reduction in recombination and hysteresis and
maximized efficiency.18

MXene is an emerging class of two-dimensional materials
with a general chemical formula of Mn+1XnTx, where M refers to
an early transition metal, X represents carbon or/and nitrogen,
and Tx stands for the functional groups (such as F, O, and OH).
This material shows unique chemical and physical properties
such as high electrical conductivity, high transmittance and
good thermal stability.19 Additionally, functional groups can
modify their work function depending on type and
concentration.20,21 Therefore, MXenes present tunable energy
levels, making them promising materials for applications in
organic,22 dye-sensitized23 and perovskite24 based solar cells.
Recently, several studies have reported the use of Ti3C2Tx

MXenes as an additive in the perovskite active layer,25,26

ETLs25,27,28 and HTLs.22 Other studies have explored the use
of MXenes as passivating layers.29,30 These studies showed that
the addition of MXenes in PSCs improve their efficiency and
stability due to improved conductivity and reduced charge
recombination.

Notwithstanding the recent advances in passivation strate-
gies of PSCs via thin polymeric layers, their use in inverted
devices is still to be further explored. All the aforementioned
studies used passivation layers under or onto perovskite layers
in a regular n–i–p architecture. As mentioned previously, the
p–i–n architecture is compatible with large-scale, efficient and
stable devices. In addition, MXenes demonstrate excellent
bonding with polymeric matrices, maintaining their electronic
properties, which make them attractive for enhancing the
electrical conductivity of polymers.31 In this context, we
explored the incorporation of Ti3C2Tx MXene into PMMA
(PMMA:MX) as an efficient passivation layer in p–i–n PSCs.
The PMMA:MX passivation layer provided a promising inter-
face between the perovskite and ETL, reflected in an improved
charge mobility and density of extracted charges. The improved
performance could be attributed to the improved wettability
between the perovskite/ETL, high electrical conductivity of the
Ti3C2Tx, and defect passivation. The use of the PMMA:MX
passivation layer also considerably increased the stability of
the PSCs under standard degradation protocols (ISOS-L-2).

Experimental
Ti3C2Tx MXene preparation

The Ti3C2Tx MXene was obtained using the minimally intensive
layer delamination (MILD) method.32 For this, the Ti3AlC2 MAX
phase (Sigma Aldrich) was exfoliated in a 12 M LiF/9 M HCl
solution under continuous stirring for 24 h at room tempera-
ture. Then, the solution was washed with high purity water
several times by centrifugation at 3500 rpm for 5 min until pH 5
was reached. The MXenes were then vacuum-filtered using a
cellulose acetate microfiltration membrane (Analitica, 0.47 mm)
and dried in a desiccator at room temperature. Inside an inert
atmosphere glovebox, 0.1 mg of MXene was added to 1 mL of
anhydrous chlorobenzene (C6H5Cl – Sigma Aldrich). Lastly, out
of the glovebox, the sealed flask was sonicated in an ultrasound
bath (Unique) for 15 min at 25 1C, resulting in a 0.3 mg mL�1

MXene concentrated solution.

PMMA:MXene solution preparation

The poly(methyl methacrylate) (PMMA MW B 120 000, Sigma
Aldrich) precursor solution was prepared with 1 mg mL�1

concentration in anhydrous chlorobenzene (CB). Various solu-
tions were prepared by mixing the MXene and PMMA precursor
solutions (0.3, 1.5 and 3% by weight percent of Ti3C2Tx with
respect to PMMA, named henceforth PMMA:MX). For compar-
ison, a pure PMMA solution was prepared.

Perovskite preparation

A Cs0.17FA0.83Pb(I0.83Br0.17)3 double-cation mixed-halide perovs-
kite solution was prepared under an inert atmosphere inside
the nitrogen-filled glove box. In this procedure, an iodide-based
solution containing 1.2 M lead(II) iodide (PbI2, TCI Chemicals),
1.0 M formamidinium lead iodide (FAI, Sigma Aldrich) and
0.2 M cesium iodide (CsI, Sigma-Aldrich) in a mixture (4 : 1 v/v)
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of anhydrous N,N-dimethylformamide (DMF, Sigma Aldrich)
and anhydrous dimethyl sulfoxide anhydrous (DMSO, Sigma
Aldrich) was prepared. Likewise, a bromide-based solution was
prepared by dissolving 1.2 M lead(II) bromide (PbBr2, Sigma
Aldrich) and 1.2 M formamidinium bromide (FABr, Greatcell-
solar) in a mixture (4 : 1 v/v) of DMF/DMSO. The two solutions
were stirred overnight at 70 1C and then mixed to obtain a
FAPbBr3 : CsFAPbI3 (17 : 83% v/v) solution. Before deposition,
the solution was filtered with a 0.45 mm syringe filter.

Solar cell fabrication

Fluorine-doped Tin Oxide (FTO) coated glass (7 O sq�2, Sigma
Aldrich) was patterned using Kapton tapes and etched with Zn
powder (Neon, Brazil) and hydrochloric acid (HCl 37%, Neon).
The substrates were sequentially cleaned with Extrans solution
(50% v/v in H2O), pure deionized water, acetone, and 2-
propanol for 20 min each in an ultrasound bath. After drying
with N2, the substrates were UV-Ozone (Ossila Ltda) cleaned for
15 min. The substrates were then inserted into a nitrogen-filled
glove-box for device fabrication. The HTL layer was deposited
using a [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphon
(MeO-2PACz, TCI Chemicals) SAM solution (0.35 mg mL�1) in
anhydrous isopropanol by spin coating at 3000 rpm for 30 s.
The Cs0.17FA0.83Pb(I0.83Br0.17)3 perovskite precursor solution
was spin-coated on top of the HTL (1000 rpm for 5 s and
6000 rpm for 25 s) using CB as the anti-solvent after 20 s of
spinning. The perovskite was then thermally annealed at 120 1C
for 30 min on a hot plate.

