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Mixed organic—inorganic lead halide perovskites have emerged as promising optoelectronic materials for
photovoltaic applications in the span of a few years. Mixed cation FA; _,Cs, perovskites have been widely
explored as a resolution to the phase instability issue in FAPbls and CsPbls perovskites. In this study, the
impact of Tris(2-aminoethyllamine (TAEA) on FAp.g3Cs.17Pb(lo.9oBro10)s absorber layer stability under
humid and thermal stress conditions has been investigated. Interestingly, the incorporation of TAEA in
the perovskite precursor has resulted in enhanced structural and optoelectronic properties. Moreover,
TAEA addition has led to greatly enhanced thermal and ambient stability. TAEA containing FAp gzCsg 17Pb-
(lo.00Bro.10)3 films retained their black phase even after 180 days of exposure to a highly humid environ-
ment with RH ~ 60-70% and more than 7 days on exposure to continuous thermal stress at 85 °C
along with high humidity and illumination. Therefore, the perovskite films fabricated with the optimized

Received 26th July 2023,
Accepted 18th November 2023

DOI: 10.1039/d3tc02644b
concentration of TAEA in FAg g3Cso.17Pb(lp.90Bro.10)3 perovskite have great potential for application in high
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Introduction

In the past decade, organic-inorganic lead halide perovskites
have turned out to be a cost-efficient and promising alternative
photovoltaic technology due to their excellent semiconductor
properties such as tunable bandgap across a wide range, large
charge carrier diffusion lengths (~1 pm), low exciton binding
energies and large absorption coefficients (10* to 10> cm™") in
the solar spectrum region." Within a few years of development,
a record power conversion efficiency of 25.8% has been attained
in perovskite solar cells.* Methylammonium lead iodide
(MAPDI;) was the initial perovskite composition that was studied
widely and several other perovskite material compositions have
also been studied to date owing to the poor stability of MAPbI;
perovskite material. In MAPbI; the organic MA part is highly
hygroscopic and also thermally unstable, preventing the wide-
spread commercialization of this material.>® MAPbI; easily
dissociates into CH3NH,, HI, and Pbl, on exposure to
moisture.”"’
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performance devices with excellent thermal and ambient stability.

Therefore, formamidinium lead iodide [FAPbL;, HC(NH,),Pbl;]
has been investigated as an alternative light harvesting perovskite
material in most of the high-performance photovoltaic devices
due to its superior thermal and photo-stability and favorable band
gap of 1.47 eV."'?> However, FAPbI; suffers from phase transition
from the black photoactive a-FAPbI; phase which is stable only
above 150 °C to the yellow non-photoactive hexagonal phase
3-FAPbI; at room temperature and in a humid atmosphere.">**
Various approaches have been formulated for stabilization of the
o-FAPbI; phase by mixing an amount of MAI into FAPbI;.">"®
However, this mixed-organic cation perovskite composition
(MA,FA; _,Pbl;) might not attain thermal and ambient stability
due to the presence of a volatile organic part.”” So, as an
alternative researchers have followed various approaches to stabi-
lize the o-FAPbI; phase by using inorganic monovalent cations
such as Cs’, K, or Rb", ensuring improved stability and device
performance.'®* Although there are various studies employing
mixed multiple cations such as FAMACs,>® FAMACsRDb,>** or
FAMACsK* to stabilize the photoactive phase, however, the
presence of volatile MA components makes them susceptible to
instability at high temperatures.”® Therefore, MA-free FA-Cs mixed-
cation perovskite films need to be developed and investigated.

It is reported that the optimum concentration of Cs in
FA,_,Cs, has to be in the range 0.10 < x < 0.20, for which
the Goldschmidt tolerance factor is also within the range to

This journal is © The Royal Society of Chemistry 2023


https://orcid.org/0000-0002-0650-8353
http://crossmark.crossref.org/dialog/?doi=10.1039/d3tc02644b&domain=pdf&date_stamp=2023-11-28
https://doi.org/10.1039/d3tc02644b
https://doi.org/10.1039/d3tc02644b
https://rsc.li/materials-c
https://doi.org/10.1039/d3tc02644b
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC011047

Published on 20 November 2023. Downloaded on 18.02.2026 10:55:58.

