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Crystallization Modulation and Defect Passivation of
Tin-Based Perovskite Light-Emitting Diodes Avoiding DMSO
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1. Introduction

Tin (Sn)-based perovskites are promising materials for perovskite-based

light-emitting diodes (PeLEDs) that avoid toxic lead. However, the
performance of Sn-based PeLEDs lags behind that of their lead analogues due
to uncontrolled crystallization, the susceptibility of Sn(ll) to oxidation, and
high defect densities. In this study, ammonium thiocyanate (NH,SCN) is
used as an additive in DMSO-free perovskite precursor solution to afford
Sn-based perovskites that are evaluated in PeLEDs. NH,SCN modulates the
crystallization process in the solution phase to improve the morphology and
crystallinity of the resulting 2D perovskite films and inhibits the oxidation of
Sn(ll) to Sn(lV), a problem observed in DMSO. Transient terahertz
spectroscopy reveals that NH,SCN-based perovskite films have a higher free
carrier density compared to the control films, indicative of reduced defect
density. Consequently, pure-red Sn-based PeLEDs with an emissive peak of
629 nm achieve an external quantum efficiency of ~1.4%, with an operating
half-life of >11 min. These findings provide valuable insights into the
preparation of lead-free perovskite materials avoiding DMSO for application

in optoelectronic devices.
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Solution-processed halide perovskites have
attracted great attention in light-emitting
diodes (LEDs) because of their excellent
optoelectronic  properties.['23]  Although
the external quantum efficiencies (EQEs)
of lead-based halide perovskite LEDs
(PeLEDs) have exceeded 20%,/*] the tox-
icity of lead could cause environmental
and health problems if deployed on large
scales. Therefore, developing low-toxicity
Pb-free perovskites has become a neces-
sary pathway, with attention focused on
Sn-halide perovskites. However, the per-
formance of Sn-based perovskite devices
lags behind their lead analogues due to
the fast and uncontrolled crystallization
process, facile oxidation of Sn(II), and the
generally poor morphologies of tin-based
perovskite materials. Additionally, tin-based
perovskites can be oxidized by the dimethyl
sulfoxide (DMSO) solvent,®’] which is
the usual solvent from which they are
deposited. Moreover, the acidity of poly(3,4-ethylenediox-
ythiophene):poly(styrenesulfonate) (PEDOT:PSS), the most
commonly used hole transport material in Sn-based perovskite
devices, can potentially damage transparent conductive oxide
electrodes and the tin-based perovskite crystal structure, which
impairs long-term device stability.[®]

In order to alleviate the issues of Sn(II) oxidation and fast
and uncontrolled crystallization, a variety of additives have been
introduced into tin perovskite precursor solutions (PPSs), such
as 2-imidodicarbonic diamide,[®! cyanuric acid,'%! valeric acid,!'!!
2,7-bis(diphenylphosphoryl)-9,9'-spirobifluorene,?l  Vitamin
B1,[3) triphenylphosphine,™ thiourea™! and 3-(aminomethyl)
piperidinium,*®! etc. These additives effectively retard crystal-
lization of perovskite clusters, through reversible coordination
to the Sn centres, facilitating the formation of high-quality
Sn-based perovskite films.['”! The improved film quality reduces
losses from non-radiative recombination. Some of the additives
are also reductants, inhibiting Sn(Il) oxidation.'¥! As a result,
the performance of additive-treated Sn-based perovskite devices
is enhanced. Although significant progress has been made in
tin-based PeLEDs with peak EQEs over 10% using DMSO due
to its strong coordination with Sn?* species,[!%*1920] reports
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Figure 1. Top-surface SEM images of the a) control and b) NH,SCN films on ITO/NiO, /4PADCB substrates. Scale bar = 1 um. c) XRD and d) GIWAXS
patterns of the control and NH,SCN films on ITO/NiO, /4PADCB substrates.

on avoiding DMSO remain scarce. Developing tin-based per-
ovskite optoelectronic devices with avoiding DMSO is of great
importance, as it helps to mitigate the direct oxidation of Sn(II)
species induced by DMSO. However, the alternative solvents
avoiding DMSO can accelerate the crystallization process of
tin perovskites, resulting in poor surface morphologies and an
increase in defects.!?!] Therefore, it is crucial to develop methods
to modulate the crystallization process of tin perovskites, avoid-
ing utilizing DMSO, aiming to improve the film quality of tin
perovskites.

