Open Access Article. Published on 08 February 2023. Downloaded on 6/9/2026 2:09:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2023, 13, 5070

Enhancing the stability and efficiency of MAPDbI;
perovskite solar cells by theophylline-BF,; alkaloid

derivatives, a theoretical-experimental approacht

Edgar Gonzalez—Juarez%a
Andrés M. Garay-Tapia,

Arian Espinosa—Roa,@}:*b Alejandra T. Cadillo-Martinez,©
€ Miguel A. Amado-Brisefio,” Rosa A. Vazquez-Garcia,®

Alejandro Valdez-Calderon,® Jayaramakrishnan Velusamy’

and Eduardo M. Sanchez @

Perovskite solar cells (PSCs) are an evolving photovoltaic field with the potential to disrupt the established
silicon solar cell market. However, the presence of many transport barriers and defect trap states at the

interfaces and grain boundaries has negative effects on PSCs; it decreases their efficiency and stability.

The purpose of this work was to investigate the effects on efficiency and stability achieved by quaternary
theophylline additives in MAPbls PSCs with the structure FTO/TiO,/perovskite/spiro-OMeTAD/Ag. The X-
ray photoelectron spectroscopy (XPS) and theoretical calculation strategies were applied to study the
additive's interaction in the layer. The tetrafluoroborinated additive results in an increase in device
current density (Jsc) (23.99 mA cm™), fill factor (FF) (65.7%), and open-circuit voltage (Voc) (0.95 V),
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control devices (13.6%).
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1 Introduction

It is well known that crystalline silicon-based solar cells domi-
nate the alternative energy market with respect to the photo-
voltaic industry; however, manufacturing costs offer the
opportunity to develop new solar cell technologies that can be
more economical and efficient. Surprisingly, perovskite solar
cells (PSCs) have achieved a certified power conversion effi-
ciency (PCE) of 25.2% in just eleven years after the first device
was manufactured in 2009."* MAPbI; perovskite has been one of
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leading to significant improvement of the power conversion efficiency (PCE) to 15.04% compared to
Notably, films exposed to controlled humidity of 30%
tetrafluoroborinated additive maintained their stability for more than 600 hours (h), while the control
films were stable for less than 240 hours (h).

using the

the most promising types as a third-generation photovoltaic
device. Significantly, the active layer interaction gained much
attention from researchers. The crystalline growth of MAPbI;
perovskite thin films is also fast, and a high-temperature range
(100-150 °C) is required for crystallization, so a wide variety of
defects is unavoidable.>* Perovskite thin films fabricated by
solution processing often exhibit interstitial defects, substitu-
tions, and vacancies, which act as charge recombination
centers, resulting in loss of device efficiency.®® However, the
defects® are responsible for hysteresis,' non-radiative recom-
bination," charge trapping,”* charge scattering”® and ionic
migration effects™ in the MAPDI; film. A different study has
shown that the performance of perovskite solar cells is highly
dependent on the microstructure of the perovskite layer, as well
as on the interfacial properties of the devices."* Consequently,
prolonged exposure of devices to moisture results in critical
degradation in the photovoltaic performance of the devices.'®"”

Recently, the scientific community has introduced a new
strategy entitled additive engineering involving the incorpora-
tion of specific materials (Fig. 1). A variety of materials have
been employed to passivate perovskite thin films, including low-
dimensional perovskites,'*° alkaline halides,”>** polymers,
inorganic nanocrystals,”®3° small organic molecules,**
organic halide salts,>**** amine based organic materials,**
phosphonium halides.*

23-27
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Fig. 1 Different types of compounds used as an additive engineering
strategy for MAPDI=.

In addition, the use of organic compounds and their deriv-
atives as additives in the passivation of perovskite solar cells has
been widely studied, which is interesting considering their wide
availability.**** Among several examples of natural derivatives
employed, Yang and co-workers first reported using the alkaloid
caffeine in solar cell passivation.” Caffeine showed a strong
interaction with Pb>" ions enhancing crystallization, generating
devices stable for more than 1500 hours (h) and high efficien-
cies (19.8%). Wang et al. reported the use of caffeine, theoph-
ylline and theobromine in perovskite solar cells. They found
that theophylline improved the efficiency and stability of the
devices than the other two derivatives.*® The mode by which
these additives function is through interactions of the carbonyl
groups with the lead ions, promoting better crystallization and
thus less ion migration. The derivatives, being non-volatile,
interact with the perovskite and prevent its thermal degrada-
tion. Recently, Zhang et al.*’, used aminophylline (theophylline-
ethylenediamine derivative) which promotes good crystalliza-
tion suppresses ion migration through interactions and gener-
ates good structural stability.