Paper

form a stable perovskite structure and thus preferred to form a
black a-FAPbI; phase. However, when the content of Cs ions is
increased to higher values of up to 30%, the appearance
of a diffraction peak corresponding to o-CsPbl; is noticed.?”
a-CsPbl; which is a photoactive phase is stable only at tem-
peratures above 320 °C and transforms to the photoactive
v-CsPbl; phase when quenched to room temperature in an
inert atmosphere.”®* However, o-CsPbl;, transforms abruptly
to the non-photoactive 8-CsPbI; on exposure to atmospheric
moisture.?*?3¢ Therefore, a-CsPbl; is more sensitive to atmo-
spheric moisture, which renders it unsuitable for photovoltaic
applications.>”*® FA, 43Cs,1,PbX; perovskite composition is
widely studied and employed as an absorber layer in solar
cells.>*

In this study, we have explored the effect of Tris(2-amino-
ethyl)Jamine (TAEA) on the thermal and moisture stability of
MA-free mixed-cation perovskite compositions FAgg3Csg.17-
Pb(I;.00Bro.10)s- The effect of different concentrations of TAEA
added in FA(3Csg17Pb(Io.00Bro10)3 precursor was studied
extensively to find the optimum composition. Addition of TAEA
in FAy g3CSo.17Pb(I.00Bro.10)3 leads to an enhancement in the
absorbance and optoelectronic properties of the host perovskite
material. XRD measurements were conducted to explore the
degradation of perovskite film under thermal stress and a
highly humid ambient environment. TAEA incorporation has
resulted in greatly enhanced ambient and thermal stability.
XPS and FTIR measurements were carried out to examine the
interaction of TAEA with FAg g3CSo.17Pb(I9.00Br0.10)3 perovskite
crystal lattice. This work provides insights into designing a
long-term stable double cation perovskite composition for
photovoltaic applications.

Results and discussion

XRD patterns were recorded to study the impact of introducing
different amounts of TAEA in FAjg3CSo.17Pb(Io.00BT0.10)3
(denoted as FACs from hereon) perovskite as shown in Fig. 1a.
Characteristic peaks at 20 values 14.02°, 19.94°, 24.44°, 28.34°,
31.76° 34.82° 40.46°, and 43.06° which correspond to the (001),
(011), (111), (002), (012), (112), (022), and (033) planes respec-
tively are detected in all the perovskite films corresponding to
the photoactive o-FAPbI; phase.*® XRD analysis confirmed that
all the films crystallize into the o-phase irrespective of the
concentration of added TAEA. Also, no additional peak was
observed in any of the TAEA-containing films towards the low
20 values signifying the absence of any 2D phase formation.

With the increase in the concentration of TAEA, an enhance-
ment in the XRD peak intensity is noticed until the concen-
tration where 1 pL of TAEA is added into 200 pL of the FACs
precursor, and beyond this the peak intensity is almost similar
to the control FACs film. This confirms that the addition of
TAEA leads to an improvement in the crystallinity of the FACs
films. Fig. 1b shows the individual XRD peak shift in peaks at
around 20 values 14°, 20°, and 28°. With the incorporation of
TAEA in FACs perovskite the XRD peaks shift towards higher 20
values which confirms the presence of TAEA.
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Absorption spectra were recorded to assess the impact of the
incorporation of TAEA in FACs perovskite on the absorbance
properties. An absorption profile with an absorption edge at
around 780 nm corresponding to a bandgap of around 1.6 eV is
detected for all the films. The UV-Vis absorption spectra shown
in Fig. 2a show an increase in the absorbance with the addition
of TAEA in FACs perovskite. The maximum absorbance is
observed for the FACs perovskite film containing 1 pL of TAEA
in 200 pL of perovskite precursor. Fig. 2b shows the corres-
ponding Tauc plots of the UV-Vis spectra shown in Fig. 2a. It is
observed that with the increase in the TAEA concentration,
there is a very slight increase in the bandgap of the perovskite
from 1.590 to 1.616 €V.

