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ARTICLE INFO ABSTRACT

Keywords: Organic-inorganic halide perovskites have been identified as favorable candidates for the next generation of
Halide perovskites photovoltaics. Adding alkali metal halides to perovskite films has been shown to be a viable option to improve
Lead free

the perovskite film quality and to modulate their fundamental properties. In this work, we perform optical and
electron-beam based characterizations of mixed Sn/Pb based perovskite films to investigate the effect of the
addition of the alkaline metal halide Srl,. By analyzing structural (X-ray diffraction), morphological (Scanning
Electron Microscopy), optical (photoluminescence), and chemical properties (X-ray photoelectron spectroscopy),
we show a complex interplay of effects upon addition of Sr?* into the perovskite solution. Low concentrations of
Sr?* increases lattice strain, which hints at incorporation of the additive into the perovskite lattice and improves
the film optoelectronic properties. As the additive concentration increases beyond 0.5 mol %, microstrain de-
creases. At concentrations >0.5 mol %, Sr>" induces significant reduction of the average domain size, which

Structure-property

impacts both structural and optical properties of the perovskite film.

1. Introduction

Organic-inorganic halide perovskites (ABXs, where A = organic, B =
metal, X = halide) have attracted attention as promising materials for
photovoltaic applications owing to their low cost, high performance,
and ease of fabrication [1,2]. The power conversion efficiency (PCE) of
lead halide perovskite solar cells has rapidly improved from 3.8% in
2009 [3] to 25.5% in 2021 [4]. However, lead halide perovskites use
toxic lead as the B site. More environmentally friendly alternatives are
possible, which substitute Pb for Sn [5], Ge[6] or mixed metals, such as
Sn/Ge [7], Pb/Sn[8,9] or Pb/Sn/Cu [10]. Alloying the B site hast the
further advantage of enabling band gaps below 1.5 eV, which is desir-
able to maximize PCEs of solar cells [11]. As an example, mixing Sn and
Pb at the B-site of perovskite allows the band gap to change from 1.17 to
1.55 eV[12].

Halide perovskites based on Sn suffer from oxidation of Sn?* to Sn**
when exposed to ambient conditions [13], which heavily impact their
optoelectronic properties and the solar cell PCE. Considering the

* Corresponding author.
E-mail address: jpcorrea@gatech.edu (J.-P. Correa-Baena).

https://doi.org/10.1016/j.optmat.2021.111806

standard redox potentials (E,) of Sn and Pb oxidation states, E,
(Sn%*/Sn*") = 0.15 V and E, (Pb?>*/Pb**) = 1.67 V, Sn oxidation is more
likely to occur in comparison to the oxidation of Pb% to Pb**!*, The
oxidation results in the disruption of charge neutrality of the perovskite
and destabilizes its structure [15]. The uncontrolled Sn%* oxidation re-
sults in high doping densities, which induce lower charge-carrier life-
times, increased recombination losses and shortened charge-carrier
diffusion lengths, decreasing the overall performances of Sn-based op-
toelectronic devices [16,17]. However, the addition of SnF5 in the
perovskite precursor solution can prevent this undesired oxidation
process [18,19] and this addition has shown to enhance and stabilizing
the solar cell performances of Sn-containing perovsites [14,20,21].
However, according to some reports, the excessive addition of SnF; leads
to pinhole formation in Sn-based perovskite films, and negatively affects
photovoltaic performance in the devices [22,23]. Other additives such
as Ag [24], ascorbic acid [25], ionic imidazolium tetra-fluoroborate
(IMBF,4) in addition to SnF, antioxidant [26] have also been used to
mitigate the Sn oxidation and to enhance the stability and device
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Fig. 1. (a) SEM images (Scale bar: 2 pm) and (b) Domain size distributions of (FASnI3)o g(MAPbBr3)o > perovskite films with the addition of 0%, 0.1%, 0.5%, and

1.0% Stl,.

performance. While these works have shown that Sn perovskites can be
made more stable via additives, it is still unclear whether the observed
performance improvement stems from the passivation of the Sn perov-
skite or from a doping effect.