The use of pseudohalides, such as tetrafluoroborate (BF, ),
hexafluorophosphate (PFs ), and thiocyanate (SCN ™), have also
significantly improved efficiencies because they have similar
chemical properties and ionic radius as iodide. Especially, the
use of BF,  has also been widely studied as a counterion of
additives against defects, this process has been explained in the
literature, in its implications in increasing conductivity*® and its
capability to replace any part of the perovskite iodides, or even
passivating the surface avoiding the anionic migration.*® It has
also been used as a counterion to methylammonium as an
additive, decreasing charge recombination.’® In the literature,
there are several examples of organic additives with BF, ™ as an
anion that report benefits in efficiency and stability.*>*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In the present investigation, we report the incorporation of
new additives derived from theophylline quaternized with
chloride and tetrafluoroborate anions in MAPbI; perovskite
solar cells. The strategies implemented in this work have
increase the stability and efficiency of MAPbI; perovskite solar
cells through better crystallization by interactions of the
charged alkaloid and the anions by decreasing deep trap states.
The fabricated devices increasing their performance and
extending the stability of the films generated with this additive
exposed for 720 h at a relative humidity of 30%.

2 Experimental
2.1 Materials

All the chemicals were used as received, including titanium
diisopropoxide bis(acetylacetonate) (75 wt% in isopropanol,
Sigma-Aldrich), 1-butanol (99.8%, Sigma-Aldrich), titanium
oxide (TiO,) paste (Dyesol 18NR-T), PbI, (99.9983%, Sigma-
Aldrich), CH3;NH3I(99.9%, Lumtec Sci Tech.), N,N-dime-
thylformamide (DMF, anhydrous 99.5%, Sigma-Aldrich),
lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI, Sigma-
Aldrich), spiro-MeOTAD (99%, Shenzhen Feiming), chloroben-
zene, acetone, ethanol, acetonitrile (SigmaAldrich).

2.2 Characterization and measurement

FTIR spectrum was measured using an interspec 200-X spec-
trometer on KBr pellets. Bruker Avance III of 500 MHz was used
for NMR spectral analysis. The chemical shifts (¢) are reported
in ppm and the spectra were obtained in CDCl; and DMSO-de.
The morphological characteristics of the thin films were
observed by scanning electron microscopy (SEM) in a JEOL JCM-
6000 and a Hitachi SU-8020. X-ray diffractometer (XRD) was
employed to characterize the crystallinity of the films using an
XRD Bruker D2 phaser. The UV-vis transmission spectra were
characterized using a scientific evolution 300 PL spectropho-
tometer. The X-ray photoelectron spectroscopy (XPS) measure-
ment were obtained by XPS Escalab 250Xi (Thermofisher).

2.3 Synthesis of additives

All the manipulations were carried out under an inert atmo-
sphere, following Schlenk techniques. The solvents employed
were used as received. The structures and additives character-
ization (S1 and S2) can be found in the ESL}

2.4 Perovskite standard solar cell device construction

Fluorine-doped Tin Oxide (FTO) glass was patterned by chem-
ical etching with zinc (Zn) powder and chloride acid (HCI)
solution. The etched substrate was then cleaned with hellmanex
2% and ultrasonically cleaned with 2-propanol then deionized
water in sequence for 15 minutes, respectively. Afterwards, the
substrates were cleaned using O, plasma for 15 minutes (UVO-
Cleaner 18 Jeligth Co). A dense layer of TiO, was then coated on
the substrates by spin coating of titanium diisopropoxide
bis(acetylacetone) (75 wt% in isopropanol, Aldrich) diluted in
absolute ethanol (v/v, 1/20) at 3000 rpm for 1 minute. The
substrates were then heated at 180 °C for 5 minutes followed by

