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d crystallization and defect
passivation mechanisms in ambient-air MAPbI3
films: a combined experimental and simulation
study
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Understanding solvent-induced crystallization and defect dynamics in hybrid perovskites is crucial for stable

and high-efficiency solar cells. Here, we investigate the influence of DMF : DMSO solvent ratios on the

nucleation, grain boundary passivation, and optoelectronic behaviors of MAPbI3 thin films prepared

under ambient conditions. X-ray diffraction and photoluminescence analyses reveal that increasing

DMSO content promotes PbI2 segregation, which passivates grain boundaries and modulates trap-

assisted recombination. These structural and photophysical changes are correlated with carrier lifetimes

using time-resolved photoluminescence measurements and the simulated device performance using

SCAPS-1D. We find that a DMF : DMSO ratio of (6 : 4) enhances the interplay between crystalline order,

the energy disorder (Urbach tail), and the charge transport. Our findings provide mechanistic insights

into how solvent coordination controls defect landscapes and interface energetics in perovskite films,

offering a framework for rational solvent design in ambient-stable photovoltaics.
1. Introduction

Solar energy is a leading renewable resource, offering abundant,
clean, and eco-friendly power.1 This limitation has spurred
signicant interest in the development of new materials and
alternative strategies for clean energy generation. Among these,
perovskite materials have attracted considerable attention due
to their exceptional optoelectronic properties and unique ABX3
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crystal structure, where A is a monovalent cation, which can be
an organic cation such as methylammonium (MA+) or for-
mamidinium (FA+), an inorganic cation like cesium (Cs+), or
amixture of two ormore of these cations to improve the stability
and performance of the perovskite material. B is a divalent
metal cation (commonly lead (Pb2+) or tin (Sn2+), and X is
a halide anion (such as iodide (I−), bromide (Br−), or chloride
(Cl−)). This structure forms a three-dimensional lattice in which
the B-site cation is octahedrally coordinated by six X-site anions,
and the A-site cation lls the voids between the octahedra as
Fig. 1 Perovskite crystalline structure realised by VESTA.
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presented in Fig. 1. The exibility in tuning the A, B, and X
components allows precise control over the material's elec-
tronic, optical, and structural properties.

Beyond their widely studied application in perovskite solar
cells (PSCs), these materials also show great promise in a variety
of other elds, including photocatalysis,2–4 light-emitting diodes
(LEDs), lasers, and photodetectors,5,6 making them highly versa-
tile candidates for next-generation energy and optoelectronic
technologies. PSCs have quickly become a game-changing tech-
nology in the solar energy industry. A direct band gap, low exciton
binding energy, excellent light absorption capabilities, and
inexpensive manufacture are some of their many strong points.7

The potential of PSCs was rst demonstrated in 2009 by Kojima
et al.,8 who achieved a modest PCE of 3.8% using methyl
ammonium lead iodide (MAPbI3) as the active layer. Since then,
the eld has advanced rapidly, with current efficiencies exceeding
26.7%,9 positioning PSCs as a leading candidate for next-
generation PV technologies. However, their commercial viability
remains hindered by intrinsic instability and defect mediated
recombination. To address these challenges, researchers have
increasingly focused on solvent engineering and defect passiv-
ation, particularly at the perovskite-hole transport layer (HTL)
interface. Passivating defects at the perovskite/HTL (hole trans-
port layer) interface by incorporating an excess PbI2 is considered
as one of those approaches.10,11 This passivation reduces non-
radiative recombination, thereby improving both efficiency and
stability, as extensively reported in the literature. Here, dimethyl
sulfoxide (DMSO) plays a pivotal role: its strong coordinationwith
Pb2+ ions modulated solubility and crystallization kinetics,
enabling the formation of uniform, large-grained perovskite lms
with tailored PbI2 distribution.12–15 Fabrication techniques also
play a pivotal role in determining the quality and stability of
PSCs. These techniques can generally be categorized into dry and
wet processes, with the latter beingmore cost-effective andwidely
adopted in PSC manufacturing.16–19 Among wet processes, spin-
coating is a frequently employed deposition method for fabri-
cating MAPbI3 thin lms. This method is implemented via two
main approaches: the one-step and two-step deposition
methods.20 The one-step method involves spin-coating
a precursor solution containing CH3NH3I/MAI and PbI2, fol-
lowed by annealing the lms at temperatures alternating from
70 °C to 150 °C to crystallize the perovskite layer. This method is
favored for its simplicity, cost-effectiveness, and suitability for
large-scale production. In contrast, the two-step method involves
initially spin-coating of a PbI2 lm, followed by immersing it in
a CH3NH3I solution to facilitate the formation of a MAPbI3 layer
upon annealing. While this approach allows for greater control
over lm formation and facilitates the rapid fabrication of PSCs,
it is oen limited by the difficulty in controlling the fast crystal-
lization of MAPbI3 throughout the procedure, particularly in
ambient-air condition.21,22 To optimize PSC performance,
analyzing the physical properties of MAPbI3 lms is an essential
process for achieving optimal device structures. Eventually,
cooperation between solvent engineering, interface passivation
and advanced fabrication protocols is key to fabricating high-
potential perovskite solar cells. In this work, we combine exper-
imental data of MAPbI3 including lifetime, bandgap, and
22864 | RSC Adv., 2025, 15, 22863–22874
thickness, with SCAPS-1D simulations to create an efficient
protocol for accelerating the fabrication of perovskite solar cells.
This approach not only saves time and resources but also
provides a valuable framework for optimizing device perfor-
mance. In plus, we propose the simulation of inverted perovskite
solar cells, which have demonstrated higher stability compared
to conventional perovskite solar cells. Although the power
conversion efficiency of p-i-n structures remains lower than that
of n-i-p devices, we suggest a new conguration incorporating
novel hole transport layers, electron transport layers, and trans-
parent conductive oxides to enhance photovoltaic performance.