Steady-state photoluminescence (PL) was recorded to
observe the effect of TAEA addition on the optoelectronic
properties of the FACs perovskite. An increase in the PL
intensity is observed with the incorporation of TAEA when
compared with the control film as shown in Fig. 2c. All the
TAEA containing films show better photoluminescence than
the pristine FACs film, indicating a great reduction in the
defect-mediated non-radiative recombination. In accordance
with the increase in the crystallinity of the film as noticed from
the XRD spectra, the PL intensity also increases with the
increase in the concentration of TAEA in perovskite precursor
until reaching a concentration where 1 pL of TAEA is added into
200 pL of precursor. However, beyond this concentration, the
PL intensity starts to decrease. So, as evident from the XRD
analysis, UV-Vis absorption spectra and PL spectra the opti-
mum concentration of TAEA in the FACs precursor is consid-
ered to be 1 uL in 200 pL, respectively. Normalized PL is plotted
as shown in Fig. 2d to examine the peak shift with the
incorporation of TAEA. There is a negligible blue shift in the
peak position of the order of ~1-2 nm which is in accordance
with the aforementioned very slight increase in the bandgap
detected from the UV-Vis absorption spectra.

The size of TAEA is large as compared to FA and Cs, there-
fore it is less likely that it will substitute the A-site cations in the
FACs perovskite lattice. Additionally, there is no sign of 2D
phase formation from the XRD, UV-Vis, and PL studies. There
are no low angle peaks observed in the XRD patterns with 20
less than 10°, which carries the signature of 2D phase
formation.***> Additionally, the single PL peak and lack of
any excitonic peak in the UV-Vis spectra clearly hint towards the
absence of a 2D phase.**™*” So, most likely the TAEA is present
on the surface of the perovskite. Therefore, the shift in the XRD
peaks towards higher 26 values can possibly be caused by the
compressive strain present in the TAEA containing films. The
strain could be induced due to the interaction of TAEA with the
perovskite lattice during or after crystallization, introduced
distortions in the octahedral environment surrounding the
metal cations (Pb). The presence of TAEA on the surface of
the perovskite crystals may affect the local atomic arrangement
and crystal symmetry, causing shifts in the XRD peaks. There-
fore, we have carried out Williamson-Hall analysis to calculate
the strain from XRD patterns and the calculated strain is
plotted below in Fig. S1 (ESIt). The plot shows an increase in
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Fig. 1 Crystallography analysis of FAgg3Cs0.17Pb(lp.90Bro.10)3 thin film. (@) XRD for FAq g3Cs0.17Pb(l0.90Bro.10)3 film containing different concentrations of
TAEA added inside perovskite precursor. (b) XRD peak shift for 20 around 14°, 20°, and 28° for TAEA containing films with different concentrations of TAEA

added in FAq g3Cs0.17Pb(lo.90Bro.10)3 perovskite precursor.

the microstrain with an increase in the concentration of TAEA
in the FACs precursor.

The impact of TAEA addition on the FACs film morphology
was observed using field emission scanning electron micro-
scopy (FESEM) and is presented in Fig. 3. Fig. 3a and b show the
morphology of the fresh FACs film with high and low magni-
fications, respectively. The FACs film shows a rough morphol-
ogy with a lot of large pinholes in the order of a few um as

16808 | J Mater. Chem. C, 2023, 11, 16806-16817

shown in the low magnification image, which could be detri-
mental to the device performance. This could be the reason for
the aforementioned lowest PL intensity observed in the FACs
film. As TAEA is added inside the precursor of FACs the
pinholes start to decrease as shown in Fig. 3d, f and h until
the concentration where 0.75 pL of TAEA is added into 200 pL
of perovskite precursor. When the concentration of TAEA is
further increased to 1 pL per 200 pL of FACs precursor, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 UV-Vis absorption and PL spectra. (a) UV-Vis absorption spectra and (b) Tauc plot for FACs films with different concentrations of TAEA added in
perovskite precursor. (c) PL spectra and (d) a normalized PL plot for FACs films with different concentrations of TAEA added in perovskite precursor.

pinholes are completely removed and we obtain a uniform and
compact film. However, with a further increase in the concen-
tration of TAEA the pinholes reappear as shown in Fig. 3. This
could possibly be the reason for the aforementioned highest PL
observed in the 1 uL TAEA concentration which starts reducing
with a further increase in TAEA concentration.