The PMMA and PMMA:MX solutions containing different
concentrations of MXenes were spin-coated on top of the
perovskite layer at 4000 rpm for 60 s and then thermally
annealed at 100 1C for 10 min. For the ETL layer, a [6,6]-
phenyl-C61-butyric acid methyl ester (PCBM, NanoC) solution
in CB (20 mg mL�1) was spin-coated at 1000 rpm for 20 s.
Lastly, a 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline Bath-
ocuproine (BCP, TCI Chemicals) solution (4 mg mL�1) in
isopropanol was spin-coated at 4000 rpm for 60 s, with a
thermally evaporated Ag layer (80 nm) as the top electrode.

Characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku
D/MAX-2100/PC diffractometer equipped with Cu Ka radiation
(l = 1.54056 Å) over an angular range from 3 to 501 at an angular
step of 0.021. X-ray photoelectron (XPS) spectroscopy was
carried out using an X-ray spectrometer Scienta – model
Omicron ESCA+, equipped with a monochromator and source
Al Ka X-ray excitation (hn = 1486.6 eV). The spectra were
analysed with the CasaXPS software and Shirley algorithm for
spectral background removal. For XPS, the C 1s carbon peak
was collected at 284.6 � 0.1 eV and used as a reference for
energy calibration. UV-Vis absorbance spectra of PMMA and
PMMA: MXene solutions were measured at a wavelength of
280–1000 nm in a quartz cuvette. The spectra were collected by
using a PerkinElmer Lambda 1050 spectrometer. The CB sol-
vent was used as a reference. Morphological analyses were
carried out using JMS-6701F JEOL Field Emission Scanning

Electron Microscopy (FE SEM). Atomic Force Microscopy (AFM)
was performed by using a Park XE7 AFM microscope in non-
contact mode in a 5 mm � 5 mm area. External Quantum
Efficiency (EQE) measurements were carried out with a PTS-2-
QE Quantum Efficiency/IPCE System from Sciencetech.
Contact angle measurements were carried using an Ossila
Contact Angle Goniometer, with a solution of 20 mg mL�1 of
PCBM in CB.

Current density versus voltage (J–V) curves of PSCs were
measured using a Keithley 2400 source measurement unit under
simulated sunlight at AM 1.5G illumination (100 mW cm2) from
a Newport solar simulator (model Class AAA, 94023A-U). The
sunlight power was calibrated with a certified silicon solar cell.
External Quantum Efficiency (EQE) measurements were carried
out using a PTS-2-QE Quantum Efficiency/IPCE System from
Sciencetech. Charge extraction in a linearly increased voltage
(CELIV), photo-CELIV, transient photovoltage (TPV), transient
photocurrent (TPC), electrical impedance spectroscopy (EIS) and
dark J–V curves were recorded in a PAIOS system from Fluxin.
Steady-state photoluminescence (PL) was carried out using a
473 nm laser and an USB-4000 mini-spectrometer to detect the
fluorescence light. Time-resolved PL (TRPL) spectroscopy was
measured using a Fluo Time 200 from PicoQuant with a 470 nm
picosecond pulsed diode laser. All the performed measurements
consider the laser emission response (IRF) for the decay
adjustments. Stability tests were performed following protocols
ISOS-D-1I, ISOS-D-1 and ISOS-L-2.33 The devices were main-
tained under an inert atmosphere (23 1C) and the photovoltaic
performance was evaluated with 1-month intervals for ISOS-D-1I.
For ISOS-D-1, the devices were kept under ambient conditions
(23 1C and humidity of B40%) and the photovoltaic perfor-
mance was monitored periodically. Lastly, encapsulated devices
under an ISOS-L-2 protocol were exposed to continuous simu-
lated sunlight at AM 1.5G illumination (100 mW cm2) at 65 1C,
and the photovoltaic performances were evaluated with intervals
of 30 min and kept under maximum power point potential.

Results and discussion
Film characterization

Fig. 1 shows a schematic illustration of the MILD method for
the exfoliation of Ti3AlC2 MAX phase. The successful acid
etching of the Al layer from the MAX phase and its exfoliation
to Ti3C2Tx MXene were confirmed by XRD analysis (Fig. S1,
ESI†). The diffractogram of the MAX phase exhibits the char-
acteristic peaks of the lamellar carbide crystalline structure.
Notably, the XRD pattern of Ti3C2Tx shows fewer and broader
peaks indicating a disruption of the crystalline structure after
acid etching. In addition, closer inspection of the 2y position of
the (002) plane shows a pronounced shift to lower angles from
9.41 (Ti3AlC2) to 6.61 (Ti3C2Tx), indicating an increase of the
planar d-spacing due to the presence of functional groups
(–O, –OH and –F) and solvated Li+1 ions after etching. The
presence of these functional groups facilitates MXene disper-
sion in a variety of protic solvents. Even though CB has a low
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polarity index, the delaminated layers of Ti3C2Tx could be
dispersed in low concentrations of 0.1 mg ml�1. Then, the 2D
material was incorporated in PMMA solutions in different
concentrations and applied as a passivation layer in PSCs, as
shown in Fig. 1.