In this work, we aim to understand the role of additive the Srl; on a
Sn-based perovskite. The Sr2* (118 p.m.) ion has a similar ionic radius to
those of Sn?* 27 and Pb%t (119 p.m.) [28], which should ease its
insertion into the perovskite lattice. The perovskite composition was
chosen to be (FASnI3)o g(MAPbBr3)g 2, to exploit the optimal band gap of
~1.4 eV for single junction solar cells. We investigated the structural
and optical properties of the perovskite films with Srl; additive. X-ray
Diffraction (XRD) was employed to investigate the structural features of
perovskite films. Williamson-Hall analysis of the XRD and Urbach en-
ergy calculations from UV-vis spectra suggest two different behaviors of
Srlp when it is added to the perovskite solution, in which the concen-
tration of Srl, determines the switch between the two. At low amounts
Srl, seems to incorporate in the perovskite structure, whereas at high
amounts Srl, seems to segregates at the domain boundaries and surface
of the perovskite film. These results are important in the quest to sta-
bilize and passivate Sn-based perovskite films to achieve less toxic
photo-absorbers with an optimal band gap for single junction perovskite
solar cells.

2. Experimental section
2.1. Chemicals

Methylammonium bromide (CH3NH3Br) and formamidinium iodide
(CH(NH3)3I) were purchased from Dyenamo. Tin iodide (Snly) and

strontium iodide (Srl;) were purchased from Alfa Aesar. Dime-
thylformamide (DMF) and dimethyl sulfoxide (DMSO) were purchased
from Acros Organics. Lead bromide (PbBr;) was bought from TCI
America, and tin fluoride (SnF2) was obtained from Sigma Aldrich.

2.2. Perovskite film fabrication

2.5 cm x 2.5 cm glass and FTO glass substrates were ultrasonically
cleaned in 2% Hellmanex solution in water, then in DI water, acetone,
and IPA, in that order. 1.5 M Snl, and PbBr; powders were dissolved
separately in DMF/DMSO (4:1) solvent, and 10% mol SnF; was added to
the Snl; solution. FAI and MABr powders were dissolved in the Snl; and
PbBry solutions, respectively. By mixing the Sn and Pb containing so-
lutions, a 1.2 M (FASnl3)o s(MAPbBr3)o 5 final perovskite solution was
obtained. Finally, Srl, powder was dissolved in DMSO at a concentration
of 1.0 M, and added to the final perovskite solution to achieve molar
ratios (Srl, to Pb/Sn) of 0.1, 0.5, 1.0, 2.0 and 5.0%. The perovskite so-
lution was deposited on glass substrates by two-step spin coating: first at
1000 rpm for 5 s and then 4000 rpm for 30 s. During spin coating, 2.5-3
mL of diethyl ether were dropped on the substrate 20 s after the program
started. Then, the films were annealed at 100 °C for 15 min in a nitrogen
filled glove box.

2.3. Perovskite film characterizations

Morphologies of perovskite film surfaces were obtained using the
Hitachi SU-8230 scanning electron microscope (SEM). XRD measure-
ments were carried out using a Malvern PANalytical Empyrean using Cu
Ka radiation (A= 1.54 nm) with a scan step size of 0.0131°. The chemical
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Fig. 2. Optical properties of the films. (a) UV-vis absorption, (b) Tauc Plot, and (c) PL spectra.

states of elements were probed by an XPS spectrometer (Thermo K-
Alpha XPS) equipped with an Al Ka (1486.6 eV) monochromatic source
with a spot size of 400 pm. Absorption spectra were collected using a
Carry 500 UV-Visible-NIR spectrometer. Hyperspectral PL (Photon etc)
measurements were performed by excitation using a Nd:YAG laser light
the samples at 532 nm. SEM and XPS analyses were carried out on
perovskite—coated FTO/glass substrates, whereas XRD and optical
measurements were performed on perovskite coated glass substrates. A
Snl, film for XRD measurements was coated in the same conditions with
perovskite films on glass substrate, which served as reference.