2. Experimental and simulations
details
2.1 Fabrication and characterization of MAPbI3 lms

MAPbI3 lms were spin-coated on glass substrates, via a one-
step process, using four solutions with different DMF : DMSO
ratios of 1 : 0, 8 : 2, 6 : 4 and 5 : 5. The samples obtained were
named as S1, S2, S3 and S4, respectively for DMF : DMSO ratios
of 1 : 0, 8 : 2, 6 : 4 and 5 : 5. Fig. 2 shows a schematic of the
synthesis procedure of MAPbI3 highlighting the PbI2 segrega-
tion on it. Indeed, the solutions were prepared by dissolving
1 mol of methyl ammonium iodide (MAI) and 3 mol of lead
iodide (PbI2) in 2 mL of a solvent mixture containing the
mentioned ratios of DMF : DMSO. These solutions were stirred
at 60 °C for 4 h to obtain homogeneous solutions. Then, they
were spin-coated on the glass substrates with three successive
rotation speeds: 500 rpm for 9 s, 1000 rpm for 30 s, and then
2500 rpm for 30 s. Finally, the four samples were annealed
under ambient conditions at 110 °C for 15 min, to promote the
crystallization of MAPbI3.

The crystalline structure of the samples was identied by X-
ray diffraction (XRD) using a Bruker D8 Advance diffractometer
in Bragg–Brentano mode with CuKa radiation (l = 1.54 Å). The
transmittance and absorption spectra were collected using
a monochromator-based PTS-2-QE/IPCE spectrophotometer.
The room-temperature steady-state photoluminescence (PL)
spectra were measured using a Jobin-Yvon HR 250 spectro-
photometer using an excitation laser source of l = 447 nm. The
PL lifetime (TRPL) was measured by Edinburgh FLS980 spec-
trometer (Xe lamp/RCSPC) equipped with a Red PMT detector.
The repetition rate is xed at 4 MHz with a time range of 200 ns.

2.2 Simulation of perovskite solar cell

We proceed to analyze the MAPbI3-based PSC using the physical
properties of MAPbI3 extracted experimentally and additional
integration of theoretical/simulation approaches through the
Solar Cell Capacitance Simulator SCAPS-1D version 3.3.10.23–27

The simulation was performed simultaneously based on
a traditional dri-diffusion model and solving the electron and
hole continuity eqn (1) and (2) as well as the Poisson's eqn (3).

v

vx

�
�3ðxÞ vV

vx

�
¼

q½pðxÞ � nðxÞ þND
þðxÞ �NA

� þ ptðxÞ � ntðxÞ� (1)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Overview schematics of MAPbI3 films fabrication procedures.
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vn

vt
¼ 1

q

vJn

vx
þ Gn � Rn (2)

vp

vt
¼ �1

q

vJp

vx
þ Gp � Rp (3)

where 3, V, q, p(x), n(x), ND
+(x), NA

−(x), pt(x), and nt(x) are
dielectric permittivity, electric potential, electronic charge, free
hole density, free electron density, donor density, acceptor
Table 1 Parameters used for TCO (IZO), 3D-PVK (MAPbI3), and organic–i
the electron affinity, 3: the dielectric permittivity, Cb: the conduction ban
states, me: the electron mobility, mn: the hole mobility, Na: the shallow un
defect density

TCO 3D-PVK HTLS

Parameters IZO MAPbI3 CBTS Me-4PACz
Thickness (mm) a a a a

Eg (eV) 3.5 a 1.9 3.3
c (eV) 4.5 3.88 3.6 2.8
3 10 24.1 5.4 10
Cb (cm−3) 1 × 1019 8.1 × 1018 2.2 × 1018 1 × 1019

Vb (cm−3) 1 × 1019 8.1 × 1018 1.8 × 1019 1 × 1019

me (cm
2 V−1 s−1) 1 × 10−2 1 30 6

mn (cm2 V−1 s−1) 1 × 10−3 1 10 24
Na (cm

−3) 1 × 1018 1 × 1014 0 0
Nd (cm−3) — 1 × 1014 1.1 × 1015 1 × 1018

Nt (cm
−3) 1 × 1014 a 1.0 × 1014 a

Reference 28 29 30

a This study.

