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ABSTRACT: In this work, we present the optical properties of Lead Rich Vs Tin Rich
two-dimensional (2D) perovskite films of BA,Sn,Pb(;_yI, with x =  §--d-b-d- - . $046046 ¢

0—1. The excitonic absorption peaks of the fabricated perovskite
samples were shown to shift to lower energies with increase of the
Sn proportions in the films, whereas their emission spectra were ks & \ f . A
shown to display dramatic Stokes shifts and spectral broadening "Lttt T FH NN i
from 600 to 1100 nm when compared with their pristine Perovekie Perovakte Perovekite Perovekie
analogues. Power-dependent PL studies indicate that the emissions Emission Spectra
in the fabricated 2D perovskite samples arise from the self-trapping
of excitons, while the spectral broadening originates from the
production of multiple defect states upon doping of small amounts

of Sn in the Pb-rich samples. The bandwidths of the emission = e = = % fldi™ ™ R S
spectra of the Pb—Sn mixed 2D perovskite samples were larger

when the Pb proportion was higher than the Sn proportion, a key indicator for increasing the bandwidth of the white-light emission.
TA spectral studies reveal that the nature of trap states plays a prominent role in the spectral broadening of the emission of the Pb-
rich perovskite samples.

Narrow Very Broad Marginal

B INTRODUCTION commercial development, as obtaining high color purity and
efficient LED performance poses a significant challenge.
Various structural engineering techniques, such as imple-
menting a series of spacer cations of bulky organic types,
modulating exciton binding energy with different n values, and
halide engineering, have been used to tune the emission
wavelength from blue to near-infrared (NIR) region and to
improve the device performance with external quantum
efficiency exceeding 20%.'°"*" Despite these developments,
they are constrained by the narrow emission profile with a full
width at half-maximum (fwhm) of <50 nm. A broad emission
profile with fwhm >100 nm provides selectivity with
appropriate band-pass filters and is more suitable for
commercial use of lighting applications. To achieve this, a
conventional 2D structure can be tweaked to have strong
electron—phonon and exciton—phonon couplings as a result of
strong lattice distortions, causing excitons or carriers to be self-
trapped in the defect states (referred as self-trapped states),
resulting in broader emission spectra via self-trap excitons.””*!
A strong lattice distortion is often achieved by manipulating

Organic—inorganic hybrid perovskite structures represented by
the chemical formula ABX; [A is an organic cation,
methylammonium (MA*) or formamidinium (FA*); B is a
metal cation, lead (Pb**) or tin (Sn®"); X is a halogen anion,
chlorine (CI7), bromine (Br~), or iodine (I”)] have gained
tremendous attention due to their simple fabrication
procedures with excellent optoelectronic and photovoltaic
properties. ~ The spatial arrangement of a perovskite is such
that monovalent cations (A) are inserted into the BX;
octahedral holes in a periodic cubic template. However, with
a larger size of the bulky organic cation, these octahedral cages
can be sliced into layers, generating a nanosheet-like structure.
The former relates to a three-dimensional (3D) structure,
whereas the latter refers to a two-dimensional (2D) or quasi-
2D structure. Ruddlesden—Popper (RP-type) is the most
commonly studied quasi-2D structure, expressed as
L,A(,-1)BX;,,.1, where L is the bulky organic cation to separate
the 3D perovskite structure into a quasi-2D layer with n > 1. In
comparison to 3D, the 2D perovskite structure is more stable
and exhibits a quantum confinement effect with high exciton

binding energy due to the spacer cation L that separates the Received: November 23, 2023
octahedral layers to form a quantum well structure.””® As a Revised:  December 22, 2023
result, photogenerated electron—hole pairs are tightly confined Accepted:  December 28, 2023

within the octahedral layers, radiatively recombine with high Published: January 11, 2024

quantum yields, and thereby serve as an excellent candidate for
lighting applications.””” However, they are still far from
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Figure 1. (a) Schematic perovskite structures and (b) UV—vis and (c) PL spectra of the BA;Pb(,_,Sn.I, samples with 0 < x < 1. The legends
represent the percentage proportions of the Sn** content in the BA,Pbl, films. (d) Excitonic absorption peak maxima, (e) emission peak maxima,
(f) Stokes shift between absorption and emission peak maxima, and (g) emission bandwidth of the BA,Pb(,_,ySn I, samples are shown. The

abscissa is shown in the percentage proportions of tin.

