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ABSTRACT

Incorporating tin (Sn) and lead (Pb) into metal halide perovskites is an effective strategy for reducing bandgap energy, enabling
applications in the near-infrared (NIR) spectral region. Recently, we demonstrated light-emitting diodes (LEDs) with long-
wavelength emission peaks exceeding 900 nm. However, non-radiative recombination at the perovskite/transport layer interface
remains a key limitation to device efficiency. In this work, we introduce carbazole ammonium iodide as an interfacial modifier,
forming a hydrophilic thin layer atop the PEDOT:PSS hole transport layer. This interlayer enhances surface wettability, promotes
improved perovskite crystallization, and facilitates better interface contact. The resulting perovskite films exhibit extended carrier
lifetimes, and the corresponding NIR LEDs show reduced leakage current densities. Additionally, we systematically investigate
the influence of annealing temperature on Sn-Pb-based perovskite film formation. X-ray diffraction (XRD) analysis reveals that
high-temperature annealing accelerates crystallization but promotes Pbl, formation, leading to rougher surfaces and increased
crystal defects. By combining surface modification of the hole transport layer with optimized annealing conditions, we achieve
a significant performance enhancement. The NIR LED with an emission peak at 988 nm exhibits a twofold increase in external
quantum efficiency (EQE), improving from 0.6% to 1.3%, compared to devices using unmodified PEDOT:PSS.

made it to this spectral range [4, 5] and colloidal quantum dots
have been shown to reach about 18% EQE with PbS [6, 7].

1 | Introduction

Near-infrared (NIR) light-emitting diodes (LEDs) with emission

wavelengths from 800 to 1000 nm have diverse applications,
including night-vision devices, biomedical imaging, sensing and
optical communications [1-3]. When looking for optoelectronic
materials that are either low-cost, or easy to process, the avail-
ability of systems in the NIR decreases largely. Among solution-
processable materials, organic semiconductors only recently

Metal halide perovskites have garnered significant attention for
LED fabrication due to their narrow emission, tunable bandgaps,
and high carrier mobility. Impressive efficiencies for perovskite
light-emitting diodes (PeLEDs) have been reached in the visible
range (32.14%, 32.1%, and 26.4% for red, green, and blue light,
respectively [8-10]). Significant progress has been made also at
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FIGURE 1 | (a)Fabrication procedure of 4CzNH;I layer on top of PEDOT. (b) and (c): Contact angle images of drops of deionized water on films of
PEDOT:PSS, 4CzNHj;], and bilayer at 0 s (b) and at 0.5 s (c), respectively. (d) Contact angle time evolution for different films.

the edge of the NIR where external quantum efficiencies (EQE)
over 20% in the wavelength range between 700 and 900 nm [11, 12]
have been reported. However, efficient NIR PeLEDs with an emis-
sion peak over 900 nm are still rare [13-15]. This challenge arises
not only from the limited availability of materials that emit at
such long wavelengths, but also from the increased susceptibility
of near-infrared (NIR) emitters to non-radiative recombination.
As the emission wavelength increases, non-radiative pathways
become more competitive with radiative recombination, thereby
limiting the performance of these materials in optoelectronic
applications [5, 11, 16].

To date, all the NIR PeLEDs with emission peaks over 900 nm
are prepared by tin (Sn)-based or Sn—Pb-based perovskite
[2, 11, 13, 15]. Even though the alloying of Sn and Pb is the
only strategy reported till now to reach a narrow bandgap in
this class of materials, the introduction of tin poses challenges
toward the demonstration of high-performance devices, such as
the easy oxidation of Sn** to Sn**, the fast crystallization leading
to non-optimal crystal quality, and the serious non-radiative
recombination resulting from defective interfaces [17]. In the past,
research efforts mainly focused on the suppression of the facile
oxidation of Sn**, but less attention was given to the latter two
[17-19]. In practice, fast crystallization of Sn-perovskite easily
results in a poor crystal quality and high surface roughness,
leading to serious leakage problems in devices [20, 21]. Further-
more, the energy loss from the non-radiative recombination at the
interface can significantly affect not only the efficiency but also
the stability of devices [22-24].