3. Results and discussion

To observe how Srl, addition affects the Sn/Pb perovskite film
morphology, scanning electron microscopy (SEM) was performed. The
images of the perovskite films processed with different amounts of Srly,
ranging from 0% to 1.0%, are shown in Fig. la. The images show
markedly different morphologies, with smaller domains forming as Srly
concentration increases. Even though smaller domains are formed and
the number of small domains increases, there are still large domains
present in the film for concentrations up to 2.0% Srl,. When increasing
the concentration from 2.0% to 5.0%, all large domains completely
disappear and the number of pinholes significantly decreases (Fig. S1) .
In addition to the reduction of average domain size, the area of pinholes
also shrinks with the increasing Srl, amount in the films. The pinholes
originate from fast crystallization in the film during the annealing pro-
cess, which changes with the addition of SrI;[27]. The distributions of
domain size for the perovskite films are shown in Fig. 1b. Domain sizes
of the perovskite film without Srl; vary from nearly 1.6 pm to 0.2 pm.
When adding 0.1% SrI; to the perovskite, the average domain size of the
perovskite films decreased from ~707 nm to ~572 nm, and the distri-
bution narrowed significantly. When the Srl, additive concentration in
the film was 0.5% and above, we observed that the domain sizes further
decreased, with the 5.0% Srl; showing ~157 nm average domain
diameter (Fig. S1).
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Optical absorbance analysis of pristine and Srly added to the (FAS-
nl3)o s(MAPDbBr3)g 2 perovskite films were carried out for the energies
between 1.0 and 4.0 eV as shown in Fig. 2a. From the absorbance spectra
of the perovskite films, the optical band gap (Eg) was calculated using
the Tauc’s plots [29] shown in Fig. 2b using the formula hv =
B(hv — Eg)*; where x = % for a direct band gap material. In the equation,
a, hv, and p are absorption coefficient, the energy of the photon, and a
constant, respectively. The optical band gap energies retrieved for all
films are ~1.4 eV. To further understand the effect of Srl; on the optical
properties of Sn containing perovskite films, we performed PL mea-
surements (Fig. 2¢). The PL peaks of all perovskite films are located at
~1.4 eV. The highest emission intensity among the perovskite films
belongs to the perovskite film with 0.1% Srly, while the PL intensities of
the 0.5% Srly perovskite film decreases, albeit higher than that of the
pristine perovskite film. The results show that Srl; at different concen-
trations in the perovskite films improves the emission intensities of these
perovskite materials. Compared to the other perovskite films, 1.0% Sr
added perovskite film has the lowest PL intensity. When we compare the
absorptions of the films between 1.5 eV and 2.25 eV in the visible region,
the 0.5% Sr perovskite film shows lower absorption which suggests
lower thickness compared to the other perovskite films. Therefore, PL
intensities of 0.1% and 0.5% Sr added perovskites cannot be directly
compared due to the difference in the thickness. However, we can say
that Sr addition at < 0.5% concentration to the perovskite improves the
optical properties of the perovskite film.

To understand the impact of the Srl, additive on the crystal structure
of the (FASnl3)y g(MAPbBr3)g » perovskite, XRD was measured and the
results are shown in Fig. 3a. The signals at 20 of 14.1, 24.6, 28.4, 31.9,
40.7, and 43.3° correspond to the characteristic diffraction peaks of the
(FASnlI3) g(MAPDbBr3)g 2 perovskite [30,31]. In addition, the pristine
and 0.1% SrI; perovskite films include excess Snl, signals at 26 of 12.6,
25.5, 38.7, and 52.5°. No additional crystalline phases were formed
upon addition of different Srl; amounts into the perovskite. The addition
of 0.1% SrI; is shown to decrease the excess Snly signal. At 0.5% SrIy, the
excess Snl, signature completely disappears and the perovskite film
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Fig. 3. (a) XRD pattern and (b) microstrain and Urbach energies of the perovskite films with varying Srl, concentrations.
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Fig. 4. (a) X-ray photoelectron spectroscopy overview spectra and (b) F 1s peaks of the perovskite films.

exhibits the highest XRD peak intensity for the perovskite phase. When
the concentration of Srls is increased from 0.5% to 1.0%, the intensities
of the XRD peaks for the perovskite structure decrease. The XRD results
show that Srl, additive significantly increases the perovskite peak in-
tensity until 0.5%. The crystallite size calculated by Williamson-Hall
method of the perovskites is also increased by the addition of Srl until
0.5% (Figs. S3-54).