RSC Adv, 2023, 13, 5070-5080 | 5071
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annealing at 450 °C for 1 h. A mesoporous layer of TiO, was then
deposited by spin-coating TiO, paste (Dyesol 18NR-T) diluted in
absolute ethanol at a 1:12 weight ratio at 5000 rpm for 30
seconds. The substrates were then heated at 180 °C for 5
minutes, followed by annealing at 450 °C for 1 h. For the
fabrication of the standard cell, the methodology proposed by
Sutanto et al.,>* was employed, using DMF as solvent. Previously
prepared solution 1.25 M of Pbl, : MAI with a 1:1 molar ratio
and left at 70 °C for 12 h. MAPDI; solution was deposited by
spin-coating on the mesoporous layer of TiO, at 5000 rpm for
30 s. After 4 s of having started the spinner, 400 puL of chloro-
benzene were rapidly added to the substrate. Furthermore,
a hole transport material (HTM) of spiro-OMeTAD was spin-
coated at 3000 rpm for 30 s from a chlorobenzene solution
(79.1 mg in 690 pL) that contained 22 pL of 4-tert-butylpyridine
and 15 pL of Li-TFSI (bis(trifluoromethane)sulfonimide lithium
salt) from a 500 mg mL " stock solution in acetonitrile as
dopants. Fig. S71 shows the configuration of the photovoltaic
device fabricated in this investigation.

The perovskite film was also deposited by spin coating
a previously prepared solution of 1.25 M of MAI : PbI, witha1:1
molar relation in a solvent mixture of DMF/DMSO (80 : 20 v/v) by
a one-step process at 5000 rpm for 30 s. After a 6 s delay of the
spin coating process, 650 uL of anhydrous chlorobenzene was
added on top of the substrate. Additionally, perovskite thin
films were sintered at 100 °C for 10 minutes. HTM (hole
transport material, spiro-OMeTAD) was spin-coated at 3000 rpm
for 30 s. Finally, an 80 nm thick silver layer was deposited under
a high vacuum by evaporation as a counter electrode. To study
the effect of MAPDbI; on the photovoltaic device's stability and
performance when the theophylline derivatives were incorpo-
rated in a different stoichiometric ratio is shown in Table S1.}

2.5 Photovoltaic characterization

The J-V curves were measured using a solar simulator (Newport,
Oriel Instruments, 91160A) with a source meter (Keithley 2400).
In addition, a xenon lamp was used as a light source, and it was
calibrated using a silicon reference solar cell (Enlitech) to
regulate the output power of the lamp to 1000 W m™>. The
measurements were performed inside the glove box to protect
the cells' stability. The cell area was limited using a metal mask
(0.254 cm x 0.254 cm). The active area of the device is 0.065

cm?.

2.6 DFT calculations

The VASP package was used for all first-principles calcula-
tions.”® The Perdew-Burke-Ernzerhof (PBEsol) generalized
gradient approximation (GGA) functional method was used for
the exchange-correlation, including a dispersion correction
using Grimme's DFT-D3 scheme.’” The interaction of core
electrons and valence electrons is treated by the Projected
Augmented Wave method (PAW). For the optimization, the
cutoff energy of 500 eV was used and geometry optimization
calculations involved relaxing the top layers and the anions
until the forces on atoms were less than 0.01 eV A~! in a, and
b directions. A 3 x 3 x 1 Monkhorst Pack k-point grid was used

5072 | RSC Adv, 2023, 13, 5070-5080
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for the relaxation. The surfaces were modeled by a slab con-
sisting of 2 x 2 periodicity in the a-b plane and at least three
atomic layers along the ¢ axis, separated by 15 A of vacuum in
the ¢ axis. The molecular graphics viewer VESTA was used to
plot the atomic structure and charge densities.*®

3 Results and discussion

3.1 Additive synthesis theophylline hydrochloride (ThPhyl-
Cl) and theophylline tetrafluoroborate (ThPhyl-BF,)

Fig. 2 shows the general scheme for the obtain the additives.