In this work, we prepared Sn-based perovskites from
phenethylammonium iodide (PEAI), Snl, and SnF, (molar
ratio 2:1:0.1) dissolved in a mixture of N,N-diethylformamide
(DEF)/1,3-dimethyl3,4,5,6-tetrahydro-2(1H)-pyrimidinone
(DMPU).[622198I DM SO is usually used to prepare tin PPSs, but it
leads to Sn(II) oxidation so should be avoided.[®”?2] Ammonium
thiocyanate (NH,SCN) was further employed as an additive in
the tin PPS to modulate the crystallization/oxidation processes,
as it has previously been shown to retard the perovskite crys-
tallization process and improve the resulting film crystallinity
for solar cell applications.??*%] For example, coordination
of SCN~ to Snl, can slow down the crystallization process of
CH(NH,),Snl; perovskite, improving film quality.?’ It has
been shown that NH,SCN separates the nucleation and growth
processes of perovskite polycrystalline films to yield a 2D-quasi-
2D-3D hierarchy structure.[?) NH,SCN has also been shown to
improve the crystallinity of low-dimensional layered lead-based
perovskites, as evidenced by enhanced X-ray diffraction (XRD)
intensities.?*2] Solution phase nuclear magnetic resonance
(NMR) spectroscopy shows that the NH,SCN additive sup-
presses the oxidation of Sn(II) to Sn(IV) in PPSs. The enhanced
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crystallinity of the resulting 2D (PEA, Snl,) films was confirmed
by XRD and grazing-incidence wide-angle X-ray scattering
(GIWAXS). Ultrafast terahertz (THz) spectroscopy reveals that
the enhancement of free carrier response in Sn-based perovskite
films may be attributed to a decrease in defects rather than an
increase in carrier mobility. NiO, /(4-(7H-dibenzo[c,g]carbazol-7-
yl)butyl)phosphonic acid (4PADCB) (self-assembled monolayer,
SAM) was used as the hole transport layer, with the Sn-based
perovskite, and a commercial electron transport material,
1,3,5-tris(1-phenyl-1H-benzimidazole-2-yl)-benzene (TPBi), to
afford devices with the architecture glass/Indium tin oxide
(ITO)/NiO, /4PADCB/PEA,Snl, /TPBi/LiF/Al.  The pure-red
Sn-based PeLEDs employing NH,SCN exhibit an enhanced
EQE of 1.39%, compared to 0.32% for the control device. Ad-
ditionally, the operational stability of the NH,SCN modified
PeLED is approximately four times longer than that of its control
counterpart.

2. Results and Discussion

PPSs, films, or devices without an additive are denoted as control
PPSs, films, or devices, whereas those containing the NH,SCN
additive are referred to as NH,SCN PPSs, films, or devices. Con-
trol and NH,SCN PPSs (see above and Supporting Information
for their composition) were spin-coated on ITO/NiO, /4PADCB
substrates using toluene as antisolvent. The resulting films were
annealed at 70 °C for 15 min in a N,-filled glovebox. Figure 1 a,b
show the top-surface scanning electron microscopy (SEM) im-
ages of the control and NH,SCN perovskite films, respectively.
The surface of the control film contains numerous pinholes
and grain boundaries where many defects tend to accumulate.
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Figure 2. a) Photograph of the control and NH,SCN PPSs after 1 h air exposure (relative humidity ~#25%) (the NH,SCN:Snl, molar ratio is 0.6:1.0,
the PPS concentration is 0.5 M.). Solutions numbered 1 and 2 represent control and NH,SCN PPSs with air exposure. b) °Sn NMR spectra of the
fresh and oxidized control and NH,SCN PPSs. XPS spectra of the c) control and d) NH,SCN tin perovskite films after exposure to air (relative humidity

~20%) for 3 h.

