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The toxicity of lead presents a critical challenge for the application of perovskite optoelectronics. Lead-free
perovskite solar cells were achieved with formamidinium tin iodide (FASnlz) perovskites, exhibiting decent
power-conversion efficiencies (PCEs) of up to 14%, with >98% of the initial PCE retained after 3000 h of
storage. However, when employed in light-emitting applications, FASnlz-based perovskite LEDs (PeLEDs) show
limited stability, with Tsq lifetimes of up to 0.25 h at 10 mA cm™. Here, we improve the stability of FAShIz-
based PeLEDs through the inclusion of a two-dimensional precursor phenethylamine iodide (PEAI), allowing
controlled crystallization of the mixed-dimensional perovskite emitters. The density of defects is found to be
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reduced, accompanied by the suppression of oxidation from Sn?* to Sn**. Using an optimized perovskite com-
position, we achieve an EQE of 1.5% (a ~10-fold improvement over the control devices), a maximum radiance
of 145 W srt* m™, and a record-long Tsq lifetime of 10.3 h at 100 mA cm™ for FASnls-based PeLEDs. Our

rsc.li/nanoscale results illuminate an alternative path toward lead-free PeLED applications.
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1. Introduction

Metal halide perovskites have emerged as a competitive candi-
date for next-generation display and lighting technologies.
Their excellent optoelectronic properties enabled a massive
progress in perovskite light-emitting diode (PeLED)
applications," ™ with external quantum efficiencies (EQEs)
exceeding 20% for PeLEDs with various colors®® and recent
breakthroughs in operational stability.>® However, the toxicity
of lead-based perovskite materials has been considered an
ongoing challenge towards practical applications. To address
this issue, considerable attention has been paid to Pb-free and
eco-friendly alternatives, including tin (Sn),"*'® germanium
(Ge),"” copper (Cu),"®' antimony (Sb)*° and bismuth (Bi)*'-
based perovskite emitters. Among these low-toxicity perovskite
materials, Sn-based perovskites are considered as one of the
most promising eco-friendly alternatives, as Sn*>* shows an
ionic radius and outer electronic structure comparable to that
of Pb>*,>7** Recently, it was reported that FASnI;-based perovs-
kite solar cells showed power conversion efficiencies (PCEs) of
up to 14%,>° representing the highest PCE reported among
all lead-free perovskite solar cells. The cells retained >98% of
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their initial PCE after 3000 h of storage. These results indicate
the potential applications of FASnl; perovskite in other lead-
free optoelectronic devices, including PeLEDs. While FASnI;-
based PeLEDs have recently reached EQEs of over 5%, their
operational stability remains poor, showing T, lifetimes of
0.25 h at 10 mA cm 2 The performance of FASnIz-based
PeLEDs may be limited by two factors. First, the rapid crystalli-
zation process, resulting from the fast reaction rates of SnI,
and FAI, may lead to a high density of grain boundary defects
and poor surface morphology.”**”*® Secondly, the chemical
instability due to Sn**/Sn** oxidation could result in the for-
mation of traps, leading to unsatisfactory efficiency and
stability.'”*?

In this work, we show that the inclusion of PEAI in the
FASnI; perovskite precursor has a substantial impact on the
crystallization process. Using a range of structural and optical
characterizations, we demonstrate that the PEAI incorporation
generally improves the crystallinity and suppresses the oxi-
dation of the lead-free perovskite emitters. We fabricate
FASnI;-based PeLEDs with improved stability. The champion
device shows a T, lifetime of 10.3 h under a high current
density of 100 mA cm™2, representing a step forward for the
operational stability of FASnI;-based PeLEDs (previous Ts,
record: 0.25 h at 10 mA cm™>).**