The addition of Ti3C2Tx MXene into PMMA solutions was
assessed by structural and spectroscopy analyses. Fig. 2(a)
shows the XRD patterns of pure PMMA, PMMA:MX-3% and

pure Ti3C2Tx MXene films deposited onto glass. The XRD
diffractogram of pure PMMA shows a broad peak at 2y E
231, indicating its amorphous nature. After the addition of
MXene into PMMA, a peak at 2y E 61 assigned to the (200)
plane of Ti3C2Tx was observed. The mixture of MXenes and
PMMA was also confirmed by UV-Vis (Fig. 2(b)). The UV-Vis
spectrum of Ti3C2Tx shows a strong and broad characteristic
absorption in the UV region, in addition to a pronounced

Fig. 1 Schematic illustration of the synthesis of Ti3C2Tx MXene and the fabrication of PMMA and PMMA:MX (0.3, 1.5 and 3.0 wt%) based PSCs.

Fig. 2 (a) XRD patterns of pure Ti3C2Tx MXene, pure PMMA and PMMA:MX-3.0% films. (b) UV-Vis absorbance spectra of pure Ti3C2Tix MXene, pure
PMMA and PMMA:MX (0.3%, 1.5% and 3.0%) in CB-based solution. High-resolution XPS spectra of (c) C 1s, (d) Pb 4f, (e) Cs 3d and (f) I 3d for perovskite
(control) and samples containing the ultrathin PMMA and PMMA:MX-1.5% layers over perovskites, respectively.

Paper Journal of Materials Chemistry C



566 |  J. Mater. Chem. C, 2024, 12, 562–574 This journal is © The Royal Society of Chemistry 2024

localized surface plasmon resonance band at B800 nm.34,35

These features were clearly observed in PMMA:MX.
XPS analysis was performed to further investigate the inter-

action between PMMA and PMMA:MX with Cs0.17FA0.83P-
b(I0.83Br0.17)3 perovskite. The high-resolution XPS spectra of C
1s (Fig. 2(c)) and N 1s (Fig. S2(b), ESI†) show the characteristic
peaks at E287.7 and E401.7 eV related to CQNH2

+ of the FA
component, respectively.36 With the addition of the PMMA and
PMMA:MX, the peaks related to O–CQO and C–O functional
groups are found in C 1s (Fig. 2(c)) and O 1s (Fig. S2(a), ESI†)
spectra, indicating the presence of PMMA.37 In addition, the
incorporation of PMMA and PMMA:MX results in a shift of the
Pb 4f (Fig. 2(d)), Cs 3d (Fig. 2(e)), I 3d (Fig. 2(f)), and Br 3d
(Fig. S2(c), ESI†) doublet peaks towards lower energies. This
effect is associated with the oxygen from PMMA carbonyl
groups (CQO), which act as a Lewis base (electron donor)
interacting with Pb+, Cs+ and FA+ cations of the perovskite
structure.14 These shifts resulted from the chemical interac-
tions of PMMA and PMMA:MX with the perovskite ions.14,37

The surface morphology of the perovskite, before and after
adding the PMMA and PMMA:MX (0.3, 1.5 and 3.0 wt%) layers
were evaluated using FE-SEM images, as shown in Fig. 3(a)–(c)
and Fig. S3(a), (b) (ESI†). Perovskite film grown over the HTL
exhibits a pinhole free surface with large grain sizes of about
205 � 9 nm. No modification was observed after the addition of
the PMMA and PMMA:MX passivation layers (Fig. 3(b), (c) and
Fig S3(a), (b), ESI†). The size distribution of perovskite grains
with and without the passivation layers showed no significant
differences, once no alteration on perovskite crystallization was
expected.

The AFM images are shown in Fig. 3(d)–(f) and Fig. S4(a), (b)
(ESI†). No significant changes in the root mean square rough-
ness (RMS) was observed after the addition of PMMA and

PMMA:MX-0.3% passivation layers (RMS E 22 nm) (Fig. 3(d),
(e) and Fig. S4(a), ESI†). The RMS increased from 22 nm to
E24 nm and E26 nm for PMMA:MX-1.5% and PMMA:MX-
3.0%, respectively (Fig. 3(f) and Fig. S4b, ESI†). These results
indicate the ultra-thin feature of the PMMA layer, which is
strongly influenced by the topographical characteristic of the
perovskite layer underneath. The rise in surface roughness may
be due to the MXene concentration, otherwise it is related to a
possible agglomeration of the 2D material.

The wettability of bare perovskite, PMMA and PMMA:MX
films to the ETL precursor solution (PCBM in CB) was assessed
using contact angle (CA) measurements (Table S1, ESI†). The
bare perovskite films showed a CA of 30.31, which strongly
decreased to values in a range of 11–141 after the addition of
the passivation layers. The decrease in CA after the deposition
of PMMA and PMMA:MX is due to the hydrophobic nature of
the polymer. PMMA is soluble in the apolar CB, and electro-
statically anchors the cations present in the perovskite layer.14

Thus, PMMA and PMMA:MX deposition results in the for-
mation of an ETL layer with better quality, in addition to
creating a protection capping layer against external agents.7

Although MXene has a polar nature, the low quantities of 2D
material used in this work had no considerable impact on the
wettability of the PMMA films.