Compared to the control film, the NH,SCN film surface con-
tains fewer pinholes and grain boundaries, and has larger average
grain sizes (674 nm vs 338 nm), indicating enhanced film mor-
phology and a slower crystallization process. The average grain
size of the film with the NH,SCN:Snl, ratio of 0.1:1 is 546 nm.
Increasing the NH,SCN:Snl, ratio to 0.5:1 results in an average
grain size of 1135 nm, but this increase in grain size is accom-
panied by distinct cracks (Figure S1, Supporting Information).
In addition to the improved morphology, the NH,SCN additive
should enhance the crystallinity of the film. Figure 1c shows the
XRD patterns of the control and NH,SCN films. Both films ex-
hibit the typical patterns of 2D Sn-based perovskites, character-
ized by diffraction peaks along the (00l) direction (where lis 2, 4,
6, 8, 10, and 12). The NH,SCN film does not exhibit any peak
shifts, indicating that the NH,* cations and SCN~ anions are
not included in the crystal structure. The peak intensities of the
NH,SCN film are stronger than those of the control film, indicat-
ing the improved crystallinity of the NH,SCN film. GIWAXS was
employed to further explore the effects of NH, SCN-doping on the
perovskite crystallization process (Figure S2, Supporting Infor-
mation), with a grazing incidence angle of 2.0°. The 2D GIWAXS
patterns show that both perovskite films exhibit clear Bragg spots
rather than Debye-Scherrer rings, indicating that they are ori-
ented parallel to the substrates. This phenomenon is consistent
with the GIWAXS pattern of the reported pure PEA, Pbl, film.[?’]
Furthermore, the integrated patterns indicate that the NH,SCN
film exhibits a stronger intensity along the (002) crystal plane at
q=0.38 A~! compared to the control film in Figure 1 d, suggest-
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ing a preferred orientation.[?®] The preferred crystalline orienta-
tion indicates a reduction in defects within the perovskite film,
which in turn reduces non-radiative recombination. The Debye—
Scherrer rings at q, ~ 2.0 A! in Figure S2 (Supporting Infor-
mation) may be attributed to the ITO. The cross-sectional SEM
images illustrate that the thickness of the control and NH,SCN
films is #40.0 + 3.5 nm (Figure S3, Supporting Information).
The NH,SCN film has better vertical uniformity and horizontal
continuity compared to the control film.