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PED-
OT:PSS) is the most popular hole transport layer (HTL) material
for tin or tin-lead based NIR PeLEDs, and there are not yet
successful attempts to use the n-i-p structure, for either LEDs
or solar cells with this family of active materials [14, 25-30].
PEDOT:PSS stands out from its good processability, high charge
carrier mobility and excellent electron-blocking properties. How-
ever, PEDOT:PSS is often reported to be poorly compatible with
metal halide perovskites. Its hygroscopic nature and acidity have
been discussed as detrimental, together with the instability of its
work function in contact with perovskites [31-33]. Furthermore,
considering that the perovskite thin films are grown on top of the
HTL, the properties of the latter, especially the surface energy
and chemical composition, are of fundamental importance to
the perovskite nucleation and the crystal growth [34]. Several
authors have proposed to improve the performance of tin-based
perovskite devices by adjusting the properties of the PEDOT:PSS-
based HTL with additional layers [35-38].

Recently, we have reported a strategy for tuning the surface of a
HTL from nonpolar to polar by depositing a carbazole alkylam-
monium iodide derivative (4CzNH,I) on top of (2-(3,6-Dibromo-
9H-carbazol-9-yl)ethyl)phosphonic acid (Br-2PACz) [39]. This
strategy improved the wettability of Br-2PACz, reducing the
defects at the interface between Sn/Pb perovskite films and the
HTL. Building on this work, in this study a very low concen-
tration 4CzNH,]I solution is deposited on top of the PEDOT:PSS
to modify its surface chemistry. Contact angle measurements
show that the wettability of PEDOT: PSS is improved after
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FIGURE 2 | AFM images of perovskite films on different HTLs: PEDOT (a), 4CzNH;I (b), and bilayer (c), all annealed at 50°C. AFM images of
perovskite films on bilayer with different annealing temperatures: 75°C (d) and 100°C (e). (f) XRD patterns of a FAysMA sSn, sPby sI3 perovskite film

fabricated with different annealing temperature.

this step, with the surface becoming more polar. Atomic Force
Microscopy (AFM) morphological investigation of the spin coated
perovskite (FA,sMA,sSn,sPby;sL;) films show that this bilayer
strategy results in perovskite films with a smoother surface.
Furthermore, we investigate the influence of different annealing
temperatures on the crystallization of Sn/Pb-based perovskites.
Perovskite films spin-coated on the PEDOT:PSS/4CzNH,I and
annealed at low-temperature show a smoother surface. XRD
measurements show that samples annealed at high-temperature
(100°C) contain a larger amount of lead-iodide impurities than
the ones annealed at lower temperature (50°C). We found that the
optimized film shows the longest carrier lifetime (216 ns) and the
lowest leakage current in diode, indicating a reduce trap density.
The results highlight the importance of synergistic control of
the crystallization rate and interface engineering for high-quality
Sn/Pb perovskite film. As a result, the optimized NIR PeLED
show an EQE of 1.3% with the emission peak at 988 nm.

2 | Results and Discussion

Figure 1a shows the process utilized for depositing the 4CzNH;I
solution on top of PEDOT:PSS, namely by spin coating 1 mg/mL
ethanol solution of 4CzNH;I at 3000 rpm. Contact angle mea-
surements were performed to examine the surface of the modified
HTL. As shown in Figure 1b, a drop of deionized (DI) water on the
pristine PEDOT:PSS film exhibited a contact angle of 23° att =0
s. As a comparison, for 4CzNH;I alone on ITO, the corresponding
contact angle is 11° at t = 0 s. The contact angle from the
bilayer (PEDOT:PSS with 4CzNH;I on top)-treated substrate also
shows the similar number (11°) at t = O s, which indicate that

4CzNH,I successfully modifies the PEDOT:PSS surface. Figure 1c
clearly shows that the contact angle for a drop of DI water
becomes too small to measure for the bilayer-treated film from
time = 0.5 s while the contact angle on pristine PEDOT:PSS is
still 15°. Figure 1d and Figure S1 visualize the variation of the
contact angle with time utilizing the perovskite solution as probe.
These experiments confirm that the wettability of PEDOT:PSS is
significantly improved after depositing 4CzNH,1. This is mainly
attributed to its ammonium iodide moiety, which increases the
hydrophilicity of the surface.