the B—X bond using larger spacer cations, by adjusting the A/
L ratio, and through metal doping. The first report on broad
emissions in perovskite was demonstrated by introducing
larger spacer cations and a mixed halide system.”” Similarly,
various studies on broad and white light emission based on
modulation in spacer cations and halide ions have been
reported.””*’ Broader emission was also observed in
heterophane @/6-CsPbl; without external doping, where a
thermal annealing method was used to form an additional
phase.”® This phase induced self-trapped states, allowing
charges to be injected into the parent phase. Furthermore,
broad emission due to Sn doping provided an alternating
approach in 2D Pb perovskites.”'~>> The spectral broadening
in mixed 2D Sn—Pb perovskites has been attributed to Sn
vacancies, > charge transfer excitons,® defects,** and self-
trapped excitons,””® making the underlying mechanism
complicated. However, there is no clear picture on the
distribution of Sn or Pb dopants in the bulk of the 2D structure
under lead-rich, tin-rich, and mixed Sn—Pb conditions. Hence,
a correlation between the defect nature and emission spectral
broadening is yet to be fully understood.
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Here, in this report, we fabricated thin films of 2D (n = 1)
tin—lead perovskites with butylammonium (BA) as the spacer
cations, formulated as BA,Sn,Pb(;,_nI, (x = 0—1). Broad
emissions covering the spectral range of 600—1100 nm were
observed for the lead-rich perovskite samples. The photo-
physical characterizations were performed using UV-—vis
absorption, photoluminescence (PL), time-correlated single
photon counting (TCSPC), and femtosecond transient
absorption spectroscopy (TAS) techniques. TAS studies
showed that the defect centers play an important role in
accounting for the spectral broadening emissions of the 2D
perovskites.

B METHODS

The 2D perovskite thin film samples were cast from their
respective precursor solutions onto a high cleaned, dried, and
ozonized circular glass substrate using the spin-coating
technique inside a glovebox which was maintained at the
steady flow of nitrogen during fabrication. The diameter and
thickness of the glass substrate used are 25.4 and 1 mm,
respectively. The glass substrates were pretreated with UV light

https://doi.org/10.1021/acs.jpcc.3c07717
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Figure 2. Fluence-dependent PL spectra of BA,Pb(;_ySn,], films, where x = (a) 0, (b) 0.03, (c) 0.05, (d) 0.95, (e) 0.97, and (f) 1, respectively.

and ozone for 30 min prior to spin-coating after completion of
cleaning and drying procedures. The glovebox is maintained at
minimal levels of oxygen and water vapor to ensure no sample
degradation during fabrication as indicated, i.e, O, < 2 ppm
and H,0 < 0.5 ppm. 0.8 M concentrated precursor solutions
of BA,Pbl, and BA,Snl, in DMF were prepared and were
intermixed appropriately to generate BA,Pb(;_,)Sn 1, precursor
solutions with compositions of x varying from 0 (0%), 0.03
(3%), 0.05 (5%), 0.15 (15%), 025 (25%), 0.5 (50%), 0.75
(75%), 0.85 (85%), 0.95 (95%), 0.97 (97%), and 1 (100%).
The percentages represent the percentage of Sn** ions in the
films. The corresponding precursor solutions were spread
uniformly onto glass substrates loaded on the spin coater rotor,
and the substrates were spun at a rate of 8000 rpm for 56 s.
Later, the films were annealed at 70 °C for 10 min on a hot
plate inside the glovebox. Furthermore, the fabricated 2D
perovskite films were packaged inside the glovebox itself by
encapsulating them with another bigger glass substrate
(diameter 36 mm) where the edges of both the substrates
are bonded together using UV glue (Norland 61, Thorlabs
NOAG61). This method ensures the stability of the perovskites
from degradation due to ambient O, and water vapor. The low
dimensional phases of the fabricated 2D perovskites were
confirmed by measuring the XRD spectra of the respective
samples (unencapsulated), as shown in Figure S1, using an X-
ray diffractometer (Bruker D8). The samples were transported
in airtight nitrogen flushed bags to the measurement facility
and the measurement time or exposure time of samples to air is
about 6 min.