The synthesis of the theophylline derivatives has been per-
formed according to the method published by Kennedy et al.,
2014.* In the case of ThPhyl-BF,, it is possible to see the band
related to the BF,” anion both by FTIR and in the "B-NMR
spectrum (ESI Fig. S3 to S67). In "H-NMR for both ThPhyl-BF,
and ThPhyl-Cl, it is possible to observe that the methyl and N-H
chemical shifts are affected by the deprotection of the electron
attracting anions.

3.2 Interaction of theophylline derivatives with MAPbI;, XPS

To confirm the interaction between perovskite and theophylline
derivatives, XPS analysis of the films was carried out. Fig. 3a
shows the 4f orbitals of the lead that were coupled into two
signals centered at 138.2 eV and 143.1 eV, corresponding to the
interaction of lead with iodine, Pb-I. The second high-
resolution 3d spectrum of iodine also confirms the Pb-I inter-
action with signals centered at 619.2 Ev and 630.8 Ev. These
signals are attributed to the presence of [Pblg] * units in the
perovskite structure. Regarding the other signals, they exhibit
a larger shift to higher binding energies with the introduction of
the ThPhyl-BF, additive, which shows, the strong electronic
interaction of the carbonyl group of the theophylline derivative
with lead as in the case of other previously described additives.*
In the case of ThPhyl-Cl and theophylline there is also an
interaction between these additives and the Pb of the perov-
skite, but the binding energy shifts to lower energies, also
previously described in the literature.®

o O)N\N | N/z o
Ny N / | Vo
O)\N | N/> HBF,

| \ N

Fig. 2 General scheme of additives synthesis.
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with and without Thphyl-Cl and theophylline additive.

3.3 Theoretical calculations of interaction of theophylline
derivatives with MAPbDI;

Theoretical and experimental studies have described the inter-
actions between perovskite and theophylline as an additive.
These studies show the strong coordination of the carbonyl
groups of theophylline with the Pb on the surface.*® This work
offers a notable difference in the photovoltaic parameters when
the anion (BF,  and Cl") varies (Table 1). We perform first-
principles calculations to investigate the role of the anion. To
understand the surface passivation effects, we first calculate the
adsorption energy of the anion/perovskite surface system,
which is expressed as:

Eads = Esystem - (Esurface + Eanion)

We find that for BF,™ the adsorption energy is more negative
compared to Cl~; this indicates more vital interaction of BF,~
with the surface (the energies are shown in Fig. 4 a). Coordi-
nation with Pb>" cations could help slow down the growth
process leading to better quality perovskite grains, as seen in
SEM micrographs (Fig. 8). Charge transfer across the interface
was also analyzed, and calculated the charge density difference

Table 1 Photovoltaic parameters of fabricated devices

Jsc
Photovoltaics solar cell FF (%) (mAcm™?) V. (mV) Eff (%)
MAPDI; 66.20 21.60 954.00 13.60
MAy 905(ThPhy)o.00sPbI; 65.50  21.53 949.00  13.40
MA, oo(ThPhy),, 0, PbI, 60.60  24.07 907.60  13.00
MAy 055(ThPhy)o.015PbIs 57.00  23.02 931.10  12.20
MAg 05(ThPhyl-BF )y 00sPbI;  65.70  23.99 954.10  15.04
MAo 0o(ThPhy-BF )0 0:PbI; 62,90  18.56 957.00  11.17
MAy 055(ThPhy-BF ) 015Pbl;  54.15  17.90 960.00 9.00
MAy 005(ThPhy-Cl)g 00sPbl;  61.93  22.87 930.00  13.26
MAq.oo(ThPhy-Cl), o, PbI, 64.50  20.11 950.00  12.30
MAg o55(ThPhy-Cl)o01sPbI;  58.40  20.50 880.00  10.50

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) XPS spectra for Pb 4f of perovskite film with and without Thphyl-Cl and theophylline additive (b) XPS spectra for | 3d of perovskite film

to visualize charge transfer and the sites of charge accumulation
and depletion with the following equation:

Ap = Psystem — (Psurface + Panion)

where pgystem, Psurface AN Panion, rEpresent the charge density of
the system (interface perovskite/anion), perovskite slab, and
anion, respectively. The charge density difference for the anions
is shown in Fig. 4b and c. The excess (yellow region) and
depletion (blue region) of charge across the interface can be
seen. An attractive interaction with the Pb>" is observed for both
anions, alternate charge accumulation and depletion regions at
the interface. Visually for the BF,, three anchor points are
observed, whereas for the C1~ only one.