The 0.5 M fresh control and NH,SCN PPSs were exposed to air
for 1 h (relative humidity ~25%). The colors of the PPSs change
from yellow to black—red in the case of the control, and deep red
in the case of the NH,SCN PPS, (Figure 2a), indicating that some
Sn?* is oxidized to Sn**®. The "”Sn NMR spectra of the fresh
and oxidized tin PPSs are shown in Figure 2b. The Sn?* chem-
ical shift of the fresh control PPS is 351.8 ppm, which shifts
slightly downfield of 358.0 ppm due to a decrease in Sn’* con-
centration after air exposure, i.e., Sn** is oxidized to Sn**. Com-
pared to the fresh control PPS, the intensity of the Sn?* signal in
the oxidized control PPS reduces by ~39.6%, which is consistent
with the quantified proportion of Sn** species (37.91% in Table
S1, Supporting Information) determined using the Sn NMR
spectra. The Sn?* signal of the fresh NH,SCN PPS is shifted
upfield relative to the fresh control PPS to 302.7 ppm, indicat-
ing that SCN~ anions interact with the Sn?* cations. The density
functional theory (DFT) calculation results show that SCN~ could
form more stabilized interactions with Snl, via its S atom than
N atom (Figure S4, Supporting Information). Charge analysis
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was used to quantify the amount of electron density from SCN2~
accepted by the Sn** center following coordination through ei-
ther the N atom or S atom. When the Sn** center coordinates
with SCN~ via the N atom, Sn?* accepts ~0.14e whereas SCN~
donates 0.38e. In contrast, Sn?* accepts 0.22e while SCN~ do-
nates 0.42e when the Sn?* center coordinates with SCN~ via the S
atom. This quantitative charge donation—acceptance interaction
is consistent with the calculated interaction energies (—0.815 eV
for N-binding and —0.987 eV for S-binding), confirming that
SCN- preferentially coordinates to the Sn?* center, with slightly
stronger stabilization through S-binding. The electron density
difference plots in Figure S5 (Supporting Information) further
illustrate the coordination between SCN~ and Sn?*. These visual
results complement the charge analysis and interaction energies,
showing that SCN~ donates electron density to Sn** upon coor-
dination, with slightly stronger stabilization in the S-bound case.
Compared to the fresh PPS, the intensity of the Sn’* signal in the
oxidized NH,SCN PPS decreases by only 14.2%, suggesting that
SCN~ retards the oxidation of Sn?** in the PPS upon exposure
to air. DFT calculations reveal that the SCN~ group lowers the
net energy gain associated with SnO, formation, rendering full
oxidation less thermodynamically favorable (Figure S6, Support-
ing Information). This result suggests that SCN~ may suppress
the overall oxidation rate and extent by stabilizing intermediate
states and diminishing the final exergonic driving force. Addi-
tionally, the FWHM of the fresh NH,SCN PPS is significantly
wider than that of the fresh PPS, further indicating interactions
between the SCN~ and Sn?*. The Sn?* peak of the NH,SCN PPS
undergoes a large shift after air exposure relative to the fresh sam-
ple, being located between the Sn?* chemical shift of the fresh
and air-exposed control PPSs. This change further confirms that
the Sn?* peak shifts downfield due to a decrease in Sn’* concen-
tration upon air exposure and suggests that SCN™ preferentially
coordinates with Sn** rather than Sn** in air-exposed PPSs. The
coordination energies of Sn** and Sn** with SCN~ were calcu-
lated using DFT and the equation E = Eg,scn — (Espar + Eson-)-
The results show that Sn’* binds to SCN~ with an energy of
—2.1 kecal mol™', whereas Sn** exhibits a much stronger coor-
dination with an energy of —15.5 kcal mol™, indicating a much
higher affinity of Sn** for SCN~. Although SCN~ shows stronger
binding affinity to Sn** thermodynamically, the solution-phase
DFT calculations in DEF/DMPU (PCM) indicate that in the pres-
ence of SCN-, the oxidation of Sn?* to Sn** is less favorable and
kinetically hindered (Figure S7, Supporting Information). Coor-
dination of SCN~ to Sn?* reduces the thermodynamic driving
force for oxidation. The SCN™ anions may facilitate initial elec-
tron transfer or local rearrangements by lowering kinetic barri-
ers, yet it simultaneously hinders oxygen adsorption and diffu-
sion, which are likely to become the rate-limiting steps. There-
fore, Sn** oxidation is limited not by electron transfer but by
oxygen access or subsequent reorganization, indicating that ki-
netic inhibition combines with thermodynamic stabilization to
suppress oxidation. This also suggests a mechanism by which
NH,SCN could slow down the crystallization of tin perovskites,
leading to reduced grain boundaries and enhanced crystallinity
of the perovskite films. A [Snl,(DEF/DMPU),]| signal could be
detected in both air-exposed control and NH,SCN PPSs, with a
peak at —2150.5 ppm (Figure S8 a, Supporting Information). The
1195 NMR spectrum of the NH,SCN PPS following exposure to
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air contains 6 peaks that may be attributed to Sn** species (Figure
S8, Supporting Information). The total quantified proportion of
the 6 Sn** species in the NH,SCN PPS is ~12.2 % relative to
the total Sn species (Table S1, Supporting Information), which
is consistent with the value obtained from Figure 2 b. The '"*Sn
NMR spectra of the NH,SCN, NH,I, and control PPSs contain
peaks at 321.9, 350.9, and 352.2 ppm, respectively. The shift in
the peak of the NH,SCN PPS relative to the control PPS is larger
than that of the NH,I PPS relative to the control PPS, suggesting
that the SCN~ anion interacts more strongly with the Sn?* ion
compared to the I~ anion (Figure S9, Supporting Information).
Moreover, the difference between the peaks for the NH,SCN and
PEASCN PPSs is comparatively small, i.e., 2.3 ppm, indicating
a negligible influence of PEA* and NH,* cations on Sn** ions,
as expected. Hence, the 'Sn NMR spectra of the PPSs support
the DFT calculations, which indicate that the binding of SCN~
to Sn?* impedes oxidation to Sn**. The color of control PPS in
DMSO changed from yellow to red upon heating at 70 °C for 80
h, suggesting the formation of Sn(IV) species (Figure S10 a,b,
Supporting Information),l®) whereas in DEF/DMPU the color
remains unchanged. ''?Sn NMR spectra reveal the presence of
Sn(IV) species in DMSO after heating, whereas no such signals
are observed in DEF/DMPU (Figure S10 ¢, Supporting Informa-
tion). Therefore, avoiding DM SO prevents or retards the intrinsic
oxidation of Sn(II) species.