A Jasco-V-780 UV—visible/NIR spectrophotometer equip-
ped with an integration sphere accessory (ISN-9011, Jasco)
was used to measure the absorption spectra of the fabricated
2D perovskite thin-film samples. The absorption spectra are
measured in the range of 350—900 nm with a spectral
resolution of 1 nm and scan speed of 400 nm/min. The
absorption spectra were corrected for reflection and substrate
losses. The PL spectra of 2D perovskite samples were
measured from a laboratory-built PL system as described.
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Briefly, we excited the samples using 450 nm excitation light
obtained from a CW diode laser (MDL-III-450—100 mW;
power supply: PSU-III-FDA) and the emission spectrum was
measured by scanning the grating of the monochromator
(Dongwoo, DM150j, blaze at 750 nm; groove density 600 gr/
mm). The excitation light is cut off using a long pass filter. The
dispersed light from the monochromator is focused onto a Si-
photodiode detector (TE-cooled, Sciencetech Inc. S-025-TE2-
H; power supply PS/TC-1) coupled to a digital multimeter
(DMM4020). The PL lifetimes of the 2D perovskite samples
were measured using a PicoQuant-FluoTime 200 TCSPC
system. 2D perovskite films were excited using a 440 nm
picosecond diode laser (LDH-P-C-440, fwhm: 60 ps,
controller: PLD 200-B). The PL lifetimes were obtained
from the decay traces obtained from the respective PL spectral
maxima. The morphology of 2D perovskite samples was
examined using a field-emission scanning electron microscope
(FESEM, Hitachi SU8010). The samples’ exposure to air while
loading the samples onto the sample stage of the SEM machine
and inserting them into the chamber was less than 2 min.

The femtosecond transient absorption spectra were
measured by using an ExciPro ultrafast pump—probe
spectrometer utilizing a femtosecond Ti/sapphire amplified
laser system (Coherent Legend USP, 795 nm, 1 kHz, 3 m], 35
fs) to generate excitation and probe pulses. The excitation is
obtained by frequency doubling (397 nm) of the fundamental
of the amplifier on a BBO crystal, while the white-light
continuum probe pulses were generated using a sapphire plate.
The white light is generated by pumping the sapphire plate
with fundamental laser pulse for measuring the TAS profiles in
the shorter-wavelength region (450—700 nm), while the 1300
nm pulse obtained from the optical parametric amplifier
(TOPAS-C) was used to generate the white light for the
longer-wavelength region (700—980 nm). The pump and
probe pulses were set to magic angle, and the obtained
transient spectra were corrected for chirp and denoised using a
singular value decomposition algorithm.

https://doi.org/10.1021/acs.jpcc.3c07717
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B RESULTS AND DISCUSSION

2D perovskites with the chemical formula BA,Sn Pb(,_,l,, (x
0—1) (Figure la) were fabricated according to the
experimental procedures detailed in the Methods section.
The XRD patterns shown in Figure S1 confirm the formation
of low dimensional phases with intense peaks at 6.4°,
corresponding to the (002) orientation.””*” Intermixing of
Pb with Sn or the other way around produced only a small
change in the XRD patterns. The SEM images shown in Figure
S2 confirm that layered structures were produced successfully,
but a clear distinction between the Pb-rich and Sn-rich samples
was observed for the grain sizes and overall film morphologies.
The pristine BA,Pbl, sample showed smaller grains with a lot
of grain edges; in contrast, pristine BA,Snl, displayed larger
grains. Furthermore, doping Pb-rich samples with Sn** ions
localized the defects at grain edges at lower concentrations
(e.g, 3%) which progressively penetrated into the grain
interiors at 25 and 50% concentrations along with the increase
of the grain size. However, Sn-rich samples do not offer such a
doping effect in the grain edge and interior. The optical
properties of the fabricated 2D perovskite samples were
characterized using UV—vis absorption and PL spectra as
shown in Figure 1b,c, respectively. Both absorption and PL
spectra of the 2D perovskite films show a red shift upon
incorporating the Sn** ions into the native Pb** ion positions
of the BA,Pbl, film. Apart from the spectral shifts, the
absorption spectra (Figure 1b) show weakened and broader
excitonic features, whereas the PL spectra (Figure 1c) show
large Stokes shifts with asymmetrical broadening of the spectra.