© 2025 The Author(s). Published by the Royal Society of Chemistry
density, trap density of holes, and trap density of electrons,
respectively (Table 1).
3. Results and discussion
3.1 Structural and optical analysis

Fig. 2 displays the XRD pattern of MAPbI3 lms prepared with
different DMF : DMSO ratios, maintaining the same excess of
PbI2 all the samples. A mixture of both the tetragonal phase of
norganic HTLs and ETLs of the studied IPSCs, where Eg: the band gap, c:
d effective density of states, Vb: the valence band effective density of
iform acceptor density, Nd: the shallow uniform donor density, Nt: the

ETLs

PATAA NiO Se/Te:Cu2O STO MZO
a a a a a

2.95 3.8 1.88 3.2 3.35
2.3 1.4 3.53 4 4
3.5 10.7 7.11 8.7 66
2 × 1021 2 × 1019 2.02 × 1017 1.7 × 1019 1 × 1019

2 × 1021 1.8 × 1019 1.17 × 1019 2 × 1020 1 × 1019

1 × 10−4 12 1297 5.3 × 103 0.05
1 × 10−4 28 1297 6.6 × 102 0.05
0 0 0 2 × 1016 1 × 1017

1.0 × 1018 5 × 1019 3.0 × 1018 0 0
1.0 × 1014 1 × 1014 1.0 × 1015 1 × 1014

31 32 33 34 35

RSC Adv., 2025, 15, 22863–22874 | 22865
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MAPbI3 and the hexagonal phase of PbI2 was observed for all
lms. The tetragonal phase of MAPbI3 can be veried by the
existence of (110), (112), (211), (202), (220), (222), (312), (224),
(330) and (404) planes.10,36 All the lms display a polycrystalline
nature with a preferred orientation along the (110) plane.
However, the peaks at 12.60° and 37.83° are attributed to the
(001) and the (003) crystal planes of the hexagonal structure of
PbI2, conrming the presence of residual PbI2 excess in all
samples. Because we use an excess solution to prepare the lms,
it is expected that PbI2 will appear as the dominant phase in
comparison to the main perovskite phase. This residual PbI2
plays a benecial role in forming a passivation layer that
enhances the interface between the perovskite layer and the
HTL, improving the charge transport and reducing recombi-
nation losses.11,37

On the other hand, Fig. 3 shows that there is no shi in peak
positions related to the MAPbI3 tetragonal phase. This is
reecting the fact that DMF : DMSO ratios do not inuence the
lattice parameters (a and c lattice parameters). In contrast, with
Fig. 3 X-ray diffraction spectra of perovskite layers for different DMF :
DMSO ratios.

Table 2 DMF : DMSO ratio, structural parameters, thicknesses, band gap

Samples S1

DMF : DMSO ratio 1 : 0
Lattice parameters of MAPbI3 phase (Å) a = 8.8688

b = 8.8688
c = 11.3564

(110)MAPbI3/(001)PbI2 0.51
FWHM of (001)-PbI2 0.120
FWHM of (110)-MAPbI3 0.072
D (nm) of MAPbI3 104.67
D (nm) of PbI2 61.33
3 of MAPbI3 0.18
Thicknesses (nm) 810
Eg (eV) 1.48
Eu (meV) 154.5
Lifetime average savg (ns) 768.52

22866 | RSC Adv., 2025, 15, 22863–22874
raising DMSO content up to 50%, a slight shi of the (001) plan
related to the PbI2 hexagonal phase towards higher diffraction
angles is observed. This result suggests a lattice contraction
within the PbI2 structure by decreasing their lattice parameters
(a and/or c lattice parameters). The (001) peak shi highlights
the DMSO effective role in ambient-air processing since it
coordinates with Pb2+ ions during crystallization. Indeed, it
form an intermediate PbI2-DMSO complexes that delay the
crystallization and allow for more ordered packing of PbI2
layers, resulting in a more stable perovskite lm.

The lattice parameters a and c of the MAPbI3 tetragonal
phase of our samples were determined using Bragg's law (eqn
(4) and (5)). The obtained values are displayed in Table 2.

2d sin q = nl (4)

dhkl ¼ affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2

p
�c
l

�2

(5)

where d is the interplanar distance, l (CuKa) is the wavelength
of the incoming copper radiation (1.5406 Å), and q is the
diffraction angle corresponding to the Miller indices h, k, and l,
respectively.