It is also observed from the high magnification images
presented in Fig. 3a, c, e, g, i and k that the grain size is
reduced with the incorporation of TAEA. Micro-strain induced
by introducing TAEA could have resulted in the reduced crystal-
lite size. Additionally, the films become more compact and
smoother with the increase in the concentration of TAEA. This
could be ascertained from the atomic force microscopy (AFM)
images shown in Fig. 4. The 2D and 3D AFM images confirm
that the incorporation of TAEA leads to smoothening of the
films as the root mean square roughness (R;y) is reduced with
the increase in the concentration of TAEA. The lowest R, =
58.47 nm is detected in the film containing 1 puL of TAEA per
200 pL of FACs precursor, which is increased to a value of
61.72 nm on further increase in TAEA concentration. So, from
FESEM and AFM it is witnessed that the film containing 1 pL of

This journal is © The Royal Society of Chemistry 2023

TAEA per 200 pL of FACs precursor renders a smooth, uniform,
compact, and pinhole free film, which is critical for efficient
planar heterojunction-devices.

Scanning laser confocal microscopy (SLCM) was also per-
formed to examine the spatial distribution of luminescence
intensity. Images in Fig. 5a-f represent the luminescence maps
of the FACs films with different concentrations of TAEA. The
pristine FACs film is shown to have a number of dark spots
which depict the non-radiative emission sites. These dark spots
mainly represent the defect sites at grain boundaries and the
pinholes in the film as observed from the FESEM image in
Fig. 3b. Additionally, the fluorescence density of 1.71 x 10°
which is calculated over an area of 16384 um? in pristine FACs
film is also the lowest among all the films as presented in
Fig. 5g. With the addition of a small amount of TAEA in FACs
(0.5 uL in 200 pL) the black spots are significantly reduced as
can be seen from Fig. 5b and consequently there is an increase
in the fluorescence density (= 1.95 x 10°) as well. Moreover, a
further increase in the concentration of TAEA in FACs precursor
leads to greatly reduced black spots, and the fluorescence
density is increased to a value of 2.09 x 10° This is in

J. Mater. Chem. C, 2023, 11,16806-16817 | 16809


https://doi.org/10.1039/d3tc02644b

Published on 20 November 2023. Downloaded on 18.02.2026 10:55:58.

Journal of Materials Chemistry C

View Article Online

Paper

Fig. 3 FESEM morphology of fresh FACs film (a) high magnification (50kx), (b) low magnification (Skx); FACs film with TAEA with a volumetric
concentration 500:0.5 (c) high magnification, (d) low magnification; FACs film with TAEA with a volumetric concentration 200:0.5 (e) high
magnification, (f) low magnification; FACs film with TAEA with a volumetric concentration 200: 0.75 (g) high magnification, (h) low magnification; FACs
film with TAEA with a volumetric concentration 200 : 1 (i) high magnification, (j) low magnification; FACs film with TAEA with a volumetric concentration

200:1.5 (k) high magnification, and (1) low magnification.

agreement with the aforementioned increase in steady-state PL
intensity and reduction in the pinholes with the increase in the
concentration of TAEA as depicted in Fig. 2c and 3.

The film with 1 puL in 200 pL of FACs shows the most
uniform and brightest emission distribution among the other
compositions without any visible pinholes, consistent with the
PL data shown in Fig. 2c. This film shows the highest fluores-
cence density of 2.41 x 10° among all the films. The observa-
tion from the spatial PL is consistent with previous

IR,3=82.49 nm) | L0

|

i .
Rims = 58;7 nm

observations and this is the optimum composition showcasing
the best structural, morphological, and optoelectronic proper-
ties. Further increase in the TAEA concentration leads to the
reappearance of black spots and reduced fluorescence density
(= 2.13 x 10°), as observed from Fig. 5f and g.

To assess the heterogeneity of PL emission across the
sample, a line profile was plotted across the breadth of the
film as depicted by the white line in Fig. 5a—f. The FACs film
shows the most inhomogeneous distribution of PL intensity

274 nm

{ &

-
4um -
= = R =61.72 nm

rms

Fig. 4 AFM images. (a) 2D and (al) 3D AFM topography images of FACs film, (b) 2D and (b1) 3D AFM topography images of FACs film with TAEA with a
volumetric concentration of 200: 0.5, (c) 2D and (c1) 3D AFM topography images of FACs film with TAEA with a volumetric concentration of 200:1, and
(d) 2D and (d1) 3D AFM topography images of FACs film with TAEA with a volumetric concentration of 200:1.5.
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Fig. 5 SLCM PL intensity maps of (a) FACs film, FACs film containing (b) 0.5 pL of TAEA in 500 pL of FACs precursor, (c) 0.5 pL of TAEA in 200 pL of FACs
precursor, (d) 0.75 pL of TAEA in 200 uL of FACs precursor, (e) 1 uL of TAEA in 200 pL of FACs precursor, and (f) 1.5 puL of TAEA in 200 pL of FACs precursor.
(9) Integrated fluorescence density in the films calculated in the 128 pm x 128 um area of the sample. (h) PL line profile plotted along the breadth of the

samples as denoted by the white horizontal lines in (a)—(f).