We calculated microstrain (Figs. 3b and S3) within the perovskite
lattice using the Williamson-Hall plot method, which utilizes full width
at half-maximum (FWHM) of XRD signals. When Srl; is introduced in the
perovskite precursor solution at low concentrations (below 0.5%) an
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increase in microstrain is observed up to 0.5%, because of the distortion
of the lattice due to Sr** incorporation. Above 0.5% Srl, the decrease in
microstrain results from the segregation of Srly and lack of Sr?* incor-
poration, as high concentrations of Srly can lead to precipitate forma-
tion. Similar behavior of Srl; related to doping and segregation of Sr2*
was observed by Phung et al. with introduced Sr?* at low concentrations
to a MAPbI; perovskite solution [32]. They observed Sr?* segregation
beyond 0.2% Srl; added MAPbI3 while we observed the segregation
beyond 0.5% Srl; added (FASnlI3) g(MAPDbBr3)g 2 perovskite films. The
reason for this difference is possibly originated from rapid crystalliza-
tion of Sn-based perovskites[33] and entrapment of Sr?* jons within the
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Fig. 5. XPS spectra of (a) Pb 4f and Sr 3d, (b) Sn 3d, (c) I 3d, and (d) Br 3d in the perovskite films.
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Fig. 6. XPS spectra of O 1s peaks of (a) pristine (b) 0.1% (c) 0.5%, and (d) 1.0% Srl, added perovskite films.

lattice. However, a high concentration of Srly (e.g. 5%) additive may
result in stress in the perovskite lattice (Fig. S5). This can be a result of
the segregation of dopants at the domain boundaries since the higher
doping concentrations cause a disturbance in the long-range crystallo-
graphic ordering [34]. However, we did not observe a difference be-
tween doped and segregated Sr?* effects on the morphology of the
perovskite films apart from the effect of SrI; additives on the domain size
(Fig. 1). Srl, addition to the perovskite could also lead to a higher
concentration of nucleation sites, which results in smaller domains for
both doping and segregation mechanism as shown in Fig. 1, which are in
agreement with what observed by Pérez-del-Rey et al. [35] and by Wang
et al. [36], respectively.

We calculated the Urbach energies for the samples for comparison to
the structural disorder in the perovskite films as shown in Fig. 3b (details
in Fig. 56). The Urbach energy decreases with the addition of SrI, and
reaches the lowest value when < 0.5%, which is ascribed to higher
electronic quality the addition of Srly. Above 0.5% Srl,, the Urbach
energy increases likely due to the segregation of Srly, as suggested by the
microstrain analysis, however, it is still lower than that of the pristine
perovskite. For 5.0%, a larger drop in Urbach energy is shown, sug-
gesting that segregated Srl, have a beneficial effect on the structural and
electronic properties of the perovskite polycrystalline films (Fig. S5).
Other researchers have suggested that accumulation of metal halides at
the surface of the crystalline domain act as a passivation layers [37-39].
It is possible that this is happening in these polycrystalline thin films
only when the Srl, concentration is high enough to induce segregation,
then passivating the surface of the perovskite. Both microstrain and
Urbach energy show that large changes in the structure and electronic
defects are happening at 5.0% Srl, (Fig. S5). The former can be attrib-
uted to the changes in the morphology with small domains [36] and the
latter with those smaller domains being passivated by the SrI at higher
proportion than in lower Srly concentrations. Urbach energies are
different for each sample while band gaps of the films remain

unchanged.