For a more detailed analysis of interfacial charge transfer, we
have obtained the plane-averaged charge density difference (Ag)
and the charge displacement curve (CDC)**>. These parameters
help to understand the charge transfer on the interface. Ag is
calculated by integrating Ap in the xy plane as follows:

Aq:[ dyJ

A positive and negative value of Aq indicates the accumulation
and depletion of electrons, respectively. The plane-averaged
charge difference is shown in Fig. 4d. Here it is confirmed
that the electron density increases mainly in the anion region
and decreases near the perovskite surface.

The total value of electrons transferred in the perovskite/
anion system is determined by the CDC and is given by:

Ap dx

AQ :f Ag dz

In addition, the CDC informs us of the direction of electron
transfer; positive values of CDC at the interface correspond to
electrons flowing from left to right and vice versa for negative
values. AQ is negative in the interface region for both anions

RSC Adv, 2023, 13, 5070-5080 | 5073


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07580f

Open Access Article. Published on 08 February 2023. Downloaded on 6/9/2026 2:09:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

3)

BF;

o
[

-40 =35 =30 -25 =20 -15 -10 -0S 00
Adsorption energy (eV)

d)

View Article Online

Paper

aq (efd)
o
°

0 3 10 15 20 2 30 3
z(4)

[ 5 10 15 20 13 ) £
2 A

Fig. 4 a) Adsorption energy values for BF,~ and Cl™ anions, (b) and (c) charge density difference, (d) planar charge density difference and (e)

charge displacement curve.

(see Fig. 4e), suggesting a transfer of electrons from the perov-
skite surface side to the anion. From the CDC graph it is ob-
tained that for the BF,  anion, a more significant charge is
transferred (0.43e) than for C1~ (0.31e).

To determine the effect of anion deposition on electronic
properties, we have calculated the partial density of states
(PDOS) and compared it with the density of states of the surface
model without anion, see Fig. 5. In the PDOS it is observed that
in both cases the valence band (VB) its main contribution is the
I orbitals, while the conduction band (CB) is dominated by the
Pb orbitals, which is the behavior of MAPbI; in bulk. However,
a displacement of the Pb states (marked in a pink circle) is
observed, which causes a change in the bandgap value and

causes shallow states in the CB, which could help carrier
transport.

The bandgap value decreases more with the addition of the
Cl™ anion (1.05 eV) than with the BF,~ anion (1.20 eV), whereas
the bandgap value of bulk MAPbI; is reported as 1.6 eV. The
decrease in bandgap for Cl~ could favor electronic transitions
which is reflected in the decay of photovoltaic parameters when
this anion is present.

3.4 Stability test of thin films MAPbI; and MAPbI; :
theophylline derivatives

It is well known that prolonged exposure of the perovskite
MAPDI; is very susceptible to the water molecules generating

DOS [au)]

Ly 3 5

or —
I surface ——
Pb surtace
MAP! Pol,
07 3 =3 2 1 0

-4 -3
Energy [eV]

Fig.5 Electronic PDOS on the interface. The zero on the horizontal axis represents the vacuum level and the gray solid line represents the Fermi.
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Fig. 6 Degradation rout of MAPblIz thin film when exposed to ambient.

rapid degradation, which is appreciable on the film by a yellow
characteristic of Pbl, that is regenerating in a reversible reac-
tion. Fig. 6 shows the degradation route of MAPDI; thin film
when exposed to ambient.

In our case, the degradation of the thin film was monitored
by X-ray diffraction (XRD) spectroscopy. Fig. 7 shows the XRD
pattern of each of the thin films without and with the different
additives. In general, no changes are observed in the X-ray dif-
fractogram pattern of MAPbI; when the theophylline derivatives
are incorporated in different percentages. However, an increase
in the intensity of each peak is observed, this can be attributed
to a better crystallinity of the perovskite grains, as described in
the literature, the interaction of the carbonyl groups of the
additive in the three cases may lead to a slower and more
orderly crystallization.*>*” Despite not finding the formation of
another phase, it is important to note that different studies
show the formation of phases due to 2D perovskites generated
by the additive at the periphery of MAPDbI; crystals.®

The thin films were fabricated by spin-coating technique,
and they have exposed at 30% relative humidity (RH) to study
the effect on the stability of MAPbI; when the theophylline
derivatives were incorporated in different percentages.