PSCs electrical characterization

To investigate the effects of the PMMA and PMMA:MX passiva-
tion layers on the device performance, we fabricated PSCs with
the architecture FTO/HTL/Cs0.17FA0.83Pb(I0.83Br0.17)/PMMA:M-
Xene/ETL/Ag, shown in Fig. 1. For comparison, devices without
the polymeric layer (control) and containing pure PMMA were
also assembled. Fig. 4(a) shows the best photovoltaic perfor-
mance evaluated in reverse scan J–V curves under one sun

Fig. 3 (a) FE-SEM images and grain size distributions of bare perovskite (a); and perovskite films containing PMMA (b) and PMMA:MX-1.5% (c) passivation
layers. AFM images of bare perovskite (d); and perovskite films containing PMMA (e) PMMA and PMMA:MX-1.5% (f) passivation films.
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illumination (AM 1.5G, 100 mW cm�2). Table 1 summarizes the
photovoltaic parameters. The small standard deviation reflects
the good device reproducibility as observed from the box plot in
Fig. S5 (ESI†).

The pure PMMA passivation layer slightly decreased the cell
performance. Deleterious effects were mainly observed for Jsc

and Voc, leading to a poor PCE of 17.78 � 0.81% when
compared to the device without PMMA (19.16 � 0.81%). These
features are likely a result of the high resistivity of the polymer
that compromise the electron extraction and promotes higher
charge recombination. Likewise, negligible improvement on
the photovoltaic parameters was observed after adding 0.3 wt%
of MXenes when compared to the pure PMMA device. On the
other hand, an enhanced performance was observed when
1.5 wt% of MXene was added to PMMA. PMMA:MX-1.5% based

devices showed increased Jsc and Voc values of up to
25.1 mA cm�2 and 1.15 V, respectively. The improved Voc infers
a decrease in recombination losses leading to an enhancement
of extracted charges for the PMMA:MX devices. Furthermore,
the PMMA:MX-1.5% based devices showed better FF (76.91 �
2.27), inferring a reduced series resistance. These values were
clearly higher than those obtained for the control device with-
out PMMA (Table 1). The enhanced parameters of the
PMMA:MX-1.5% device can be attributed to the higher elec-
trical conductivity of the MXenes. Thus, the 2D material acts as
an electron conductor, leading to an efficient injection of
electrons to the ETL and compensating the poor electrical
conduction of pure PMMA. These improvements contributed
to increasing the PCE to 21.30 � 0.51 (22.1% for the benchmark
device), which is approximately 10% higher than the control

Fig. 4 (a) Current density versus voltage (J � V) of the control, PMMA and PMMA:MX (0.3, 1.5 and 3%) best PCSs. (b) EQE and integral current densities of
the control, PMMA, PMMA:MX-1.5% and PMMA:MX-3% devices. Irradiation intensity dependent open-circuit potential Voc (c) and short-circuit current Jsc

(d) of the control, PMMA and PMMA:MX (0.3, 1.5 and 3.0%) PCSs. (e) PL and (f) TRPL of perovskite/PMMA:MX/PCBM.

Table 1 Photovoltaic parameters of the control, PMMA and PMMA:MX PSCsa under sun simulated irradiation (AM 1.5G, 100 mW cm�2). In parentheses:
the PSC highest value for each configuration

Device Jsc (mA cm�2) Voc (V) FF (%) PCE (%) HI (%)

Control Rev 22.92 � 0.45 (22.9) 1.11 � 0.01 (1.11) 75.26 � 4.71 (76.8) 19.16 � 0.81 (19.9) 0.93 � 1.62
Fwd 22.61 � 0.59 (22.6) 1.11 � 0.02 (1.10) 75.79 � 3.84 (77.6) 18.98 � 0.77 (19.7)

PMMA Rev 22.13 � 1.27 (21.9) 1.08 � 0.02 (1.07) 74.61 � 5.21 (79.0) 17.78 � 0.81 (18.69) 4.26 � 7.38
Fwd 21.47 � 1.65 (21.8) 1.08 � 0.01 (1.08) 73.21 � 3.07 (75.9) 17.02 � 1.37 (17.84)

PMMA:MX-0.3% Rev 22.77 � 0.75 (22.2) 1.10 � 0.01 (1.12) 73.85 � 2.65 (76.6) 18.42 � 0.91 (18.9) 4.26 � 5.88
Fwd 22.54 � 1.19 (22.1) 1.09 � 0.02 (1.11) 71.90 � 3.87 (74.1) 17.63 � 1.29 (18.1)

PMMA:MX-1.5% Rev 24.45 � 0.86 (25.1) 1.13 � 0,02 (1.11) 76.91 � 2.27 (79.3) 21.30 � 0.51 (22.1) 2.10 � 1.23
Fwd 24.62 � 0.67 (25.1) 1.13 � 0.02 (1.11) 75.20 � 1.80 (77.7) 20.85 � 0.42 (21.6)

PMMA:MX-3% Rev 22.54 � 1.05 (23.7) 1.09 � 0,01 (1.10) 77.05 � 1.97 (78.3) 19.00� 0.97 (20.45) 3.32 � 2.08
Fwd 22.08 � 1.24 (23.5) 1.09 � 0.01 (1.10) 76.18 � 1.47 (77.4) 18.38 � 1.21 (20.01)

a Results refer to an average of eight perovskite solar cells of each configuration. Applied bias voltage in reverse (Rev) and forward (Fwd) scans.
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device (19.16 � 0.81). However, further increase in MXene
content resulted in a decrease of PCE (Table 1). This effect is
attributed to the restacking of Ti3C2Tx nanosheets, compromis-
ing their dispersion throughout the film. The lack of appro-
priate dispersion of the 2D material has a negative impact on
the electrical conductivity and topographical characteristics of
the film. This effect is corroborated by the progressive increase
in film surface roughness as the MXene concentration
increases (Fig. S4(b), ESI†).