2. Results and discussion

The perovskite precursor solution was prepared by dissolving
FAI, PEAI and Snl, at a molar ratio of (1 — x%):x%:1 (0 < x <
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100) (Methods). The perovskite samples were formed following
spin-coating and annealing. For simplicity, the perovskite
samples prepared from precursor with x% of PEAI were named
as “x% PEAI”. The “control” samples correspond to samples
without any PEAI inclusion (x = 0). The control sample exhibits
X-ray diffraction (XRD) peaks at 14.1°, 24.4°, 28.3°, 31.7°, 40.4°
and 43.0°, which are assigned to the crystallographic planes of
(100), (102), (200), (122), (222), and (213) of the orthorhombic
phase of FASnI; (Fig. 1a).>*° While the 5-20% PEAI samples
show two strong diffraction peaks at 14.1° and 28.3°,
suggesting the presence of 3D FASnl; and improved crystalli-
nity (Fig. $17).° The crystallization process may be affected by
the n—r staking interactions at the benzene headgroup of PEAI,
leading to a more preferential growth of the perovskite crystal-
lites.>" A weak diffraction peak at 4° corresponding to 2D per-
ovskite could be observed for the 20% PEAI samples (Fig. S17).
Further, the presence of low-dimensional phases in the 5%
and 10% PEAI samples can be identified from the transient
absorption measurements (Fig. S21). However, as shown in
40% and 80% PEAI samples, the decreased peak intensity and
emergence of the low-dimensional peaks (<10°) indicate that
excessive PEAI impedes the formation of FASnI; perovskite,
forming a larger fraction of low-dimensional phases.

The surface morphology of the samples was studied using
scanning electron microscopy (SEM) (Fig. 1b-f). The control
sample shows a rough and porous surface structure. Overall,
PEAI has a significant effect on the surface morphology of per-
ovskite films (Fig. 1c-f). A 5% PEAI inclusion was sufficient for
increasing the grain size and reduce the density of pinholes.
At a PEAI inclusion of 10%, the uniformity of the samples
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appears to reach an optimum. However, an excessive amount
of PEAI reduces the coverage of the perovskite films, as was
found for the 20%, 40% and 80% PEAI samples (Fig. 1e, f and
Fig. S31). The smaller crystallites of the 40% and 80% PEAI
samples (Fig. 1f and Fig. S31) may be attributed to the for-
mation of low-dimensional perovskite phases, consistent with
their XRD patterns (Fig. 1a).

To characterize the optical properties of the samples,
photoluminescence (PL) and absorption measurements were
carried out. When the molar ratio of PEAI is <10%, the
samples show very similar absorption edge near 900 nm,
corresponding to the band edge of bulk FASnI; (Fig. 2a). When
the molar ratio of PEAI increases to 20%, the absorption edge
shifts to shorter wavelength at 875 nm, which may be related
to the quantum confinement effects in low-dimensional
phases. The absorbance of the perovskite samples near the
band edge gradually decrease with the increase of PEAI
inclusion, which may be attributed to smaller film thicknesses
(Table S17). Further increasing the content of PEAI, a new exci-
tonic absorption peak appears at 670 nm, corresponding to
the low-dimensional phase of n = 2, consistent with the XRD
results.>® Similar effects can be seen from the PL results
(Fig. 2b). A small blueshift is observed in the 20% PEAI
sample, and the emission from low-dimensional phases
become pronounced for the 40% and 80% PEAI samples. The
PL quantum efficiencies (PLQEs) of the samples reach
maximum at a PEAI molar fraction of 10%, while further
increasing the PEAI content reduces the PLQE (Fig. 2c).

Transient PL and space-charge-limited current (SCLC)
measurements®>*® were performed to investigate the effects of

Fig. 1 Structural and morphological characteristics of the perovskite films. (a) The XRD patterns of the perovskite samples (control, 5% PEAI, 10%
PEAI, 20% PEAI, 40% PEAI) with a MgF, capping layer. (b—f) The SEM images of the perovskite samples (control, 5% PEAI, 10% PEAI, 20% PEAI, 40%

PEAI) (scale bars: 2 pm).
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Fig. 2 Optical characteristics of the perovskite samples. (a) UV-vis absorption and (b) photoluminescence (PL) spectra. (c) Normalized PLQE of the
lead-free perovskite samples with different molar fraction of PEAI (control, 5% PEAI, 10% PEAI, 20% PEAI, 40% PEAI, 80% PEAI). (d) Transient PL kine-
tics of the control and 10% PEAI samples. Excitation fluence: 160 nJ cm™2, at 400 nm. (e and f) SCLC measurements for the control and 10% PEAI

samples (device structure: ITO/TPBi/perovskite/TPBi/LiF/Al).