From Table 2, the lattice parameters of MAPbI3 tetragonal
phase of all the samples are around 8.87 Å and c = 11.35 Å,
conrming that the DMF : DMSO ratios have no effect. It is re-
ported that the range of the bulk values of a and c are from 8.83
Å to 8.90 Å, and from 12.60 Å to 12.68 Å, respectively.38 In
comparison, our measured c value is lower than these later,
meaning that the lms are subject to a compressive stress
formed during solvent evaporation and annealing treatment.
Furthermore, by examining the intensity of peaks from Fig. 3, it
can be observed that the intensity of all the XRD peaks increases
for the (5 : 5) DMF : DMSO ratio suggesting an enhanced crys-
tallinity. This improvement is attributed to more controlled
crystallization dynamics where the presence of DMSO facilitates
the formation of intermediate PbI2$DMSO complexes that slow
down solvent evaporation and promote gradual nucleation.39 As
a result, this sample exhibits smaller MAPbI3 crystallites (86.6
nm) and larger PbI2 grains (82.8 nm), as reported in Table 2. The
growth of larger PbI2 crystallites is particularly benecial, as it
energy (Eg), and disorder energy (Eu) of the prepared perovskite films

S2 S3 S4

8 : 2 6 : 4 5 : 5
a = 8.8691 a = 8.8679 a = 8.8622
b = 8.8691 b = 8.8679 b = 8.8622
c = 11.3548 c = 11.3593 c = 11.3553
0.3 0.32 0.14
0.120 0.096 0.12
0.072 0.096 0.072
99.7 94.8 86.6
68.51 72.19 82.80
0.19 0.2 0.23
820 813 800
1.43 1.46 1.50
288.5 206 115
741.83 845.9 765.3

© 2025 The Author(s). Published by the Royal Society of Chemistry
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correlates with improved defect passivation at grain bound-
aries. This is supported by the decrease in the (110)MAPbI3/
(001)PbI2 peak intensity ratio from 0.51 to 0.14 with increasing
DMSO content (see Table 2), conrming the enhanced PbI2
crystallization.40 In contrast to mixed solvent systems, the lm
prepared using pure DMF (1 : 0) exhibits the largest MAPbI3
crystallite size (104.67 nm) and the smallest PbI2 crystallites
(61.33 nm), indicating rapid and uncontrolled crystallization.
This behavior results from the fast evaporation of DMF, which
hinders the formation of intermediate phases that are essential
for controlled nucleation and effective defect passivation. As the
DMSO content increases, a gradual decrease in MAPbI3 crys-
tallite size is observed from 104.7 nm to 86.6 nm accompanied
by an increase in PbI2 grain size. This trend highlights the role
of solvent coordination in modulating crystallization dynamics.
Specically, the formation of PbI2$DMSO complexes slows
down the crystallization process, allowing for more uniform
grain growth and improved lm morphology.

Additionally, the strain (3) in the perovskite lattice increases
with DMSO content, from 0.18 in S1 to 0.23 in S4. This may be
linked to the interfacial stress caused by larger PbI2 inclusions.
These XRD-based observations conrm that while high DMSO
content promotes crystallinity and passivation, it also intro-
duces residual strain, highlighting the importance of tuning
solvent composition.

For further explanation, the average (D) of crystallite sizes
and the strain (3) in lms were calculated by the Scherrer and
Williamson–Hall methods (eqn (6)) and (eqn (7)), from the XRD
pattern.41 The values were recorded in Table 2.

D ¼ kl

FWHM cos q
(6)

3 ¼ FWHM cos q

4
(7)

where D is the crystallite size (nm), l (CuKa) is the wavelength of
copper incident radiation (1.5406 Å), k = 0.94 is a constant, q(°)
is the Bragg angle, and the FWHM (Rad) represents the average
full width at half maximum of the selected diffraction peaks. In
this study, the crystallite sizes of the perovskite and residual
PbI2 phases were calculated using the Debye–Scherrer equation
Fig. 4 (a) Optical transmittance spectra, (b) absorbance spectra of MAPb

© 2025 The Author(s). Published by the Royal Society of Chemistry
applied to selected XRD peaks. Specically, the (110) peak of
tetragonal MAPbI3 and the (001) peak of hexagonal PbI2 were
chosen, as they are the most intense and representative reec-
tions for each phase. These dominant peaks offer reliable
indicators of crystal growth and structural evolution. FWHM
values used in these calculations are labeled in Table 2 with the
corresponding average crystallite sizes.

The optical transmittance spectra of MAPbI3 lms with
different DMF : DMSO ratios, are shown in Fig. 4a. These
spectra were used to calculate the lm thicknesses by the
envelope method.42 The envelope method is based on analyzing
the interference fringes that appear in the optical transmittance
spectra (Fig. 4a), which result from constructive and destructive
interference of light within the lm. These fringes arise from
multiple reections at the air/lm and lm/substrate (glass)
interfaces. In our study, all MAPbI3 lms exhibited clear oscil-
latory behavior, indicating sufficient lm thickness and optical
smoothness to allow interference effects. This technique
enables the determination of both the wavelength-dependent
refractive index n(l) and the lm thickness d without
requiring cross-sectional scanning electron microscope (SEM)
imaging. Therefore, it serves as a non-destructive and effective
approach for characterizing thin lms deposited on transparent
substrates. Using the Swanepoel method and the eqn (8), the
refractive index is determined by utilizing the transmittance
envelope maxima (Tmax) and minima (Tmin).42

nðlÞ ¼
h
N þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N2 þ s2

p i1=2
where

N ¼ 2sðTmax � TminÞ
TmaxTmin

þ s2 þ 1

2

(8)