across the sample with a lot of dips and showcases the lowest
PL intensity. With the increase in the concentration of TAEA in
the precursor, the PL intensity becomes more homogeneous
and the overall PL intensity across the film is increased.
Inspiringly, the highest PL intensity across the film is detected
for the film with 1 pL of TAEA in 200 pL of FACs precursor,
which is consistent with the aforementioned observations.

To understand the degradation of perovskite solar cells and
find failures, stability testing under enhanced environmental
stressing conditions such as high humidity, elevated temperature,
and illumination becomes crucial. Therefore, all the films were
kept outside under ambient temperature with RH ~ 60-70% to

This journal is © The Royal Society of Chemistry 2023

assess the impact of TAEA on the stability of the FACs films.
Digital photographs of the films with time are presented in
Fig. 6a. All the fresh films are initially found to be blackish in
color, indicating the crystallization of films in the photoactive
a-phase. The pristine FACs film started turning yellow towards the
edges and corners after 110 days of exposure to the ambient
environment and after 150 days a major portion of the film had
turned yellow. However, all the FACs films containing different
TAEA concentrations show a stable photoactive phase even after
180 days of exposure to light and highly humid conditions.

The XRD patterns of the FACs film and the optimized FACs
film containing 1 pL of TAEA are presented in Fig. S2 (ESIf).

J. Mater. Chem. C, 2023, 11,16806-16817 | 16811
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Fig. 6 (a) Digital photographs of FACs films with different concentrations of TAEA upon exposure to an ambient atmosphere with RH ~ 60-70%.
(b) XRD peak intensity ratio of Pbl,/perovskite versus time of exposure plot for FACs films with different concentrations of TAEA exposed to continuous
heat at 85 °C in ambient atmosphere. Contact angle measurement for (c) the FACs film, and the FACs film containing (d) 0.5 pL of TAEA in 500 pL of FACs
precursor, (e) 0.5 uL of TAEA in 200 plL of FACs precursor, (f) 1 uL of TAEA in 200 plL of FACs precursor, and (g) 1.5 pL of TAEA in 200 plL of FACs precursor.

It is clearly evident from the XRD pattern that both the films
retain the initial a-phase until 60 days of exposure to ambient
conditions. However, the pristine FACs film started degrading
after 110 days as can be ascertained from the appearance of
peaks corresponding to Pbl,, 3-FAPbI;, and §-CsPbl; at 26
values ~ 12.9° 11.2° and 9.86° respectively. Whereas, the
TAEA-containing film retains the o-FAPbI; phase even after
110 days of exposure to light and highly humid conditions,
which is in accordance with the physical appearance of the films
in terms of no color change noticed as shown in Fig. 6a. It is
observed that the UV-Vis absorption spectra shown in Fig. S3
(ESIt) show a negligible decrease in the absorbance of the TAEA-
containing films even after 110 days of exposure to RH ~ 60-70%.
This ascertains the fact that the film retains the initial perovskite
phase even after exposure to highly humid conditions.

Water contact angle measurement was carried out to explore
the surface wetting properties of the FACs films with different
concentrations of TAEA as shown in Fig. 6¢c-g. With an increase
in the concentration of TAEA the contact angle is increased
signifying the decrease in the affinity to water with increasing
amounts of TAEA. So, it is evident from the observations that
the greater the amount of TAEA in the precursor the more the
film surface is resistant to water ingress due to the presence of
alkyl chains in TAEA. This explicates the reason for the higher
ambient stability achieved in the TAEA containing films when
compared to the pristine FACs film.