In order to investigate the effect of Srl, additive on the elemental
composition of the (FASnlIg)g g(MAPbBr3)o2 perovskite, XPS analyses
were carried out in the range of 0-800 eV as shown in Fig. 4. According
to the XPS survey results, the elements identified on the surface of
perovskite films are Sn, F, O, C, N, Pb, Br, [, and Sr. C, N, Pb, Sn, Br, and I
come from the chemical composition of perovskite films. F and Sr peaks
are originated from added SnF; and Srl, to the perovskite solution,
respectively. The O peak can be attributed to a combination of metal
oxides and adsorbed oxygen. After adding Srly to the perovskite struc-
ture, the F 1s peak at ~684.7 eV appears and the intensity of the peak
increases for higher Srly concentrations (Fig. 4b). Interestingly, these
results suggest that the Srl, additive leads to the accumulation of F on
the surface of the perovskite films. This accumulation trend is most
probably originated from the phase segregation of SnFy, and the
brightness on the SEM images in Fig. 1 can be attributed to the segre-
gation of F [40,41].

We performed high resolution XPS of the Sn 3d, Pb 4f, I 3d, and Br 3d
spectra as shown in Fig. 5. The Sn 3d spectra for pristine and Srl, added
(FASnl3)o s(MAPDbBr3)g 2 perovskite films show 3ds,» and 3ds/, peaks at
494.8 and 486.3 eV (Fig. 5b) [42], respectively. The Pb 4f spectra
exhibit 4f5,, and 4f;/5 peaks at 142.7 and 137.9 eV (Fig. 5a) [32],
respectively. The I 3d spectrum for the films have 3ds/» and 3ds,, peaks
at 630.2 and 618.7 eV (Fig. 5¢) [43], respectively. The Br 3d peak is
observed at 68.6 eV (Fig. 5d) [44]. The presence of Sr in the perovskite
films are not very clear in the Pb 4f -Sr3d XPS data in the range of 148 eV
and 133.5 eV due to low concentration of Sr additive (Fig. 5a). Above
1% of Sr concentration, Sr 3d signal in XPS is clearly seen in Fig. S8. The
Sr 3d3/3 (135.6 eV) and Sr 3ds/2 (133.9 eV) are located in Pb 4f spectra
in Fig. S843, After the addition of Srl, to the perovskite, Pb 4f, 1 3d, Sr 3d,
and Br peaks shift to higher binding energies. The reason for these shifts
could be the presence of an oxide owing to surface band-bending [45].
These shifts in XPS peaks suggest the chemical structure modification of
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the surface in the perovskite films [43].

In order to understand the effect of Srl; on oxygen interactions at the
surface, the O 1s core-level spectra were deconvoluted into three
oxygen-binding states corresponding to metal oxides (Sn-O, Pb-O, or
Sr-0), C-OH, and C=O in Fig. 6. The binding energies of the oxygen
fitted peaks are observed at 530.26, 531.68 and 532.38 eV which are
assigned to metal oxide coming from either Sn—-O, Pb-O and/or Sr-O,
and C-OH and C=O0, respectively. The latter two due to adsorbed at-
mospheric hydrocarbons from air [46-48]. When we examine decon-
volution of O 1s spectra, the atomic ratio of the metal oxide species for
pristine perovskite film is 17.71%. When adding 5.0% Srl, to the
perovskite solution, the atomic percent of the metal oxide species de-
creases to 8.83% as shown in Figs. S9 and S10. Fig. 6 reveals that metal
oxidation at the surface increases as more Sr is present, suggesting that
SrOx is forming, which could act as passivation layer.

4. Conclusions

We have presented a detailed investigation of the effects of Srl
addition to (FASnlI3)o g(MAPDbBr3)g 2 perovskite thin films. We showed
that the Srl, additive leads to Sr incorporation in the perovskite for 0.1
and 0.5% Srl, concentrations. For higher concentrations, Srl, segrega-
tion takes place in the perovskite owing to the lattice relaxation with
lower strain. Urbach energy calculations of the perovskite films show
that Srl, addition leads to increased electronic quality in both Sr2*-
incorporated and Srly segregation cases. These results suggest segre-
gated Srl, in the film could be acting as a passivating agent when at high
enough concentrations exceeding the doping limit of 0.5%. The Srl,
addition was shown to increase metal oxide content in the surface and
could therefore act as a passivant while also increasing long-term
durability of these lead-free materials.
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