External quantum efficiency (EQE) spectra and the inte-
grated current curves of the PSCs are exhibited in Fig. 4(b).
The EQE spectra showed the highest value for PMMA:MX-1.5%
(79.5%) and the lowest for pure PMMA (73%). The integrated
currents for the samples exhibit a similar trend from the J–V
curves (Table 1) for the PMMA:MX-1.5% (23.5 mA cm�2),
Control (21.8 mA cm�2) and PMMA (21.2 mA cm�2) based PSCs.

J–V forward scan curves were also measured (Fig. S6(a)–(e),
ESI†). Hysteresis indexes (HI) were calculated from eqn (S1)
(ESI†) and are presented in Table 1. The control devices (Fig.
S6(a), ESI†) exhibit practically coincident forward and reverse J–
V curves resulting in a HI index of less than 1%. The PMMA
layer negatively affected the HI of PSCs (Table 1). Mixing MXene
resulted in a decrease in hysteresis in the passivated PSCs, in
which the best HI value is found for PMMA:MX-1.5% (HI =
2.10). The hysteretic phenomenon may involve multiple and
complex processes, such as an intrinsic perovskite ferroelectric
polarization property, migration of ions and their corres-
ponding vacancies within the perovskite, unbalanced electron
and hole extractions due to poor conductivity of the charge
transport layers and trap-assisted charge recombination at the
surface/boundaries of perovskite or at their interfaces with
adjacent charge transport layers.38,39 Our findings indicate that
the high electrical conductivity of MXenes favors electron
extraction while avoiding charge accumulation at the PMMA
interfaces and charge trapping.

To evaluate the impact of PMMA and PMMA:MX layers,
series (RS) and shunt (RSH) resistances of the PSCs were calcu-
lated by the differential resistance (Rdiff) equation from the dark
J–V curves as shown in Fig. S7 (ESI†):

Rdiff ¼
dV

dI
(1)

RS is obtained from the extrapolation of the saturated part at a
high forward bias, whereas RSH is from the saturation regime of
the resistance closer to the zero-voltage bias.40 The respective
values of RS and RSH are summarized in Table 2. The device
without PMMA presented a RS of 18 O cm�2. For PMMA
passivated, the RS value increased to 38 O cm�2. The series
resistance dictates the charge carrier injection and extraction in
the devices. Thus, a higher resistance causes efficiency losses,41

in agreement with the photovoltaic performance found in
Table 1. The presence of MXenes resulted in a progressive
decrease of RS reaching 15 O cm�2 for PMMA:MX-3%, as
expected. This trend could be mainly attributed to the high
electrical conductivity of the Ti3C2Tx. On the other hand,
devices without PMMA showed the lowest RSH of 3.9 � 104 O,

which increased about two orders of magnitude when PMMA is
introduced. The shunt resistance is manly related to ‘‘leakage
currents’’ within the device materials and architecture. The
increase in shunt resistance is related to the suppression in
leakage current, or a reduction in current recombination and
consequently an improvement in FF and the overall PSC
performance.41 Although MXene mixing in PMMA induces a
slight decrease in shunt resistance (RSH = 6.7 � 105 for
PMMA:MX-3%), they are still higher than the control device,
as shown in Table 2.

To study the phenomena involving the enhancement of
performance of PMMA:MX based devices, we performed differ-
ent opto-electronic characterizations. An interesting approach
to investigate recombination kinetics on perovskite solar cells
is to evaluate Jsc and Voc under different light intensities.
Fig. 4(c) shows the measured Voc at various sunlight intensities.
Under open-circuit conditions, the recombination behavior can
be related to Voc by the equation below:

VOC ¼
nkT

q
ln I (2)

where n is the ideality factor of the device, k is the Boltzmann
constant, T is the temperature, q is the elementary charge and I
is the light intensity.42 Overall, the ideality factor (n) can be
used to infer the dominant recombination in PSCs. n = 1 is
attributed to second-order (bimolecular) charge-carrier radia-
tive recombination, while n = 2 to a first-order (monomolecular)
trap-assisted non-radiative recombination.43 The calculated
values of n for all devices are summarized in Table 2. Generally,
charge recombination of PSCs under light results from a trade-
off between trap-related monomolecular and bimolecular elec-
tron–hole recombination.44 The ideality factor of the control
devices suggests a dominance of trap-assisted monomolecular
recombination, whereas PMMA:MX passivated non-radiative
recombination.45 Thus, the decrease in non-radiative recombi-
nation after the introduction of MXenes was reflected in the
enhancement of Voc for PMMA:MX based devices, as shown in
Table 1. n exceeding 2 for the PMMA device may be related to
tail states46 and transport losses47 due to the high resistivity of
the polymer and consequent reduced charge transport. Similar
behavior was observed by Wang et al.13 after incorporation of
PMMA in n–i–p PSCs, attributing n 4 2 to recombination
losses. Fig. 4(d) shows the measured Jsc as a function of light
intensity. Jsc can be approximated to Ia, where I is the light