X-ray photoelectron spectroscopy (XPS) was used to analyze
the elemental compositions of the tin perovskite film surfaces.
The Sn(II):Sn(IV) ratio on the surface of the fresh control film
(96.3:3.7) is slightly lower than that of the fresh NH,SCN film
(97.6:2.4) (Figure S11, Supporting Information). Subsequently,
the fresh control and NH,SCN films were exposed to air (rela-
tive humidity ~20%) for 3 h. The Sn(II):Sn(IV) ratio of the con-
trol film is 66.5:33.5 (Figure 2c), which is higher than that of the
NH,SCN film (71.8:22.8) (Figure 2d), indicating that NH,SCN
films are more stable in air. However, no S 2p XPS signal is found
on the NH, SCN film surface, implying that SCN~ is not localized
on the film surface, as observed previously.?! XPS depth profil-
ing was carried out to investigate the SCN™ ion distribution along
the vertical direction in the NH,SCN film. The depth profiles for
S 2p and Ni 2p signals were obtained by alternating cycles of ar-
gon ion sputtering with an ion energy of 2 KeV and each etching
time lasting 15 s. At the surface (no sputtering), there is no S 2p
signal (Figure S12 a, Supporting Information). With increasing
sputtering cycles, the S 2p signal was not detected throughout
the whole film thickness, however, accompanied by an increase
in the Ni 2p signal with the binding energy of 853.2 eV (Figure
S12 b, Supporting Information).

For a comprehensive study of the crystallization process of
tin perovskites, the in situ PL measurements were carried out
for recording the evolution of the control and NH,SCN films
(Figure S13, Supporting Information). The PL heatmaps of the
control and NH,SCN films during spin-coating are shown in
Figure S13 a,b (Supporting Information). Upon addition of the
antisolvent at ~12 s, the PL signal of the control film immedi-
ately appear, whereas a slight delay was observed for the NH,SCN
film. The PL intensity of the control and NH, SCN films increases
rapidly within the following 8 s (Figure S13 ¢, Supporting In-
formation), implying fast nucleation of perovskite crystals. This
rapid nucleation was induced by supersaturation resulting from
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Figure 3. a) PL and b) TRPL spectra of tin perovskite films with or without NH,SCN on ITO/NiO, /4PADCB substrate. Average 1D response of the control
and NH,SCN films under c) the 400 nm optical excitation and d) 600 nm optical excitation, with the standard deviation represented by the shadow region
(each condition has 6 measurements). e) Extracted frequency-dependent complex photoconductivity of the NH,SCN film and its Drude—Smith fit.

solvent extraction by the antisolvent.l?%31] After 20 s, the PL inten-
sity of the control and NH,SCN films increases almost linearly
due to crystal growth, and the NH,SCN film exhibited higher PL
intensity compared to the control film. The PL peaks of the
control (618 nm) and NH,SCN (624 nm) films remain stable dur-
ing the spin-coating process due to the pure phase property of 2D
tin perovskite (Figure S13 d, Supporting Information), which dif-
fers from the red-shifted trend in 2D/3D mixed perovskites.[203!]
The NH,SCN film has a longer PL peak wavelength compared to
the control film, which may be attributed to the larger grain size.

Based on the above study, tentative nucleation and crystal-
lization processes of control and NH,SCN PPSs are proposed.
The spontaneous formation of edge-sharing Snl, nanocrystals
in DEF/DMPU solution has been proposed to result in uneven
nucleation, as nuclei are formed immediately upon addition
of the antisolvent, and the subsequent rapid growth of these
nuclei leads to the creation of numerous pinholes and a poor
morphology.*2l The NH,SCN interacts with Snl,, likely inhibit-
ing the rate of film crystallization as proposed previously,[?*] pro-
moting ordered growth and yielding films with large grain size
and fewer pinholes. The slower crystallization leads to a more
uniform nucleation, improved film morphology, and reduced
defects.['!]