We then deposit perovskite films on the new improved HTL
using a standard spin coating technique. The Sn/Pb perovskite
solution was prepared as in our previous work [40]. 2,3,4,5,6-
pentafluorophenethylammonium (5FPEA) (2.5 mol%) was added
into the solution to passivate defects at the perovskite grain
boundaries. Experimental details are described in the supporting
information (SI). To investigate the effect of wettability on the
film formation, Sn/Pb perovskite samples (annealed at 50°C)
deposited on the different HTLs (PEDOT, 4CzNH,]I, and bilayer)
were prepared. In addition, we also prepared bilayer samples with
different annealing temperatures to investigate the effect of the
crystallization rate on the Sn/Pb perovskite.

From AFM measurements (Figure 2a-c), a lower perovskite film
roughness when the active layer is deposited on the bilayer
sample is found (Rq = 8.4 nm compared to Rq = 13.7 nm from
PEDOT-based sample). This smooth morphology indicates that
the crystallization is more uniform giving rise to a more compact
and higher quality film, which is likely due to the improvement of
interface wettability. Figure S2 shows the X-ray diffraction (XRD)
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FIGURE 3 | (a)Normalized PL spectraand (b) TRPL decays of FAy sMAg 5Sn sPbg 515 films on different HTLs and different annealing temperatures.
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FIGURE 4 | NIR LED performance of PEDOT:PSS, 4CzNH;I, and bilayer-based perovskite devices. (a) Device structure. (b) Typical urrent density-
voltage (J-V) curves for devices using different HTLs. (c) EQE-voltage curves and (d) EL spectra of NIR PeLEDs.

patterns for samples deposited on different HTLs, similar peak
locations and intensities can be observed.

Furthermore, we found that the annealing temperature has a
great influence on the perovskite morphology and crystallinity.
We focus for this experiment on the bilayer HTL, in the AFM
micrograph (Figure 2d,e) the fast crystallization resulted in a
larger grain size and a rougher surface as the perovskite annealing
temperature was increased from 50°C to 100°C. From the XRD

pattern in Figure S2a, the diffraction peak at 14.2° corresponding
to (100) perovskite planes increases in intensity with increas-
ing annealing temperature. However, with the increase of the
annealing temperature, the signal of lead iodide (Pbl,) at 12.7°
also becomes more prominent, both in Figure S2b for its absolute
intensity, and in Figure 2f when the data is normalized at the
14.2° perovskite peak. Therefore, the high temperature annealing
seems to cause the formation of Pbl, impurities, which are
detrimental for device performance and stability.
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Next, we performed steady-state and time-resolved photolumi-
nescence (PL) measurements to investigate the optical properties
and the carrier recombination dynamics of the perovskite films
grown on different substrates. As shown in Figure 3a, all the
films show a similar single emission peak at around 990 nm with
a full width at half maximum (FWHM) of around 90 nm. In
the time-resolved photoluminescence (TRPL) measurement, the
perovskite film grown on PEDOT-PSS shows a carrier lifetime
of 38 ns while that of the film grown on 4CzNH,I is 108 ns.
With the surface-modified PEDOT:PSS, the carrier lifetime of
the perovskite active layer (50°C annealing) drastically increased
to 216 ns. This significantly extended carrier lifetime can be
attributed to the improved perovskite-HTL interface and the
passivation effects of the ammonium iodide group in 4CzNH;I on
the perovskite buried interface, resulting in reduced nonradiative
recombination [41, 42]. By studying the annealing temperature
effects, we also observe that the carrier lifetime decreases from
216 to 112 ns and 81 ns as the temperature increased from 50°C to
75°C and 100°C, respectively. Based on the investigation of XRD
measurement, we believe that excessive lead iodide generates a
large number of trapping states, which leads to a reduction of the
carrier lifetime.