Table 2 Device series resistance (RS), shunt resistance (RSH), ideality factor
(n), power parameter of Jsc light dependent measurement (a) and trap
density parameters (Nt and Nt,IS) of the control, PMMA and PMMA:MX (0.3,
1.5 and 3.0 wt%)

Device
RS

(O) RSH (O) n a Nt (cm�3)
NtIS

(eV�1 cm�3)

Control 18 3.9 � 104 1.91 0.977 7.03 � 1017 7.2 � 1017

PMMA 38 3.9 � 106 2.95 0.863 3.08 � 1017 1.5 � 1017

PMMA:MX-0.3% 31 1.2 � 106 1.66 0.949 3.56 � 1017 2.9 � 1017

PMMA:MX-1.5% 18 9.9 � 105 1.67 0.985 4.15 � 1017 4.5 � 1017

PMMA:MX-3.0% 15 6.7 � 105 1.88 0.980 5.33 � 1017 5.8 � 1017
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intensity. When a = 1, all carriers are extracted without
recombination.48 The calculated values of a for all devices are
summarized in Table 2. Likewise, the calculated a value for
pure PMMA devices (0.863) indicates an increase in recombina-
tion, which is mitigated by MXenes (a = 0.985).

Recombination was also studied using the transient photo-
voltage (TPV). In this experiment, a 200 ms light pulse is applied
in the device under open circuit conditions. After switching off
the light, the Voc profile was collected. Since during measure-
ments no charge is extracted, the transient Voc decay is assigned
to the recombination processes of the photo generated carriers.
All TPV curves (Fig. S8(a), ESI†) could be fitted by a biexponen-
tial decay (eqn (S2), ESI†) and the results are summarized in
Table S2 (ESI†). For PSCs, typically two characteristic decay
lifetimes are extracted: a shorter time constant (t1) that spans
microseconds, assigned to nonradiative recombination at the
surfaces and interfaces between perovskite/charge transport
layers; and a longer time constant (t2) related to recombination
in the bulk of the perovskite layer.49–51 Table S2 (ESI†) also
shows the average lifetime (t) according to eqn (S3) (ESI†). The
use of a pure PMMA layer resulted in a slight decrease of both
fast and slow charge-carrier lifetimes contributing to a
reduction of t to 0.53 ms when compared to the control devices
(0.88 ms). On the other hand the optimal concentration of
MXenes (1.5 wt%) resulted in an enhancement in the average
charge-carrier lifetime (t = 0.92 ms) implying a recombination
mitigation. These results are in agreement with the faster
extraction times (te) for PMMA:MX obtained from the transient
photocurrent (TPC) analysis (Fig. S8(b), ESI†). The TPC curves
were fitted according to eqn (S4) (ESI†) and te values are shown
in Table S2 (ESI†). The introduction of MXene results in gradual
reduction of te reaching 1.24 ms (1.5 wt%) against 1.47 ms for the
control device.

Steady PL and TRPL spectra were measured to evaluate the
charge extraction dynamics from perovskite/PMMA:MX/PCBM
interfaces. Interestingly, mixing of MXenes into PMMA resulted
in a gradual quenching of the PL intensity, inferring an efficient
carrier extraction process from perovskite to the PCBM layer52

(Fig. 4(e)). These results were corroborated by TRPL measure-
ments (Fig. 4(f)). The TRPL spectra could be fitted by a biexpo-
nential decay (eqn (S2) and (S3), ESI†) and the results are
summarized in Table S3 (ESI†). The addition of pure PMMA
and PMMA:MX showed a decrease in average carrier extraction
lifetimes to 52.0 and 58.5 ns, respectively, when compared to the
control devices (108.5 ns). These results show the addition of the
PMMA:MX passivation layer facilitates charge extraction from
perovskite to PCBM,53,54 which is consistent with TPC analysis.

In addition, the recombination losses of the passivated devices
were studied using trap-filled-limited voltage (VTFL) obtained from
the log–log J–V curves under dark conditions (Fig. S9, ESI†). The
trap density (Nt) was calculated according to eqn (3):

VTFL ¼
qNtL

2

2eeo
(3)

where q is the elementary charge, L is the perovskite thickness, e
is the dielectric constant, and eo is the vacuum permittivity.55

The dielectric constant was evaluated from the capacitance of our

devices (Cg ¼
e0e
L

) and estimated as e B 21.56 As shown on Fig.

S10 (ESI†), the geometric capacitance (Cg) was extracted from the
capacitance–voltage measurements in the dark of the control
device at negative bias and 100 kHz. The values of Nt are
summarized in Table 2. Interestingly, the control devices pre-
sented the highest Nt (7.03 � 1017 cm�3), which decreased to
3.08� 1017 cm�3 when the PMMA passivation layer is used. These
results indicate that the polymer layer passivates trap sites in the
devices. Surprisingly, the added MXene into PMMA resulted in a
slight increase in Nt to 5.33� 1017 cm�3 (PMMA:MX-3.0%), which
is still smaller than the control devices. It is known that mono-
molecular (nonradiative recombination) processes are mainly
mediated by defects in the perovskite bulk or interfaces between
the perovskite and charge transport layers. At the former, the
presence of traps is mainly due to grain boundaries and elemental
vacancies, interstitials or substitutions from the crystalline
perovskite.57 Interface induced recombination is mainly governed
by defects, as well as mismatched energy-level alignment and
charge-carrier back transfer.58 As shown by the AFM analysis, the
large contents of MXene slightly increased the RMS of the
passivation layers thus enhancing charge accumulation sites at
the perovskite/ETL interface. These results are in line with the
slight increase of Nt for PMMA:MX when compared to PMMA
(Table 2). On the other hand, the presence of the Ti3C2Tx improves
the electrical conductivity of the PMMA based passivation layer as
well as its wettability characteristics. The passivation effect of
PMMA:MX is then a result of the optimal combination of the
interfacial features. Therefore, the Nt reduction after PMMA and
PMMA-MX layer deposition shows that interface defects are being
passivated, as expected.