To follow the degradation of the thin films may consider the
tracking of two peaks, mainly the first peak in 26 = 12.5° is
associated with the appearance of precursor Pbl, which

indicates the onset and progression of the degradation of
perovskite as a function of time. Also, the peak that appears at
26 = 14.1° which corresponds to MAPbI;, which is associated
with the 1 1 0 plane, shows a decrease in intensity during
degradation. Fig. S81 shows highlighted diffraction profiles in
the range from 26 = 12°-15°. In general, the diffractograms
show an increase in the intensity of the Pbl, peak at different
exposure times. MAPbI; was more susceptible to ambient
conditions (Fig. S8at). However, the incorporation of theoph-
ylline derivatives added excellent stability to MAPDI;, especially
in the MAy 905(ThPhy-BF,)0.005Pbl; film in which PbI, peak
formed was unobserved for 600 h (Fig. S8ct). The film made
with MAg go5(ThPhy), 005PbI; began to degrade at 720 h, while
MA, 905(ThPhy-Cl), 005Pbl; started to degrade at approximately
240 h. It is well known that compounds derived from fluorine
exhibit hydrophobic properties. Salado et al.,* used a fluori-
nated imidazolium-based dopant that significantly increases
the stability of perovskite-based solar cells.

SEM is a support tool that allows observing the morphology
of thin films as well as the shape and size distribution of
perovskite grains that largely determine the electro-optical
properties of photovoltaic devices. Although intrinsic defects
such as vacancies, interstitials, and antisites can't be observed,
SEM shows surface defects such as pin-hole and grain boundary
defects that are the motive of discussion. In our case, the thin

a) b) c)
MA (ThPhyl), Pbl,) ===MA,, (ThPhyL-Cl) Pbl, === MA,(ThPhyl-BF ), Pb],
L Y} l A A P . ﬂ ' A
s o= MA,(ThPhyL-CI)Pb], ——MA,(ThPhylBF P,
E -h-_‘-*h— Ao M Al l A r
= R e
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Fig. 7 XRD patterns of MAPblz and MAPbIs: theophylline derivatives.
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Flg 8 SEM micrographs; (a) MAPb|3, (b) MAO_995(THPhyl)o_oospb|3; (C) MAO_995(ThPhy—cl)o_oospb|3; (d) MA0_995(ThPhy—BF4)0_005PbI3.

films of MAPbI; and the theophylline derivatives were fabri-
cated by the spin-coating technique and show some significant
differences that allow establishing a relationship between the
quality of the thin films and the photovoltaic performance; for
example, MAPDI; shows a larger distribution of perovskite grain
sizes (Fig. 8a). On the other hand, MA ¢o5(ThPhy-Cl)g 9o5PbI3
shows significant defects at the grain boundary (Fig. 8c), while
MA 095(ThPhy-BF,), 00sPbI; shows a more homogeneous film
without significant defects at the grain boundary, this can be
attributed to a better arrangement of the THPhyl-BF, molecule
in the MAPDI; perovskite which can be explained by the favor-
able anion interaction described in the theoretical calculations
and discussed below (Fig. 8d).

On the other hand, EDS analyzes of the thin films were
carried out with the purpose of identifying the incorporation of
the elements present in the anions, particularly the chlorine
and fluorine anions (Fig. S91). EDS analysis confirms the pres-
ence of both CI"" and F~" ions in a percentage ratio of 5.9% and
6.5% respectively (Tables S2a and bt).