The coordination of SCN~ to Sn?* in solution modulates the
perovskite crystallization process and retards Sn** oxidation,
thereby significantly enhancing the optical properties of the re-
sulting perovskite films. As shown in Figure 3 a, the NH,SCN
film on ITO/NiO, /4PADCB substrate exhibits increased steady-
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state photoluminescence (PL) intensity compared to the control
film. Consequently, the NH,SCN film exhibits a prolonged tran-
sient PL lifetime, increasing from 0.34 ns in the control film to
0.88 ns (Figure 3b), confirming reduced non-radiative recombi-
nation. The photoluminescence quantum yields (PLQYs) of the
control and NH,SCN films deposited on quartz substrates is
shown in Figure S14 (Supporting Information). The NH,SCN
films exhibit higher average PLQY values compared to the control
films (3.8% vs 1.2%), suggesting that trap-assisted non-radiative
recombination is suppressed in the films.

Transient optical-pump THz-probe spectroscopy (OPTP) was
employed to investigate the ultrafast dynamics of photoexcited
tin perovskite films. The OPTP techniques have been widely used
to investigate ultrafast carrier dynamics in perovskite thin films
and crystals, particularly in the context of fundamental mate-
rial research and in solar cell research.****] This technique has
been rarely applied to actual perovskite LEDs. However, the car-
rier dynamics and photoconductive properties probed by OPTP
are highly relevant to PeLED performance. These properties —
such as carrier mobility, lifetime, and trap-assisted recombina-
tion — directly influence key device metrics, including internal
quantum efficiency, charge balance, and operational stability. As
such, transient THz spectroscopy provides useful insights into
the physics of the emissive layer, potentially guiding the design
and optimization of high-performance PeLEDs. Ultra-broadband
THz pulses were used in a reflection geometry, enabling time-
resolved probing of photocarrier dynamics within the first few
picoseconds after photoexcitation.[**] Figure 3c,d shows the time
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evolution of the overall free carrier response, observed as tran-
sient changes in THz wave reflection induced by photocarri-
ers under 400 and 600 nm optical excitation, respectively. The
duration of the excitation pulses was x40 fs. In both cases,
the NH,SCN films exhibit significantly stronger free-carrier re-
sponses than the control films. Under each of the optical exci-
tation wavelengths, the response dynamics of the control and
NH,SCN films share a very similar shape, differing only in am-
plitude. This suggests that the photocarrier density or photocar-
rier mobility in the NH, SCN tin perovskite film is enhanced, with
the band structure remaining unchanged, which is consistent
with SCN™ anions not being included in the perovskite struc-
ture. At both excitation wavelengths, the photocarrier response
peaks of the films show ~300 fs after photoexcitation. However,
the subsequent recombination dynamics differ (as illustrated in
Figure S15, Supporting Information). Under 600 nm excitation
(corresponding to an energy slightly greater than the bandgap of
the tin perovskites of 1.96 V), the response exhibits a relatively
slow, single-exponential decay. In contrast, under 400 nm excita-
tion (much greater than the bandgap energy), the recombination
occurs in two distinct stages comprising an initial rapid decay, at-
tributed to hot carrier relaxation (likely non-radiative, as indicated
by the PL spectra),*®! followed by a slower decay, resembling that
observed in the 600 nm excitation case. Based on the PL spectra,
this slower component is most likely due to radiative recombina-
tion from the conduction band minimum (CBM) to the valence
band maximum (VBM) of the tin perovskite films.

2D transient THz spectroscopy was performed to determine
both the free carrier density and carrier mobility in tin perovskite
films during the first few picoseconds following photoexcitation.
At each probe delay time 7, the reflected THz waveform under
optical excitation E,,,,(7,, t) was recorded. Simultaneously, the
differential THz waveforms, defined as AE(z,, 1) = E,,,,(7, 1)
— E,t), were acquired, where E (t) represents the reference
waveform without optical excitation. Fourier transforms of both
AE(z,, t) and E, () were used to calculate the complex transient
conductivity using Equation (1).