We fabricate the Sn/Pb based NIR PeLEDs with the
following device architecture (Figure 4a): indium tin oxide
(ITO)/HTL/perovskite active layer/TPBi (35 nm)/LiF (1 nm)/Al
(100 nm). Figure 4b shows the J-V characteristics of the devices
with different HTLs. Here we can observe that both devices
employing 4CzNH;I as HTL show a lower leakage current
than the device made from PEDOT:PSS only. Based on what
we observed in the morphological investigation, we believe
that this low leakage can mainly be attributed to the improved
interface contacts of the 4CzNH,I containing samples. The
external quantum efficiency (EQE) curves measured from
different devices are summarized in Figure 4c. The devices
using the bilayer as HTL shows the highest EQE of 1.3% and
achieves a maximum irradiance of 22 W/sr/m? (Figure S3).
Table S1 summarize the EQE values and emission wavelengths
of representative Sn-based and Sn/Pb-based NIR perovskite
LEDs reported in the literature, together with our device.
All devices showed the same electroluminescence peaks at
988 nm (Figure 4d), with the bilayer device showing the
highest EL intensity. The reason why the electroluminescence
of the PEDOT-based devices is higher than that of the devices
fabricated from 4CzNH,;Ion ITO is possibly related to the electron
blocking capabilities of PEDOT:PSS that encourages radiative
recombination in the active material, which makes employing
PEDOT:PSS in the layer stack still attractive. However, also the
difference in orientation of the 4CzNH,I molecules on ITO and
on PEDOT:PSS may have an influence on the optoelectronic
properties of LEDs as well as on the roughness and morphology
of the perovskite film (see Figure 2b,c).

To obtain further insights on carrier transport, impedance mea-
surements were performed. Figure S4 shows the measured capac-
itance versus frequency in these devices. Although PEDOT:PSS
and PEDOT:PSS/4CzNH;I show similar low-frequency capac-
itance, indicating comparable charge accumulation at long
timescales, which might also include ion migration contri-
butions, their frequency response is markedly different. The
PEDOT:PSS-based sample exhibits a sharp capacitance drop
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FIGURE 5 | (a) Current density-voltage curves, (b) EQE-voltage
curves and (c) normalized EL spectral of the infrared PeLED fabricated
utilising different annealing temperature.

around 1 kHz, suggesting the presence of interfacial states or
mobile charges (protons) given their characteristic response times
in the microsecond range. In contrast, when 4CzNH;I is added
on top of PEDOT:PSS, a nearly constant capacitance until much
higher frequencies is reached, directly pointing to a more inert
material system. This is in line with previous reports where a
highly resistive or dielectric HTL limits dynamic charge exchange
across the interface [43, 44]. This could also explain the delay in
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EQE switch-on of the bilayer LED device as seen in Figure 4c,
along with its low leakage characteristics.

Overall, by leveraging the electron blocking mechanisms (bene-
fited from the high LUMO of PEDOT) and the improved interface
for favorable perovskite crystallization and charge injection
(assisted by the 4CzNH,I surface treatment), we can achieve
superior NIR LED performance.

Finally, we compare the NIR LEDs fabricated with Sn/Pb per-
ovskite films annealed at 50°C, 75°C, and 100°C. As shown in
Figure 5a, the device annealed at 50°C shows the lowest leakage
current and the highest EQE (Figure 5b), in accordance with its
better surface morphology and phase purity. Both the leakage
current and the FWHM of the EL signal (Figure 5c) increase
as the annealing temperature increases (83, 90, and 93 nm for
50°C, 75°C, and 100°C, respectively), showing that a proper
annealing temperature control is critical in preserving good Sn/Pb
perovskite crystal quality and LED performance.

3 | Conclusions

In this study, we engineer the wettability of the prototypical
PEDOT:PSS HTL layer via the deposition of 4CzNH,I molecules.
The perovskite thin film shows a more uniform and smoother
morphology using this strategy, which also incurs lower interface
losses. The XRD and AFM investigations further show that low-
temperature perovskite annealing is critical for avoiding the
formation of Pbl, and for obtaining a smooth film morphology.
TRPL measurements confirms that the optimized perovskite film
possesses a longer carrier lifetime, which is essential for the
good functioning of the LED. The NIR LEDs employing bilayer
HTL, and annealed at 50°C shows reduced leakage current,
increased EL intensity, resulting in an EQE of 1.3% at 988 nm
emission.
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