traps in the samples. The effective PL lifetime (the time
required for the PL intensity to reduce to 1/e of its initial inten-
sity) of the pristine FASnI; (control) sample is 0.2 ns (Fig. 2d),
while the 10% PEA sample shows a much longer lifetime of
5.5 ns, indicating a reduced density of traps. This is consistent
with the SCLC measurements (Fig. 2f, g and Fig. S47), showing
a reduced trap-filled limited voltage (Vyg1,) of ~0.74 V for the
10% PEAI sample, in contrast to a Vip, of ~1.60 V for the
control sample.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out to study the redox processes in the samples. Sn 3d
spectra of the control and 10% PEAI samples were analyzed to

trace the presence of Sn** and Sn** (Fig. 3a and b). The frac-
tion of Sn*" was estimated from the areas under the
curves.*** The fraction of Sn" in the control samples is
60.1% (Fig. 3a). This value reduces to 11.4% for the 10% PEAI
samples, indicating the incorporation of PEAI may help sup-
pressing the oxidation of Sn*>" within the perovskite
films.*'**® Moreover, the peaks associated with Sn** shift to
lower binding energies (from 486.72 eV to 486.25 eV), indicat-
ing the decreased cationic charges on Sn®" with the inclusion
of PEAI in agreement with the inhibited oxidation of Sn**.
The inhibition of oxidation of Sn®>" may be attributed to the
improved crystallinity of the perovskite samples and the
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Fig. 3 XPS and absorption analyses for the perovskite samples. (a and b) Sn 3d spectra of the control and the 10% PEAI perovskite samples. (c) The
evolution of the absorption strength at ~850 nm of the perovskite samples exposed in air (temperature: 20 + 5 °C, humidity: 70%).
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Fig. 4 Device characterization for FASnls-based PeLEDs with different PEAI molar fractions. (a) Current density—voltage characteristics. The sudden
increase of current density of the 10% PEAI device may be attributed to thermal accumulation under large current densities (~3 A cm™2), leading to
device breakdown. (b) Radiance-voltage curves. (c) EQE—current density curves of the PeLEDs. (d) EL lifetime tests for PeLEDs (under a current

density of 100 mA cm™2).

inclusion of two-dimensional phases with higher oxygen and
humidity resistance.’®** The suppressed oxidation of Sn**
may help preventing the formation of Sn** vacancy defects,
consistent with the transient PL and SCLC results. Further, the
oxidation processes could be linked to the evolution of the
absorption spectra over time for samples exposed in air
(Fig. S67). For the control sample, the absorption at ~850 nm
clearly reduced over 30 min (Fig. 3c), in line with its poor resis-
tance to oxidation.** The sample appeared to be more trans-
parent over time (Fig. S6,1 inset). In comparison, the 10%
PEAI sample showed a slower reduction of absorption over
30 min, indicating improved stability in air.

We fabricated PeLEDs with a device structure of ITO/
PEDOT:PSS/perovskite/TPBi/LiF/Al. The radiance and EQEs of
the 5% and 10% PEAI-based devices showed considerable
improvements over the control devices (Fig. 4a—c). The 10%
PEAI-based devices reached a peak EQE of 1.5% (a ~10-fold
improvement over that of the control) at a high current density
of ~1800 mA cm™?, and a high maximum radiance of 145 W
sr™' m~>. The EL performance reduced for a PEAI inclusion of
20%. All PeLEDs with PEAI incorporation showed similar EL
spectra with that of the pristine FASnI; control devices,
suggesting that radiative recombination in the mixed-dimen-
sional perovskite emitters primarily occurs in the 3D FASnlI;
regions (Fig. S77). Importantly, these devices showed decent

This journal is © The Royal Society of Chemistry 2023

EL stability in a N, glovebox (Fig. 4d). Under a high constant
current density of 100 mA cm™>, the devices with 10% PEAI
inclusion showed the longest operational lifetime (7s,) of
10.3 h, representing a record for FASnI;-based PeLEDs (pre-
vious Tso record: 0.25 h at 10 mA cm™?)."* The Tj, results are
comparable with the best-performing lead-free PeLEDs."®

3. Conclusion

In summary, we have demonstrated that the operational stabi-
lity of FASnI3-based PeLEDs can be improved by introducing
an appropriate fraction (~10%) of PEAI in the perovskite pre-
cursor. The PEAI inclusion allows controlled crystallization
processes that lead to uniform perovskite emissive layers with
improved crystallinity. It also suppresses the detrimental oxi-
dation of Sn** to Sn*', reducing the density of traps and
improving the chemical stability of the lead-free perovskite
emitters. The lead-free PeLEDs we fabricated showed a peak
EQE of 1.5%, and a maximum radiance of 145 W sr™* m™?
with a small efficiency roll-off. Under a high constant current
density of 100 mA cm >, the PeLEDs reached a lifetime (75,) of
10.3 h, representing a record for FASnI;-based PeLEDs. Our
work highlights an alternative approach for the realization of
lead-free PeLEDs with high operational stability.

Nanoscale, 2023, 15, 6954-6959 | 6957
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