1+AE(w,rp)=<1—nS—ZOd&(w,Tp)><1+ns> o

E.f (@) L+n + Zyds (o,7,) J \1-n

The complex photoconductivity of the excited film, 6(w, 7,) =
0, () + io, (w) was extracted using the thin-film approximation,
where 6, and o, represent the real and imaginary components,
and w denotes the angular frequency. Z,, is the impedance of free
space, d is the thickness of the photoexcited film, and n, is the
refractive index of the substrate. To fit the experimental data, we
applied a phenomenological Drude-Smith model, expressed as
Equation (2):

& (@) = @0t (1+ l ) 2

1-iwr 1-iwr

2 . . .
where w; = = is the plasma frequency, n is the free carrier den-
o

sity, 7 is the carrier momentum relaxation time, and ¢, is the car-
rier back-scattering parameter (with ¢, = —1 representing fully lo-
calized response). From the 2D scans, the frequency-dependent
complex conductivity spectra of the photoinduced charge carri-
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Table 1. Extracted properties of the photoinduced carriers in the control
and NH,SCN films (1.667 ps after the peak pump-probe delay).

Film opc (Sm™) n (10" cm=3) u (em?v=1s7T)
NH,SCN film 1551.8 6.92 179.94
Control film 801.8 5.36 170.29

ers at various pump-probe delays were extracted. By fitting these
spectra with the Drude—-Smith model, key transport parameters,
such as carrier density and mobility, were quantitatively deter-
mined as the DC conductivity (the low-frequency limit of con-
ductivity) opc = a);eor(l + ¢;), mobility u = er/m*, carrier den-

sityn = %.[37] A representative photoconductivity spectrum
1

together with simultaneous Drude-Smith model fits to ¢, and
o, are shown in Figure 3e, obtained from the NH,SCN films
under 600 nm optical excitation, measured at 1.667 ps after the
peak pump-probe delay (see Figure S16, Supporting Information
for full THz measurement data). For the 2D spectroscopy anal-
ysis, a film thickness of 40 nm and an effective hole mass of
0.069 m, were used.*®) Drude-Smitch fitting was applied to the
frequency range of 2-10 THz to extract key electrical properties
of the photo-induced transient charge carriers in the NH,SCN
films. From this analysis, the DC conductivity (the low-frequency
limit of conductivity), photocarrier mobility, and carrier density
were determined and are summarized in Table 1. The same fit-
ting procedure was performed on the control films under identi-
cal experimental conditions, and their corresponding values are
also presented in Table 1. The results show that the NH,SCN
films have a 29% increase in photocarrier density compared to
the control films, whereas the carrier mobility remains nearly
unchanged. This indicates that the observed enhancement in
the free carrier response (as seen in Figure 3c,d) is primarily
attributed to the increase in carrier concentration, rather than
improved mobility. Notably, the higher photocarrier density in
the NH,SCN films is consistently observed across various pump-
probe delay times. These findings suggest that the NH, SCN addi-
tive effectively reduces defects in the tin perovskite film, thereby
supporting more efficient generation and maintenance of free
carriers.

Sn PeLEDs were fabricated using a device structure of
glass/ITO/NiO, /4PADCB/Tin perovskite/TPBi/LiF/Al (Figure
4a). Figure 4b shows the energy level diagram of the PeLEDs.
The VBMs of NiO, and 4PADCB were calculated to be —4.93 and
—5.30 eV, respectively, as determined by ultraviolet photoelectron
spectroscopy (UPS) (Figure S17, Supporting Information). The
CBMs of NiO, and 4PADCB were determined by adding their op-
tical bandgaps!***! to their VBMs, with detailed energy level data
summarized in Table S2 (Supporting Information). The VBMs
of the control and NH4SCN perovskite films were measured to
be —5.09 and —5.18 eV, respectively, using UPS, as shown in
Figure S18 (Supporting Information). Combined with their op-
tical bandgaps (Figure S19, Supporting Information), the CBMs
of the control and NH,SCN perovskite films were calculated to
be —3.13 and —3.23 eV, respectively.