The factor s is the refractive index of the glass substrate
(typically s z 1.51). By applying the standard envelope method
formula (eqn (9)), the lm thickness (d) can be estimated
without physical cross-sectioning.42

d ¼ l1l2

2ðn1l2 � n2l1Þ (9)
I3 films with different DMF : DMSO ratios of samples S1, S2, S3 and S4.

RSC Adv., 2025, 15, 22863–22874 | 22867
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where l1 and l2 are wavelengths of two successive maxima (or
minima), and the corresponding refractive indexes n1 and n2.

This method is especially suitable for semi-transparent and
uniform thin lms deposited on transparent substrates. The
calculated lm thickness values obtained from this approach
are reported in Table 2. Furthermore, in the visible range, the
lms displayed a low transmittance of less than 0.3%, due to
their high absorbance. We also noted an absorption edge at
around 750 nm, corresponding to the optical band gap of the
MAPbI3 lms.

Besides, the absorption spectra of MAPbI3 lms are shown in
Fig. 4b. All the samples exhibited a high absorbance covering
a broad range of light from the ultra-violet to the near-infrared
region. Samples S2 and S4 samples represent the higher
absorbance values. These results suggest the strong light
absorption of our perovskite lms, which works as the solar
cells' active layer, causes the higher short-circuit current
density.

Furthermore, the absorption edge of the lms slightly shis
to lower wavelengths as the DMSO content increases. It mainly
arise from the nanoscale structural (in the present case, it is due
Fig. 5 (a) Tauc plots, (b) band gap energy and disorder energy. (c) PL sp

22868 | RSC Adv., 2025, 15, 22863–22874
to the reduction in the crystallite size of MAPbI3 lm). This
reects an increase in the optical band gap (Eg). The Tauc
formula (eqn (10)) is used to compute it:

(ahn)2 = A(Eg − hn) (10)

where a is the absorption coefficient, hn is the photon energy, h
is Planck's constant, and A is a constant. Fig. 5a shows the plot
of (ahn)2 versus the incident energy (hn). The estimated values of
Eg were obtained by the extrapolation of the straight line to a =

0. Furthermore, the disorder in the MAPbI3 lms is described by
the band tail width which is called Urbach tail and given by the
relation:

a ¼ a0 exp

�
hn

Eu

�
(11)

where a0 the pre-exponential factor, and Eu is the Urbach tail
(disorder energy). The latter can be estimated from the inverse
slope of the linear plot of ln(a) versus photon energy.

Both energy band gap and disorder energy (Urbach tail) are
represented as a function of DMF : DMSO ratios in Table 2 and
ectra of S1, S2, S3 and S4.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TRPL spectra of MAPbI3 films prepared with different DMF :
DMSO ratios (S1, S2, S3 and S4).
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Fig. 5b. As can be seen, the variations of these two parameters
have opposite trends. The variation in the optical band gap (Eg)
of MAPbI3 lms with different DMF : DMSO ratios is primarily
attributed to changes in crystallite size and structural disorder.
As the DMSO content increases from 0% to 20%, Eg decreases
from 1.48 eV to 1.43 eV due to the formation of intermediate
PbI2$DMSO complexes, which promote better crystallization
and reduce energetic disorder.43 This is clear from the increased
Urbach energy (Eu), indicating a higher density of localized
states that narrows the apparent band gap.44 However, as the
DMSO content increases further (up to the 5 : 5 ratio), Eg rises to
1.50 eV.45 This is associated with a reduction in crystallite size
and a decrease in disorder (Eu = 115 meV), which suggests
improved structural ordering and fewer sub-bandgap states.
Additionally, the smaller grain size at higher DMSO content
may introduce mild quantum connement effects, contributing
to the widening of the band gap. These results conrm that
both crystallite size and energetic disorder, modulated by
solvent ratio, play a critical role in tuning the band gap of
MAPbI3 lms processed under ambient conditions.

However, other samples possess higher disorder energy
implying that this sample displays the most signicant struc-
tural disorder, which is conrmed by its lowest XRD peak
intensity. The elevated density of localized states within the
band gap may stem from a signicant concentration of lattice
defects, grain boundaries, or impurities, resulting in enhanced
optical absorption in the sub-bandgap region. The high absor-
bance from the ultra-violet to the near-IR region, with a band
gap in the range of 1.43–1.50 eV of the MAPbI3 thin lms, proves
their potential as an effective absorber layer in solar cells.