To gain a deeper insight into the dynamics of the photo-
generated charge carriers, the linearly increasing voltage
(photo-CELIV) was measured. For this technique, charge car-
riers were photo-generated in the devices using a 100 ms light
pulse illumination. Immediately after ceasing illumination,
charge extraction was performed by a bias voltage under
different ramp rates. The charge mobility (m) was calculated
using eqn (4), proposed by Lorrmann et al:59

m ¼ d2

2Atmax2

1

6:2 1þ 0:002
Dj
j0

� �þ 1

1þ 0:12
Dj
j0

� �
2
664

3
775
2

(4)

where d is the device thickness, A refers to the applied voltage
ramp, tmax corresponds to the time at current maxima and Dj is
the current increment from the dark-CELIV curve ( j0). Fig. 5(a)
and Fig. S11 (ESI†) show the typical photo-CELIV transients and
Dj curves for the PSCs with the peak position relating to the
charge mobility. Fig. 5(b) shows the calculated m for the PSCs
according to Dj curves. PMMA passivated PSC showed tmax at
longer time, indicating that a longer period was needed for
maximum extraction of charge carriers. This result was
reflected in the decreased m when compared to the control
PSC. For instance, at a voltage ramp of 50 k V s�1, m reduced
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from 11.90� 10�4 cm2 V�1 s�1 (Control) to 5.5� 10�4 cm2 V�1 s�1

(PMMA passivated device). Even though mixing MXene resulted in
a m increase, 8.4 � 10�4 cm2 V�1 s�1 for PMMA:MX 10%, it is still
worse compared to the control device. On the other hand, a
substantial enhancement in the density of extracted charge carriers
(nc) is observed after the addition of MXene. The nc values were
calculated by integrating the photo-CELIV transients and are shown
in Fig. 5(c). The use of pure PMMA negatively affected nc leading to
a considerable decrease in extracted carrier when compared to the
control device. The increased concentration of MXene on the
contrary led to an enhancement in nc (Fig. 5(c)). The best nc was
achieved for PMMA:MX-1.5%, and was about 40% larger than the
control device.

The charge mobility and number of extracted charges are
strongly affected by several phenomena including trap-
detrapping events associated with surface and interface
defects.60,61 Even though the presence of PMMA resulted in
enhanced ETL film formation with reduced interfacial defects,
the low conductivity of PMMA compromised the electron
mobility and extraction. The metallic characteristic of Ti3C2Tx

otherwise provides a free-path for the electron transport, favor-
ing the charge migration to the ETL. However, the large content
of MXenes may result in agglomeration of the 2D materials,
promoting a depreciation of surface features (higher rough-
ness) and compromising charge extraction. Therefore, the
optimal concentration of MXene into the PMMA layer depends
on a trade-off between high conductivity and appropriate film
interfacial features.

Nyquist plots measured under illumination and at 0 V are
shown in Fig. 5(d). The data were fitted using the equivalent

circuit in Fig. 5(d), used to extract the charge transport (Rct) and
recombination (Rrec) resistances.62 Rct was reduced with the
MXene inferring a better charge transfer through the metallic
MXene based devices (Table S3, ESI†). The presence of the
polymeric layer otherwise resulted in a reduction of Rrec due to
more recombination events at PMMA based PSCs. Interestingly,
Rrec is increased for PMMA:MX-1.5% (Table S3, ESI†). The low
Rct and high Rrec suggests a more efficient extraction of charges
in addition to the suppression of charge recombination for the
PMMA:MX-1.5%, which is in agreement with the enhanced
photovoltaic performance shown in Table 1.

The PMMA:MX-1.5% showed an overall higher Voc compared
to the other devices (Table 1). The Mott–Schottky analysis was
used to understand the origin of the difference in this para-
meter. For reliable data acquisition of the depletion layer
capacitance, the capacitance–voltage was measured in the dark
at three frequencies that lie in the dielectric response range
(10, 55 and 100 kHz), as shown in Fig. S12(a) (ESI†). We chose
100 kHz to avoid low-frequency influences.63 Fig. S12(b) (ESI†)
shows the capacitance–voltage spectra for the control, PMMA
and PMMA:MX devices, which were used to produce Fig. 5(e).
The built-in potential (Vbi) was calculated using the following
equation:56

Cdl
�2 ¼ 2

qee0N
Vbi � Vð Þ (5)

where Cdl is the depletion layer capacitance and N is the charge
density. The PMMA passivation layer reduced Vbi in 50 mV
when compared to the control device (1.14 to 1.09 V). MXenes
increased Vbi for PMMA:MX-1.5% (Vbi = 1.21 V).