The current density-voltage-luminance (J-V-L) curves show
that the NH, SCN device has a lower turn-on voltage (2.6 V) com-
pared to the control device (2.7 V) (Figure 4c), which may be
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Figure 4. Device performance of PEA,Snl, PeLEDs with or without NH,SCN. a) Schematic device structure. b) Energy level diagram. c) Current density
and luminance curves of the PeLEDs as a function of the applied voltage bias. d) External quantum efficiency-voltage (EQE-V) curves of the PeLEDs.
e) Electroluminescence spectra of the PeLED with NH,SCN. f) Operational stability of the PeLEDs with and without NH4SCN.

attributed to better energy level alignment with 4PADCB and
a lower trap density in the NH,SCN films. Additionally, the
maximum luminance of the NH,SCN PeLED reaches 186.4 cd
m~2, nearly three times higher than that of the control PeLED
(64.6 cd m~?). EQE-V curves indicate that the NH,SCN device
achieves a peak EQE of 1.39% (Figure 4d), considerably higher
than that of the control device (0.32%), which illustrates that the
perovskite film obtained using the NH,SCN additive enhances
radiative recombination. A statistical distribution of peak EQE of
the tin PeLEDs is shown in Figure S20 (Supporting Information).
The average peak EQE of the NH,SCN devices (NH,SCN:Snl, =
0.2:1) is 0.81%, representing a fourfold enhancement compared
to that of the control devices (0.19%), and a twofold increase
relative to the NH,SCN devices (NH,SCN:Snl, = 0.1:1). When
the NH,SCN:Snl, ratio is increased to 0.5:1, the average peak
EQE of the NH,SCN devices (NH,SCN:Snl, = 0.5:1) decreases
to 0.24%. Although this approach shows promise in reducing
the efficiency gap between DMSO-free and DM SO-contained tin-
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based PeLEDs, the overall performance still lags behind. Fur-
ther improvement could be achieved via slowing down the crys-
tallization process, suppressing interfacial non-radiative recom-
bination, and keeping charge injection balance. The NH,SCN
PeLED also exhibited good electroluminescence (EL) stability,
with a peak wavelength at 629 nm remaining unchanged as the
drive voltage increased (Figure 4e). The corresponding Commis-
sion Internationale de L’Eclairage (CIE) coordinates are (0.683,
0.302) (Figure S21, Supporting Information), indicating a high
color-purity red emission.!%1]

Furthermore, operational stability tests were conducted for the
tin PeLEDs at a constant current density of 10 mA cm=2 in a N,-
filled glovebox. The NH,SCN PeLED demonstrated an operating
half-life time (Ts,) more than four times that of the control de-
vice (11.8 min vs 2.8 min) (Figure 4f). This enhancement may
be attributed to the reduced traps, suppressed Sn(II) oxidation,
and improved tin perovskite film quality. Figure S22 (Supporting
Information) contains a photograph of the Al electrode before
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and after the operational stability testing. Before the test, the Al
electrode has a metallic luster with a high reflectivity. However,
after applying bias during the device stability test, the Al elec-
trode lost its metallic luster and turned whitish, suggesting Al
degradation and morphological changes in the Al cathode,
consistent with other studies.*!] The degradation may be at-
tributed to the presence of residual moisture and/or oxygen in
the glovebox, as well as ion migration under bias voltage.[*424344]
Therefore, improving the stability of the Al cathode is essential
to achieving the long-term operational stability of PeLEDs.

3. Conclusion

This study demonstrates that employing NH,SCN as an additive
in a DEF/DMPU-based PPS affords high quality Sn-based per-
ovskite films, that when integrated with a NiO, /SAM hole trans-
port material affords efficient and stable lead-free perovskite-
based PeLEDs. The NH,SCN additive slows crystallization of the
perovskite film as the SCN™ anion coordinates to the Sn?* cen-
ter, as demonstrated by NMR spectroscopy. This interaction also
helps to stabilize the Sn?* center, impeding oxidation to Sn**.
The resulting improved film crystallinity and reduced defects en-
hance radiative recombination, resulting in PeLEDs with supe-
rior EQEs and operational stability compared to the control de-
vices.
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Supporting Information is available from the Wiley Online Library or from
the author.
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