Apart from ambient stability, thermal stability is also crucial
and one of the most challenging parameters for perovskite
materials to survive. Hence, all the films were kept at contin-
uous heat at 85 °C in an ambient environment with high
humidity RH ~ 60-70% to explore the thermal stability. XRD

16812 | J Mater. Chem. C, 2023, 11, 16806-16817

patterns were recorded at different intervals of time to assess
the amount of degradation and the impact on the structural
properties upon exposure to heat, as presented in Fig. S4 (ESIT).
It is observed that after 7 days of continuous exposure to the
ambience and heat the pristine FACs film shows the appear-
ance of a diffraction peak corresponding to Pbl, which is of
almost equal intensity as that of the main (001) perovskite peak
as shown in Fig. S4a (ESIt). However, as we keep increasing the
amount of TAEA in the FACs films the intensity of the PbI, peak
compared to the (001) perovskite peak keeps reducing and it is
almost negligible for higher concentrations of TAEA starting
from 0.75 pL of TAEA in 200 pL of FACs precursor. This can be
clearly visualized from the ratio of Pbl,/perovskite XRD peak
intensity versus the time plot shown in Fig. 6b. After 16 days of
exposure to heat and humidity, two low intensity peaks pertain-
ing to 8-FAPbI; and 3-CsPbl; start to appear along with the Pbl,
peak in the pristine FACs film, whose intensity has increased
over further heating past this time. However in the TAEA
containing films these peaks are absent even after 22 days of
continuous heating. These observations clearly signify that the
presence of TAEA in the FACs films has a remarkable effect on
slowing down the degradation process in the presence of both
heat and high humidity. Additionally, the incorporation of
TAEA has also resulted in resisting the o — & phase transition
in the perovskite for a much longer duration, which is the
biggest limitation in FA and Cs based perovskite materials.
X-ray photoelectron spectroscopy (XPS) studies were carried
out as presented in Fig. 7, to gain insight into the chemical
composition of FACs perovskite films with and without TAEA.
The two Pb>" 4f peaks are detected at binding energies (BEs) of
142.9 and 138 eV for the pristine FACs film which can be

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 XPS spectra of (a) Pb 4f, (b) | 3d, (c) C 1s, and (d) N 1s for FACs perovskite films with and without TAEA.

assigned to 4fs,, and 4f;,, core levels as shown in Fig. 7a. Along
with these, two weak shoulder peaks at lower BEs of 141.3 and
136.3 eV are also detected that correspond to the metallic Pb°
4f. Metallic lead (Pb°) is detrimental to device performance as
its presence indicates the presence of defect sites, resulting in
non-radiative recombination.*®*° Pb°® reflects the presence of
iodide and cation vacancies in the perovskite. With the addi-
tion of TAEA, there is a shift of the Pb** peaks towards higher
BEs and the Pb° peak intensity has reduced to almost negligible
magnitude. This shows that the TAEA incorporation is affecting
the chemical environment of the Pb and also inhibiting the
defects, hence contributing to the greatly decreased Pb° peak.

The peaks at 630.7 and 619.2 eV in the pristine FACs films
are associated with I 3d;/, and I 3ds,, respectively, as shown in
Fig. 7b. The addition of TAEA results in the shifting of these
peaks towards lower BEs indicating the interaction of I with
TAEA. It is previously reported that an organic additive contain-
ing -NH, can form a N-H- - -X H-bond with the halide ions and
hence helps in restricting the migration of halide ions pertain-
ing to the ionic nature of perovskites.>® This suppression of the
migration of I results in reducing the iodide defects and
enhancing the hydrophobicity of perovskite.

This journal is © The Royal Society of Chemistry 2023

The BEs in C 1s XPS spectra at 284.8, and 286.4 eV
as presented in Fig. 7c are assigned to the C-C, C=NH>",
respectively from FA'. The peak at 288 eV corresponds to
C=O0, which reflects the degradation of perovskite film on
exposure to the ambient environment.* The peak area of
C—O0 visibly decreases with the addition of TAEA which implies
that the target film is more resistant to H,O or O, and hence
exhibits improved film stability. The N 1s peak at BE 400.4 eV
shifts slightly towards the lower BE value of 400.3 eV, indicating
that the BE of N in FA is affected by the interaction of TAEA with
the lattice as shown in Fig. 7d.

Amine additives are shown to be capable of modulating the
crystallization process. TAEA can coordinate with the metal
cations present in the perovskite structure such as Pb*>" through
its amino groups, which can act as ligands to form coordina-
tion bonds with the metal cations. This facilitates a better
nucleation and crystallization process and leads to the for-
mation of well-ordered and more crystalline films. The amino
groups in TAEA can also bind to the undercoordinated surface
Pb ions in the perovskite, forming coordination bonds.>'™*
TAEA can passivate the crystallographic defect and trap states
present on the surface of perovskite films, reducing the non-
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radiative recombination and improving the overall optical and
electronic properties of the perovskite material. This enhanced
surface passivation prevents the formation of unwanted surface
defects, leading to enhanced crystallinity. This is also ascer-
tained from the Pb>" 4f peak shift and reduced metallic Pb°
peak observed in XPS spectra of TAEA containing the FACs film
shown in Fig. 7a.