Fig. 5 (a) Photo-CELIV transients at varying ramp rates; (b) charge mobility and (c) extracted charge carrier density obtained from photo-CELIV
transients. (d) Nyquist plots (symbols) and fitting curves (lines) of the devices under illumination. (e) Mott–Schottky plots from the capacitance behavior in
the dark. (f) Capacitance vs. frequency curves carried out under illumination. The IS measurements were measured at 0 V bias.
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Recent literature shows that the frequency dependence of
capacitance (C–f ) under illumination in PSCs has distinct
regimes due to the charge dynamics in the device.64 At high-
frequencies, a plateau can be observed due to the intrinsic
dielectric polarization of the bulk perovskite (Cbulk),65 whereas
in the low-frequency region slow mechanisms including ionic/
electronic interface processes are dominant.66,67 Based on
Fig. 5(f), all devices showed similar Cbulk, in agreement that
the perovskite layer is similar in all devices. However, a clear
distinction is observed at low frequencies. PMMA produced the
highest capacitance, which indicates an increased accumula-
tion of carriers at the perovskite/ETL interface, corroborating
the poor charge extraction and mobility characteristics shown
from CELIV (Fig. 5(a)–(c)). On the other hand, the PMMA:MX
reduced the capacitance due to the favored electron extraction.

C–f under dark conditions is provided in Fig. S12(a) (ESI†) as
additional evidence for the reduction of the trap states in our
devices. The defect density (NtIS) can be determined from the
capacitance C(o) derivative (Fig. S12(b), ESI†) as follows:68

Nt;IS ¼ �
Vbio
qLkbT

dCðoÞ
do

(6)

where L is the absorber layer thickness, Vbi is the built-in
potential, and o is the applied angular frequency. Fig. S12(c)
(ESI†) shows that the passivation layers reduced the NtIS (i.e.
4.5 � 1017 eV�1 cm�3 for the PMMA:MX-1.5%) compared to the
control device (7.2 � 1017 eV�1 cm�3). The values of the NtIS

taken from the low frequency are shown in Table 2. This
finding agrees with the values obtained from Vtfl indicating a
reduction of deep-level traps.69

Table S3 (ESI†) summarizes the impedance spectroscopy
results. PMMA:MX-1.5% based PSCs presented a low Rct and
the highest Rrec among the passivated devices, in addition
to the highest Vbi, and the reduced NtIS. These values corrobo-
rate the higher charge mobility, better extracted photocurrent,
and lower recombination for the PMMA:MX-1.5% device than
the control.

PSC stability tests

A critical issue for PSC technology is their stability, which is
very sensitive to intrinsic (ion migration, defect concentration)
and extrinsic (oxygen moisture, heat, light) factors. We

monitored the PSC degradation stored under an inert atmo-
sphere (ISOS-D-1I), as shown in Fig. 6(a). PMMA:MX-1.5%
showed enhanced device stability retaining about 95% of its
initial PCE after 3000 h, against 86% of the control device.
These results can be attributed to the defect passivation effect
of the PMMA:MX layer.70 The PMMA:MX passivation layer
produced PCBM films of better quality, due to the nonpolar
nature of the solvent CB. Moreover, both PMMA and MXene
possess oxygen functional groups which may work as a Lewis
base interacting with under-coordinated cations from the per-
ovskite. Finally, the passivation layer works as a physical barrier
for ion migration from and to the perovskite layers avoiding the
formation of deleterious phases such as AgI or AgBr.

The hydrophobic nature and physical barrier of the passiva-
tion layer mitigated the degradation induced by moisture and
oxygen. Fig. 6(b) shows that the devices with PMMA:MX lasted
100 h longer than the control devices under ISOS-D-1 tests.
Several phenomena like ion-migration, phase segregation and
defect generation are strongly influenced or increased by
light.71,72 To evaluate the effect of light and heat on the PSCs,
we monitored encapsulated PSCs under the ISOS-L-2 protocol
(Fig. 6(c)). Under this protocol, PMMA-MX-1.5% PSCs lasted
three times longer than the control device. Therefore, the
stability tests suggest that the MXene mixed with PMMA
enhance the device’s performance and stability.

Conclusions

Ti3C2Tx MXene was successfully incorporated into PMMA as a
passivation layer in inverted PSCs. The PMMA:MX passivation
layer provided a good interfacial layer between the perovskite and
the ETL resulting in better photovoltaic parameters. PMMA:MX-
1.5% PSC had the highest Jsc (24.45 � 0.86 mA cm�2) and FF
(76.91 � 2.27%) due to a better electron extraction. The Voc was
improved to values up to 1.15 V inferring a decrease in recombi-
nation in the devices with the PMMA:MX layer. These values
contributed to boosting the PCE of PSCs to 21.30 � 0.51% (22.1%
for the benchmark PSC). The Ti3C2Tx mixed in PMMA favors
electron migration to the ETL, decreasing recombination, as
shown by PL and TPV spectroscopies. The reduced recombination
is also reflected in the fast extraction time and a higher density of
extracted charges for PMMA:MX by TRPL, TPC, and photo-CELIV,

Fig. 6 Normalized PCE over time for the control and PMMA:MX-1.5% devices: (a) ISOS-D-1I, (b) ISOS-D-1 and (c) ISOS-L-2 stability tests.
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respectively. Impedance spectroscopy showed that the low Rct and
high Rrec, in addition to the highest Vbi and the reduced NtIS are
found for PMMA:MX-1.5%. Solar cells with PMMA:MX also
showed better stability retaining 95% of its original PCE after
3000 h (ISOS-D-1I) and lasting three times longer compared to the
control PSC under light soaking and heat (ISOS-L-2). Future
approaches should focus on other 2D materials from the class
of MXenes as additives for thin polymer passivation films.
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