3.5 Optical characterization of MAPbI; and theophylline
derivatives

Fig. 9a and b show the representative absorption and emission
spectra of MAPbI; and Theophylline derivatives, respectively. It

5076 | RSC Adv, 2023, 13, 5070-5080

is well known that MAPDbI; is an excellent photo absorber
material, and here it shows a slightly higher absorption than the
films with theophylline derivatives. However, the presence of
intrinsic defects in thin films and rapid degradation signifi-
cantly minimize its application in photovoltaic devices when
used in its pristine form. Among the theophylline derivatives,
THPhyl-FB, showed higher absorption, and this is attributed to
the quality of the film formed by this compound. As previously
described in the literature, the BF,  ion has the ability to
interact on the perovskite surface removing labile lead atoms.
The removal of these lead adatoms and NPs, which act as traps
for charge carriers results in an enhancement of the PL of the
system, observed in the spectrum. The above can be confirmed
by EDS study showing a high percentage of surface lead related
to the presence of the THPhyl-FB,.** The bandgap change
described in the theoretical calculations (PDOS Fig. 5) could
explain the lower absorption of the films containing the chlo-
rinated additive.

In our case, the highest intensity of photoluminescence (PL)
was observed when the BF,  was incorporated. Particularly,
thin film MA, g95(ThPhy-BF,),.005PbIs presented high intensity,
which suggests the passivation of the trap states on the surface
that prevents the recombination of charges. These same results
were obtained by Jen et al.,>> when using NH,BF, as an additive

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Spectroscopic studies of perovskite films (a) absorption spectra; (b) PL spectra.

into a mixed-ion (FAPbI;),g3(MAPbBr3),17 perovskite. BF, ™
improved photoluminescence lifetime, high recombination
resistance, and PCE of 20.16% when 1% NH,BF, was incorpo-
rated. In this study the device with the highest efficiency was
when ThPhy-BF, was incorporated at 0.005% (Fig. 10).

3.6 Photovoltaics solar cells

Finally, the effect of the incorporation of theophylline deriva-
tives was evaluated in photovoltaic devices to observe their
electrical properties. Fig. 10 shows the J-V curves. The PCE of
pristine MAPbI; was 13.6%, with an open-circuit voltage (Vo) of
954 mV, a short circuit current density (Jsc) of 21.6 mA cm 2,
and a fill factor (FF) of 66.2%. The cell that presented the best
efficiency was the one manufactured with MA go5(ThPhyl-

£
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Fig. 10 J-V curve of MAPbI3 and MA(TPhyl-BF4)Pbls with different
percentages.

© 2023 The Author(s). Published by the Royal Society of Chemistry

BF.)0.005PbI3, with a photovoltaic efficiency of 15.04%, a (Voc) of
954.1 mV, (Jsc) of 23.99 mA cm 2, and (FF) of 65.7%. However,
when increasing the percentage of ThPhyl-BF, by 1 and 1.5% in
the MAPDbI; solution, the effect was not so significant, the effi-
ciencies were 11 and 9% respectively, this is because increasing
the concentration of the additive at the perovskite periphery
affects the effective charge transfer.

It is possible to observe that the use of MAg gos5(ThPhy-
Cl)g.005PbI; in the solar cell generates an efficiency comparable
to MAg 905(ThPhy), 005PbI3, around 13%, and slightly lower than
the efficiency obtained with pristine MAPbI;, while in the case
of MAy g95(ThPhyl-BF,),.005Pbl3, the obtained efficiency is 15.04
(15% higher). The better charge transfer can explain this
favorable result charge transfer from perovskite to the BF,
anion which was described extensively in the theoretical
calculations. In the case of the three additives, as the percentage
increases the device performance decreases inversely propor-
tional to the protection against humidity shown in the film
stability studies. Table 1 summarizes the photovoltaic param-
eters of fabricated devices.

4 Conclusions

In conclusion, two theophylline derivatives were obtained
through their quaternization with hydrochloric and tetra-
fluoroboric acids. They were employed as additives in perov-
skite films generating stability at controlled humidity of 30%,
especially when the percentage added was 1.5%. The PCE of the
champion PSC with MAg go5(ThPhyl-BF,), 00sPbl; increases
significantly to 15.04%, with (Voc), (Jsc) and FF of 0.954 mV, 3.6
mA cm~ > and 68.4%, respectively. This result in photovoltaic
devices is attributed to the improvement in the morphological
properties of the films promoted by theophylline, coupled with
higher charge mobility through the BF,” anion, higher light
absorption, and added to its intrinsic hydrophobicity. Our work
provides a theoretical and experimental approach to improve

RSC Adv, 2023, 13, 5070-5080 | 5077
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the efficiency of perovskite solar cells and employed as
additives.
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