The exciton absorption shows shifts from 510 to 605 nm
upon increasing the proportion of Sn** as shown in Figure 1d,
while the PL peak positions shifted from 540 to 800 nm when
a smaller proportion of Sn** doping (3%) was involved (Figure
le). Furthermore, there seemed to be a correlation between
the Stokes shifts and the PL spectral bandwidth within the
experimental uncertainties, as shown in Figure 1fg, respec-
tively. The large Stokes shift and broad PL emission band in
the Pb-rich 2D perovskite samples were assigned to emission
due to self-trapping of excitons.””*" In contrast to the Pb-rich
samples, Sn-rich samples show modest broadening and small
Stokes shifts, suggesting that the mechanism of spectral
broadening between these two cases should come from
different origins. Overall, the UV—vis and PL spectral data
show that doping of the 2D perovskite films with either Sn** or
Pb** ions leads to spectral broadening, which is more
pronounced in the Pb** case than in the Sn** case. The
origins of emission broadening can be understood according to
the fluence-dependent PL spectra shown in Figures 2 and S3.
Furthermore, the fluence-dependent growth of band intensities
was fitted to a power law (Figure S4) and the exponents of the
power law were plotted against the Sn proportion in Figure
SSa. From the exponents, the PL band intensities show
sublinear growth with laser fluence for most samples except for
the 15%- and 25%-doped samples. The sublinear growth of PL
band intensities indicates that the underlying mechanism
behind the emission in the 2D perovskites is predominantly
due to formation of defects caused by structural distortions or
vacancies in the pristine samples and extrinsically doping Sn—
Pb samples. The superlinear growth observed for 15 and 25%
samples could be due to the change of the defect nature in
these samples. The shift of dopant aggregation from the grain
edges to grain interiors shown in the SEM images (Figure S2)
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for these Sn-rich samples validates the aforementioned
explanation. The theoretical model on fluence-dependent PL
intensities applied to simulating chalcopyrite films suggests that
the presence of deep-level defect states can transcend the PL
band intensity growth from sublinear to superlinear as we
observed herein (Figure S5a).”** The sublinear growth of PL
band intensities in both Pb-rich and Sn-rich 2D perovskites
with different magnitudes of Stokes shifts and spectral
broadening suggests that the nature of defects is drastically
different in both cases, which will be further discussed in the
later sections.

PL lifetimes of 2D perovskite films were studied using the
TCSPC technique as shown in Figure 3. The pristine Pb/Sn
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Figure 3. (a) TCSPC decay profiles of the BA,Pb(;_,,Sn I, samples
with 0 < x < 1. The legends represent the percentage proportions of
the Sn** content in the BA,Pbl, films.

samples, BA,Pbl, and BA,Snl,, showed shorter PL lifetimes
when compared to those of the mixed Sn—Pb samples. The
lifetimes of the mixed Sn—Pb samples in varied Sn proportions
showed a minimal lifetime near 25 to 50% of Sn’*
compositions. The decrease of lifetimes for the 25 to 50%
samples is due to the surface defects moving from grain
boundaries to grain interiors, as shown in the SEM images
(Figure S2).

Femtosecond TAS measurements were performed on 2D
perovskite films by exciting them using an excitation
wavelength of 397 nm and probed in the region of 470—970
nm. The TA spectra were split into two parts to describe the
effects of optical excitation on the band-edge and the sub-band
gap regions. Figures 4 and S show the TAS profiles of 0, 3, S,
95, 97, and 100% Sn samples, while Figures S6 and S7 show
the TAS profiles of 15, 25, 50, 75, and 85% Sn samples for
band-edge and sub-band gap probe regions, respectively.