Fig. 5c illustrates the PL spectra of MAPbI3 lms prepared
with varying DMF : DMSO ratios and deposited on glass
substrates. All lms display a characteristic red emission peak
in the visible range attributed to the radiative recombination of
the photogenerated carriers across the MAPbI3 bandgap.
Specically, the red band ‘maxima is located around 781.19 nm
(1.58 eV), 782.12 nm (1.58 eV), 780.26 nm (1.59 eV), and
774.48 nm (1.60 eV) correspond to 1 : 0, 8 : 2, 6 : 4 and 5 : 5
DMF : DMSO ratios, respectively. These values align closely with
the optical bandgap energies derived from UV-Vis measure-
ments (Table 2), conrming the intrinsic electronic transitions
between the valence band (VB) and the conduction band (CB) of
MAPbI3.46–48 In addition, the narrow symmetric PL proles
further suggest better material quality withminimal defects and
a well-crystallized perovskite lm. Notably, the blueshi of the
PL peak position with increasing DMSO content can be attrib-
uted to the formation of an intermediate adduct phase during
crystallization, inducing lattice strain that slightly widens the
bandgap. In plus, it could be assigned to the growth of PbI2 at
the grain boundaries that itself perturb the perovskite's elec-
tronic structure. Furthermore, the reduction of crystallites size
of MAPbI3 can introduce a quantum connement effect that
amplies the bandgap could be another reason for the observed
blueshi. As shown in Fig. 5c, the PL intensity increases when
the DMSO content increases from 0 to 20%, peaking at the 8 : 3
DMF : DMSO ratio, then it decreases as a function of DMSO
content, and reaches a minimum value for 5 : 5 DMF : DMSO
© 2025 The Author(s). Published by the Royal Society of Chemistry
ratio. The rise in the PL peak intensity with 20% DMSO indi-
cates an improved crystal phase formation and increased elec-
tron–hole recombination pathways; as DMSO facilitates
intermediate adduct phase formation during deposition,
enabling uniform crystal growth with fewer defects. However,
beyond 20% DMSO, the PL intensity decreases due to the
reduction of the radiative recombination rate of MAPbI3 lms.
The excessive DMSO in sample S4 destabilizes the adduct
decomposition during annealing by extending solvent retention
leading to an incomplete perovskite conversion, an amorphous
PbI2 aggregation, or disordered MAPbI3 growth. In addition, the
residual DMSO solvent can lead to the creation of halide
vacancies or charge traps by acting as a Lewis base. The decline
coincides with excess DMSO and lead diiodide, as conrmed by
XRD analysis. Therefore, while the excessive PbI2 treatment was
found to passivate grain boundaries, and suppress the forma-
tion of trap states in the perovskite material, enhancing charge
carrier movement and decreasing electron–hole recombination
rate,49 its overuse introduces new defects that counteract its
benets.

The latter improves carrier dynamics and the overall opto-
electronic performance of the MAPbI3 lms by facilitating more
efficient charge carrier extraction and transport, which is crit-
ical for applications in photovoltaic and optoelectronic devices.
The PL analysis is in good agreement with XRD and optical (UV-
Vis) data.

In the photovoltaic eld, solar cells operate following three
processes: charge carrier generation, separation and then
collection. Among these, maximizing charge collection is one of
the overarching goals of these cells. To elucidate the interplay
between material properties and carriers, we conducted time
resolved photoluminescence (TRPL) measurement. This tech-
nique quanties carrier lifetimes, offering insights into
recombination kinetic and defect-mediated losses.

Fig. 6 presents the TRPL decay measurements of samples S1,
S2, S3 and S4, showing amulti-exponential decay prole. The bi-
exponential function (eqn (12)) is used to t the TRPL decay
comprising fast and slow components which correspond to
RSC Adv., 2025, 15, 22863–22874 | 22869

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03835a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 8

/8
/2

02
5 

2:
12

:5
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
defect-mediated non-radiative recombination at trap states and
radiative band-to-band recombination, respectively.

IðtÞ ¼ B1 exp

�
� t

s1

�
þ B2 exp

�
� t

s2

�
(12)

The average carrier lifetime derivates from TRPL decay
measurements are presented in Table 2. The sample S3 exhibits
the longest decay lifetime (s = 845.9 ns) indicative of minimal
non-radiative recombination. As conrmed by XRD and earlier
optical analysis, this extended carrier lifetime results from
efficient defect passivation at grain boundaries, where residual
PbI2 compensates for iodide vacancies and under-coordinated
Pb2+ defects. In contrast, S2 and S4 exhibit shorter PL life-
times, indicative of recombination dominated by defects. A low
amount of DMSO (sample S2) is insufficient to passivate defects
leading to an increase in the trap density. On the other hand, an
excessive amount (sample S4) induces the formation of amor-
phous PbI2 and unreacted DMSO residues which form deep-
level traps. Therefore, an optimized intermediate DMF : DMSO
ratio (6 : 4) provides the best balance between lm uniformity,
crystallinity, passivation, and charge transport properties, as
supported by XRD, PL, and TRPL. These results underscore the
delicate balance required in solvent engineering.
Fig. 7 (a) J–V curves, for all samples. Inset showing a table summa-
rizing the PV parameters. (b) The band diagram of one of the samples.
3.2 Modulization and simulation