TAEA is a large sized molecule and hence cannot fit into the
voids of the [Pbls]*” polyhedral frame. Therefore, it is highly
likely that TAEA is not substituting the A-site cations in the
FA¢.53CS0.17Pb(10.00Bro.10)3 lattice and lies on the surface. Water
contact angle measurements shown in Fig. 6c-g show an
increase in the contact angle with an increase in the concen-
tration of TAEA in the perovskite precursor, which signifies the
increased hydrophobicity of the surface with increased TAEA
concentrations. So, the possibility of the presence of TAEA on
the surface is very high, which makes the surface more resistant
to water ingress and thus provides a rational explanation for
the enhanced ambient stability.

(a)

View Article Online
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The amino groups in TAEA (-NH,) can coordinate with
metal cations such as Pb>" in the perovskite structure. This
can involve the formation of coordination bonds between the
nitrogen atoms of the amino groups and the metal cations as
shown in the schematic shown in Fig. 8a. It is previously
reported that -NH, containing additives tend to form N-
H---X hydrogen bonds (H-bonds) with the halides in the
perovskite structure (I and Br).>* This strong interaction
between -NH, and the halide, suppresses I" ion migration as
shown by the schematic in Fig. 8a. Ion migration can lead to
the creation of defects and degradation of the crystal structure.
Thermal decomposition of the perovskite can occur, especially
in the presence of moisture and oxygen. High-quality, defect-
free films with well-defined crystal structures are more stable
under thermal stress. Due to the longer bond length of TAEA it
can cross-link the two adjacent perovskite units on the surface
making H-bonds with the halides. Therefore, two branches of
TAEA may bond with the surface of FACs perovskite and the
third is protruding out of the surface as shown in Fig. 8a.
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Fig. 8 (a) Schematic showing the interaction of TAEA with the FACs lattice. FTIR spectra showing the TAEA and FACs perovskite film containing different
concentrations of TAEA showing (b) N—H stretching, (c) C-H stretching, and (d) C=N stretching.
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Therefore, TAEA can act as a protective layer, shielding the
perovskite from moisture and oxygen, which are known to
cause degradation in perovskite materials. This protection is
essential for retaining the o-phase at room temperature and
highly humid conditions for the long term as observed from the
degradation studies shown in Fig. 6a, b and Fig. S2, S4 (ESIt).

To trace the interaction between TAEA and FACs perovskite
lattice, Fourier Transform Infrared spectroscopy (FTIR) was
performed as shown in Fig. 8b-d. FTIR spectra of TAEA
presented in Fig. 8b show broad peaks in the range 3200-
3400 cm ™' corresponding to the -NH,, vibrational modes. FTIR
peaks corresponding to N-H stretching are detected in all
the FACs films. FTIR peaks in FACs films at 3270 cm™" and
3408 cm™ " are associated with the asymmetric and symmetric
stretching vibrations of the N-H bond of FA", respectively.>® An
increase in the TAEA concentration leads to the broadening
of the peak and an increase in the peak intensity, which could
account for the H-bond formation between the -NH, in
TAEA with the perovskite lattice.® The FTIR peak at around
1458 cm ™' shown in Fig. 8c corresponds to the stretching due
to the C-H bond in TAEA. This peak is not present in the
control FACs film, however, as we go on increasing the concen-
tration of TAEA in FACs this peak starts to appear. It again
validates the fact that TAEA has bonded with the perovskite and
is present in the film. The peak intensity is greatly reduced with
the incorporation of TAEA in the FACs film, owing to the
interaction between TAEA and the FACs lattice. The character-
istic FTIR peak near 1711 cm ' corresponds to the C=N
stretching present due to the presence of FA". This stretching
is not present in TAEA as shown in Fig. 8d. However, when
TAEA is added into the FACs perovskite this peak is shifted
which hints towards interaction between the FA" and TAEA.
The hydrogen atom from the amino group in TAEA can form a
hydrogen bond with the nitrogen atom of the amide group in
FA. The hydrogen atom is attracted to the lone pair of electrons
on the nitrogen atom, creating a hydrogen bond. This bonding
can suppress the volatilization of FA from perovskite and
further improve the stability.