The TAS profiles for the band-edge region shown in Figures
4 and S6 exhibit depletion of excitonic states with a second
derivative shape being preserved until the nanosecond time

https://doi.org/10.1021/acs.jpcc.3c07717
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scale region. 0 and 3% Sn samples show weaker or no
depletion of the excitonic bands probably due to the overlap of
the strong PIA band with the ground state excitonic band. The
positions of the exciton depletion band minima show
progressive red shifts which are consistent to their ground-
state excitonic absorption profiles. The asymmetric second
derivative shape of the TAS profiles could be an admix of both
band gap renormalization (BGR) and band broadening (BB)
of the excitonic states,’” *' forbidden exciton,” or biexci-
ton.”” ™" The recoveries of spectral bands in the range of 2—
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1200 ps (Figure 4b—f) show isosbestic points indicating that
the origin of both depletion and photoinduced absorption
should come from similar origin, favoring BB processes as the
underlying mechanism showing the TAS profiles on the longer
time scales. The PIA bands due to biexcitons were shown to
display a lifetime of several tens of picoseconds in lead
perovskite quantum wells;** however, the PIA bands shown in
Figure 4 display much greater lifetimes. On the other hand, the
BGR process induces the first derivative shape as it involves
shift of band gap, whereas forbidden excitonic levels are shown
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Figure 6. Composition-dependent TAS spectra of Sn—Pb 2D perovskite samples probed in the (a) 470—680 and (b) 680—960 nm regions. The Sn

proportions are indicated in the legends.
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Figure 7. Composition-dependent TAS kinetics of Sn—Pb samples probed at (a) PB band minima (peak position) and (b) 800 and (c) 900 nm
regions. The Sn proportions are indicated in the legends. The zero time is offset to show the baseline at a negative time.

as PIA bands on the higher-energy side of the spectra,” in
contrast to the spectral profiles presented here. Therefore, BB
might be the dominant origin of the observed TAS profile
shapes on the picosecond time scales, whereas contributions
from the other processes aforementioned cannot be ruled out
in the subpicosecond region after photoexcitation. Further-
more, the AA values for excitonic depletion bands of Pb-rich
samples are 1 order of magnitude smaller than the Sn-rich
samples due to efficient splitting of excitons to carriers in the
latter for their lower excitonic binding energies compared to
the former.** A similar explanation has been used to account
for the efficient splitting of excitons to carriers in the case of Pb
perovskite quantum wells.”” Therefore, the observed BB of the
TAS profiles can be attributed to the interaction of excitons
with defects at grain boundaries or grain interiors (as shown in
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the SEM images of Figure S2) due to localization of excitons
(or carriers).

The trap-state-mediated absorption profiles were observed
by monitoring the TAS profiles of the 2D perovskite films
probed in the 700—960 nm region as shown in Figures S and
S7. Pb-rich 2D perovskite samples with tin of 0, 3, and 5%
show broad absorption covering the whole of the probe region,
while the Sn-rich samples with tin of 95, 97, and 100% show a
downward curvature shape in the trap-state absorption band
indicating that the defect centers observed in Pb-rich and Sn-
rich samples are of different origins, responsible for different
magnitudes of PL spectral broadening. It is interesting to note
that both pristine BA,Pbl, and BA,Snl, showed defect-state
TA bands that are identical to lead-rich (e.g,, 3%) and tin-rich
(e.g, 97%) samples, respectively. However, the emission
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Figure 8. Mechanism to explain the spectral broadening of the emission in (a) lead-rich samples compared to (b) tin-rich samples.

spectra of the pristine samples are much narrower than those
of their doping analogues. It implies that additional dopants
take over the native sites, creating the acceptor-type defect
states that lead to spectral broadening of the emission.
Therefore, the TAS profiles presented in Figure S serve as a
crucial indicator of the mechanism of spectral broadening in
these samples.