In this work, the experimentally obtained parameters (savg,
thickness, and bandgap) of samples S1–S4 were implemented in
SCAPS-1D simulations to model the performance of RGO/Me-
4PACz/MAPbI3/LiF-C60-SnO2/IZO-structured PSCs. In the
proposed structure, RGO was employed to enhance thermal
stability, maintain PSC performance under high-temperature
conditions, and improve device exibility. On the other hand,
IZO serves as an efficient back contact owing to its excellent
optical transparency and electrical properties. Fig. 7 presents
the impact of varying DMF : DMSO ratios (1 : 0, 8 : 2, 6 : 4, and
5 : 5) on the performance of perovskite solar cells under front
and rear illumination, with all samples exhibiting the same
excess of PbI2. For the sample S1 (1 : 0) and S3 (6 : 4), almost the
same photovoltaic parameter are observed due to the poor lm
quality arising from the rapid evaporation because of presence
of high ratio of DMF. Consequently, this last is evaporated
rapidly leading to poor crystallization in the lm. However, the
sample S2 (8 : 2) improves the crystallization with the addition
of DMSO, enhancing front illumination performance due to the
better absorption and reduced defects. Interestingly, S4 (5 : 5)
shows a reduced PL intensity reecting a lower electron–hole
recombination rate in the MAPbI3 lms. Despite this improve-
ment, slower crystallization may lead to residual defects that
affect overall performance under rear illumination, although
front illumination remains reasonable. These results indicate
that front illumination is sensitive to perovskite lm quality,
while rear illumination highlights back contact passivation and
light management. In conclusion, S3 achieves the most
balanced performance and S4 shows promising reduction in
recombination losses. In the next section, we will explore
22870 | RSC Adv., 2025, 15, 22863–22874
optimization strategies to enhance photovoltaic performance by
selecting the appropriate HTL and ETL with optimal thickness,
Eg, defect density (Nt), and parasitic resistances. The structural
and optical results of MAPbI3 lms prepared with different
DMF : DMSO ratios, passivated the interface with PbI2 excess,
proved that almost all these samples are suitable as absorbing
layers in PCS, among them, S3 shows the best PV performance.
In the next section, we will utilize S3 to nd the optimal
parameters by testing other ETLs, HTLs and TCO (back contact)
to enhance PV performances.

In this subsection, the performance was analyzed using new
HTL like CBTS, NiO, and Se/Te:CuO2, with ETL like SnS2, MZO,
and STO (see Fig. 8). These carriers transporting layers result in
the improvement of all PV performances where the PCE
improved from 25.11% to 25.47%, VOC from 1.067 V to 1.071 V,
JSC improved from 28.76 to 28.78 mA cm−2, and FF improved
from 81.80% to 82.61%. These performances can be further
optimized by investigating the effects of the thickness and
defect density of the perovskite layer, which has the most
signicant impact on device performance.

The results depicted in Fig. 9 demonstrate a strong depen-
dence of PV performance on both the thickness and defect
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Histogram with PV performances of different configurations of
PSCs.

Fig. 9 Contour plots of the effect of thickness and defect density (Nt) o

Fig. 10 Influence of the temperature on the PCE of PSC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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density (Nt) of PVK absorber layer. Specically, increasing the
PVK thickness from sub-micron levels up to 1 mm leads to
notable improvements in PCE, VOC, JSC, and FF. This
f PVK layer on the PV performances.

RSC Adv., 2025, 15, 22863–22874 | 22871
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Fig. 11 (a) J–V curves of initial and final optimized device with
structure RGO/Se:Te/CuO2/MAPbI3 + PbI2 excess/STO/IZO. Inset
presents structure and table summarizing all PV performance before
and after optimization. (b) Quantum Efficiency (QE).
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enhancement can be attributed to the improved light absorp-
tion and increased generation of photocarriers within the
thicker absorber layer, which allows for more efficient photon
harvesting across the solar spectrum.50 In contrast, increasing
the defect density within the PVK layer has a detrimental effect
on device performance. Higher values ofNt introducemore non-
radiative recombination centers, which reduce carrier lifetime
and increase recombination losses.51 These ndings highlight
the critical role of material quality in perovskite solar cells,
emphasizing the need for optimized fabrication processes that
Table 3 Comparison of the performance achieved with respect to prev

Devices VOC (V)

ITO/NiOx-p-F-PEAI/Cs0.05FA0.85MA0.1PbI3/C60/BCP/Cu 1.12
IZO/PTAA/perovskite/BHJ/Zr(acac)4/Ag 1.13
FTO/TiO2/IDL1/MAPbI3/IDL2/Se/Te:CuO2/Au 1.16
RGO/Se:Te/CuO2/MAPbI3+ PbI2excess/STO/IZO 1.18