Conclusions

In summary, we have presented a systematic study of the effect
of different concentrations of TAEA on the FACs-based perovs-
kite. The incorporation of TAEA in the FACs precursor has led
to enhanced structural, absorbance, and optoelectronic proper-
ties. The optimum concentration of TAEA in FACs is found to
be 1 pL in 200 pL. TAEA incorporation results in reduced
pinholes and hence yields a compact, smother, and uniform
morphology. TAEA containing FACs films are stable for more
than 180 days in a highly humid and illuminated ambient
environment, whereas the pristine FACs begins to degrade
within 110 days of exposure. The incorporation of TAEA in
FACs films has also led to a drastic enhancement in thermal
stability. TAEA containing FACs films are stable for more than
7 days under continuous exposure to extreme conditions of

This journal is © The Royal Society of Chemistry 2023
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high humidity, illumination, and thermal stress at 85 °C. So,
this study provides a scientific approach for long-term stabili-
zation of the most commonly studied and promising mixed
cation FACs perovskite composition, paving the way for its
mass commercialization as an efficient and long run stable
perovskite technology.

Experimental section
Materials and methods

Chemicals and reagents. Cesium iodide (CsI, 99.9%),
dimethyl sulfoxide (DMSO, anhydrous, 99.8%), and N,N-dimethyl-
formamide (DMF, anhydrous, 99.8%) were purchased from Sigma-
Aldrich. Lead iodide (Pbl,, 99.99%), lead bromide (PbBr,, > 98.0%),
and Tris(2-aminoethyl)Jamine (TAEA, >98.0%) were purchased
from TCI. Formamidinium iodide (FAI, >99.99%) was purchased
from Greatcellsolar Materials. All salts and solvents were used as
received without any further purification.

Perovskite precursor solutions preparation. The precursor
for FA.s3Cs0.17Pb(Iy.00Bro.10)s (denoted as FACs) films were
prepared by adding 64 mg of CsI, 207 mg of FAI, 80 mg of
PbBr,, and 568 mg of PbI, to 1 mL of the mixture of DMF and
DMSO in a volumetric ratio of 4: 1. The precursor solution was
stirred for 15 min at 70 °C prior to deposition. TAEA was added
into FAg g3Csg.17Pb(In.00Bro.10)3 precursor in different volume-
by-volume ratios of FA( g3CsSg.17Pb(Io.00BT0.10)3/TAEA (500 uL:
0.5 pL, 200 pL:0.5 pL, 200 puL:0.75 pL, 200 pL:1 pL, and
200 pL:1.5 pL) and shaken vigorously on a shaker for a couple
of hours to obtain a clear solution.

Perovskite film deposition. Glass slides were cleaned
sequentially with labolene solution followed by ultra-sonica-
tion in de-ionized water, acetone, and IPA respectively. The
glass slides were then treated in the oxygen plasma cleaning
chamber for 10 min. The precursors were coated on the cleaned
slides at 5000 rpm for 35 s in a N, filled glovebox. Films were
annealed at 100 °C for 20 minutes. All the films were then
exposed to ambient conditions with RH ~ 60-70% for stability
studies.

Characterizations. UV-Vis absorption measurements were
conducted using a PerkinElmer Lambda 1050 spectrophoto-
meter. X-ray diffraction (XRD) measurements were carried out
using a Rigaku Ultima IV diffractometer for structural analysis
at a scan speed of 3° per minute and step size of 0.02° using a
CuKa target. Steady-state Photoluminescence (PL) was mea-
sured using a Shimadzu RF-5000 fluorescence spectrophot-
ometer to examine the photoactivity of the samples.
Surface morphology and EDS mapping were observed using
field emission scanning electron microscopy (FESEM) JEOL
JSM-7800F Prime high-resolution SEM. Spatial PL intensity
maps were recorded using a FLOWVIEW FV 1200 scanning
laser confocal microscope system. BRUKER-DIMENSION ICON
AFM was used to study the surface topography. PL mapping
and AFM analysis were carried out using FiJi and Gwyddion
free software. X-ray photoelectron spectroscopy (XPS) was also
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carried out using an AXIS Supra instrument by using a mono-
chromatized Al Ku source (hv = 1486.6 eV).
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