Furthermore, the TAS profiles of varied compositions were
plotted with increments of Sn proportions as shown in Figure
6. Figure 6a shows the band-edge TAS profiles, while Figure 6b
shows the sub-band gap profiles with the signatures of the trap
states obtained at 2 ps after the excitation. Band-edge TAS
profiles (Figure 6a) show that BB effects on Sn-rich samples
are greater so that splitting of excitons to carriers is higher in
the Sn-rich samples than in the Pb-rich samples, which is
consistent with smaller binding energies of the 2D Sn-rich
perovskites compared with their Pb-rich counterparts.*® The
TAS profiles in the sub-band gap region (Figure 6b) show that
the Pb-rich samples exhibit broad uniform distribution of the
PIA bands in the probed region, while Sn-rich samples show
PIA bands localizing at the longer-wavelength or lower-energy
region, which implies a different defect nature compared to the
former case.

The TAS decay profiles of the perovskite films as a function
of the Sn proportions are shown in Figure 7. The TAS bands
monitored at peak positions of the exciton bands are shown in
Figure 7a while the TAS bands monitored on dark trap states
at 800 and 900 nm are shown in Figure 7b,c, respectively. All
of the transient decay profiles can be fairly fitted with a triple
exponential function. The fitting results are presented in
Tables S1—S3. The fitted time coeflicients are consistent with
the trend of the average PL lifetimes. The three decaying
processes associated with the band-edge profiles can be
assigned to thermalization (7,), localized excitons (carriers)
at defects (7,), and radiative recombination processes (73). For
PIA bands at 800 and 900 nm, the time coefficients are much
greater when compared to those of the band-edge profiles,
suggesting that the recombination pathways of the PIA bands
are different from those of the band-edge profiles.
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The emission spectral bandwidths of Pb-rich and Sn-rich
samples exhibited different results despite structural similarity
shown by XRD and a similar defect-based emission mechanism
shown by the fluence-dependent PL spectra with exponents of
the power law lying mostly under 1. However, TAS profiles
probed in the sub-band gap region revealed the distinction
between the distribution of the trap-state absorption bands for
Pb-rich and Sn-rich samples as shown in Figures 5 and 6. The
broad spectral distribution of the trap states in the Pb-rich
sample suggests that structural distortions with varied
configurations might be involved. In the case of the Sn-rich
samples, the trap-state absorption bands with a band maxima at
960 nm might be coming from deep-trap defects along with
the shallow-trap defects observed from the band tails at the
700 nm region. For the Pb-rich perovskites, doping with small-
band gap Sn perovskites creates an acceptor state that led to
emission from the sub-band gap region as illustrated in Figure
8a. The broad emission of the Pb-rich samples can be assi%ned
to self-trapping of excitons as proposed in other reports.”*> In
contrast, in the case of Sn-rich perovskites, oxidation of Sn
leads to Sn vacancies that can lead to both shallow- and deep-
trap states.”® It is shown that Sn vacancies can broaden the
emission,”” but the bandwidth might be narrower compared to
the Pb-rich case as the deep-trap states are often nonemissive
as indicated in Figure 8b. Therefore, the results presented here
suggest that tweaking of the defect states and doping atoms
together with favorable dopants are key to producing broader
and intense emission spectra in 2D perovskites.

Bl CONCLUSIONS

Two dimensional (2D) perovskite BA,Pb(;_,)Sn,I, films with 0
< x < 1 fabricated using a one-step solution process showed
progressive red shifts in the absorption spectra of the samples
with increase in the concentration of Sn contents. The PL
spectra of the mixed Sn—Pb perovskite samples were shown to
possess large Stokes shifts in the PL band maxima and broader
emission spectral widths compared with their respective
pristine counterparts. The PL emission bands were shown to
be broader for the Pb-rich samples compared to the Sn-rich
samples. The TAS profiles of band edges showed splitting of
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excitons at the grain boundaries with their characteristic
second derivative shapes, while the sub-band gap TAS profiles
show that the defect centers were quite distinct between the
Pb-rich and Sn-rich samples with the former showing uniform
trap density absorption in the 700—1000 nm region, whereas
the latter displaying distinct trap density absorption near 960
nm. The differences in the PL spectral broadening for Pb-rich
and Sn-rich samples were shown to be due to the differences in
the mechanisms of emission as the former emitting via self-
trapped excitons and the latter emitting via shallow-trap states,
as shown in Figure 8.
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