22872 | RSC Adv., 2025, 15, 22863–22874
minimize intrinsic and interfacial defect densities. The optimal
performance is achieved at a PVK thickness of 1 mm and a defect
density of 1× 1013 cm−3, representing an ideal balance between
efficient light absorption and reduced recombination losses. At
these conditions, the device exhibits a PCE of 28.7%, VOC of
1.216 V, JSC of 29.30 mA cm−2, and FF of approximately 89%.
Interestingly, variations in the thickness and defect density of
the HTL, ETL, and TCO layers exhibit minimal inuence on the
overall photovoltaic performance.52 This indicates that once
these layers fulll their roles in charge transport and optical
transparency, further optimization yields minimal gains. In
contrast, the perovskite absorber layer has a dominant inu-
ence, as it directly governs light absorption and carrier
generation.

The performance of the perovskite solar cell signicantly
declines as temperature increases from 275 K to 450 K, as
illustrated in the Fig. 10. This reduction in PCE is primarily due
to the thermally activated increase in non-radiative recombi-
nation, which lowers VOC and FF. Therefore, ensuring thermal
stability through material engineering and proper device
encapsulation is essential for maintaining high performance in
real-world operating conditions.

Aer applying the optimized MAPbI3 thickness and defect
density, all photovoltaic parameters improved notably. The PCE
increased from 25.47% to 28.70%, VOC from 1.071 V to 1.182 V,
JSC from 28.78 to 29.25 mA cm−2, and FF from 82.61% to 82.97%
(see Fig. 11(a)). These enhancements are mainly due to
improved light absorption and reduced recombination losses.
The optimal thickness ensures efficient photon harvesting,
while the lower defect density suppresses non-radiative
recombination, leading to better carrier collection and overall
device performance. On the other hand, a signicant improve-
ment in quantum efficiency (QE), particularly within the 600 to
800 nm wavelength range, was observed aer optimizing the
thickness of MAPbI3 to 1 mmand lowest value the defect density,
as presnted in Fig. 11b. This enhancement in QE can be
attributed to the optimized material properties, which mini-
mize carrier recombination, enhance light absorption, and
improve charge transport efficiency.53 As a result, the device
demonstrates better performance, especially in the critical
visible range, contributing to its overall efficiency.

This section presents a comparison of our results with those
from the literature, as summarized in Table 3, which includes
key ndings from previous works. Our device achieves superior
performance, surpassing others in efficiency, suggesting that
the use of MAPbI3 in inverted perovskite solar cells could lead to
higher stability and enhanced efficiency. This opens up
iously reported works

JSC (mA cm−2) FF (%) PCE (%) Ref.

24.01 84.98 22.93 54
24.8 77.68 21.73 55
23.51 82.47 22.42 33
29.25 82.97 28.70 This study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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promising possibilities for the development of more stable and
efficient solar cells in future applications.

4. Conclusion

This work investigates the interplay effect of the solvent engi-
neering (DMF : DMSO ratios) and excess of PbI2 in optimizing
the structural and optoelectronic properties of solution-
processed perovskite lms. Structural and optoelectronic anal-
ysis conrm that at ambient conditions a DMF : DMSO ratio of
6 : 4 promotes the formation of highly crystalline MAPbI3 lms,
with residual of PbI2, in addition to enhanced light harvesting
efficiency accompanied by reduced Urbach energy (<20 meV),
indicative of lower energetic disorder. Our ndings emphasize
the fundamental signicance of solvent design and PbI2
management in perovskite lm optimization, providing
a model for future research bridging the gap between lm
quality and device performance, particularly for air-processed
perovskite photovoltaics. SCAPS-1D simulations were conduct-
ed on the structure of RGO/Me-4PACz/MAPbI3/LiF-C60-SnO2/
IZO, using experimental data to identify the optimal absorber.
The simulations revealed that the sample with (6 : 4) as an
DMF : DMSO ratio served as the best absorber, achieving an
impressive power conversion efficiency (PCE) of 25.11%.
Following this, a comprehensive optimization process was
carried out by exploring various device congurations by
incorporating novel hole transport layers such as NiO, CBTS,
and Se/Te:CuO2, along with electron transport layers like SnS2,
MZO, and STO. The analysis indicated that the optimized
conguration of RGO/Se/Te:CuO2/MAPbI3/STO/IZO yielded the
highest efficiency with a PCE increasing up to 28.70%. This
signicant improvement demonstrates the potential of solvent-
engineered MAPbI3 for achieving high-performance perovskite
solar cells. Our ndings highlight the critical role of solvent
tuning in balancing key factors such as crystallinity, defect
passivation, and charge transport in ambient-air-processed
perovskite lms. By carefully optimizing these parameters in
other similar perovskites, it is possible to enhance the stability
and efficiency of perovskite-based solar cells, paving the way for
the development of more efficient and durable solar technolo-
gies using other perovskite combinations.
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