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1. Introduction

Inkjet printing has emerged as a promising technique for the fabrication of

halide perovskite (HP) thin films, as it enables precise and controlled

Halide Perovskites (HPs) have attracted
intensive attention over the past decade

deposition of the perovskite ink on a variety of substrates. One main
advantage of inkjet printing for the fabrication of HP thin films is its ability to
produce uniform films with controlled thickness and high coverage, which is
critical for achieving high-performance devices. Additionally, inkjet printing
allows for the deposition of patterned thin films, enabling the fabrication of
complex device architectures such as light-emitting diodes (LEDs). In this
work, flexible LEDs based on inkjet printed Pb-free HP
thiophene-ethylammonium tin iodide (TEA,Snl,) are produced that has
gained attention as a potential alternative to Pb-based HPs in optoelectronic

devices due to its lower toxicity, environmental impact, and high performance.

The role of ink solutions is compared using pure solvents: toxic dimethyl
formamide (DMF) and more eco-friendly dimethyl sulfoxide (DMSO).
Red-emitting devices (4,,,, = 633 nm) exhibit, in ambient conditions, a
maximum external quantum efficiency (EQE,, ) of 0.5% with a related
brightness of 21 cd m=2 at 54 mA cm~2 for DMSO-based LEDs. The
environmental impacts of films prepared with DMSO-based solvents ensure

due to their excellent optoelectronic and
semiconducting properties for an im-
pressive variety of applications such as
photovoltaics (PV) and perovskite-based
light-emitting diodes (PeLEDs).[!l How-
ever, the toxicity and instability issues
of the lead-based HPs severely restrict
their practical applications for future
commercialization and widespread adop-
tion of HPs-based optical and electronic
devices.[>] Lead is a cumulative toxi-
cant that affects multiple body systems,
including the neurological, hematologi-
cal, gastrointestinal, cardiovascular, im-
mune, and renal systems, with children
being especially vulnerable to its neuro-
toxic effects.l®! Lead is included in the
candidate list of substances of very high

only 40% of the impact caused by DMF.

concern (SVHCs) for authorization for
being toxic to reproduction. The autho-
rization process, as outlined by the Regu-
lations of the European Chemical Agency
(REACH), aims to progressively replace
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SVHCs with less hazardous substances or technologies when
technically and economically feasible alternatives are available.
Lead content in electronics is restricted to mass concentrations
lower than 0.1% in homogeneous materials through the “RoHS
Directive”.

Recently, there has been much work focused on Pb-free
PeLEDs.["] Among them the most promising family is 2D Sn-
based devices ('] in virtue of the Sn** having the most sim-
ilar to Pb?* ionic radius and the similar electronic configura-
tion (equivalent charge / charge neutrality/charge balance).l”?!
2D tin halide perovskites offer an essential compromise between
good optoelectronic properties but intrinsic instability of 3D Sn-
based HPs and strongly localized Frenkel-like excitons in more
stable 0D HPs.['>15] Moreover, like the Pb-based counterparts
the thin-films could be also prepared by facile synthesis based
on solution-processed formation procedures, at room or rela-
tively low temperature ( < 180 °C). The substitution of Pb by
Sn will allow us to comply with RoHS Directive European leg-
islation and improve social health and perception. Lately, among
the low-dimensional structures, 2D HPs present natural quan-
tum well structures, large exciton binding energy, carrier con-
finement and higher thermal stability, photoluminescence (PL)
narrow FWHM (full-width at half-maximum), and lifetime on the
order of nanoseconds.*1¢!

Several studies have moved to improve the external quantum
efficiency (EQE) of nanoscale 2D layered Sn 2D Sn-based HPs
by fine-tuning the electronic properties of organic ammonium
salts. Under optimized conditions, a PLQY of up to 21% was
accomplished for the thienylethylammonium (TEA) Sn-iodide
HPs (TEA,Snl,).'””] Another work demonstrates that ammo-
nium thiocyanate (NH,SCN) is an effective additive in enhanc-
ing the air stability of 2D TEA, Snl,, with emission decreasing
less than 8% from its original value after exposure to air for 24 h,
and photoluminescence quantum yield of 23%."8] Among most
of the studies on 2D Sn-based solutions in comparison with their
Pb-containing PeLED counterpart, certainly, the most stable 2D
nanoplates are considered the TEA,Snl,, whose emission is cen-
tered in the red region (~634 nm)!®! and PEA, Snl, from which we
demonstrated inkjet-printed LEDs with red electroluminescence
centered at ~#630 nm.[1921]
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Spin-coating has emerged as the predominant method for the
fabrication of 2D Pb-free PeLED devices, consistently delivering
commendable performance. Indeed, with this solution process-
able method, within the last year’s most approaches and efforts
have been dedicated to improving Sn-based LEDs focusing on in-
hibiting the oxidation of Sn?*. This challenge has been addressed
through various strategies, including the introduction of SnF, as
a widely adopted additive, serving as a compensator for Sn?*.12!]
Additionally, novel approaches have been explored, such as the
naphthol sulfonic salt is demonstrated as an effective multifunc-
tional additive for LEDs with EQE of 0.72% and a brightness of
132 ¢d m~2,[22] or reducing agents such as NaBH,,[?! or the aid
of hypophosphorous acid (HPA) promoted PeLEDs with an EQE
of 0.3% and a brightness of 70 cd m™2.[3] Alternatively on one
side is produced a PEA, Snl, perovskite film with extremely low
oxidation through a two-step recrystallization process with a re-
sulting LED exhibiting a maximum EQE of 0.4%.[2*/On the other
side are prepared highly oriented 2D PEA,Snl, nanoplates with
low defect density obtaining devices with an EQE of 0.52% and
355 cd m=2.]

Among all the works, the incorporation of valeric acid (VA),
employed to reduce the Sn*+ content, facilitates PeLEDs with an
EQE of 5%, at very low currents, and an operating half-life ex-
ceeding 15 h.?%] In the same way, very recently, LEDs based on
TEA,Snl, treated with cyanuric acid yielded an EQE of 20.29%
and a halflifetime of 27.6 h.[?”] However, this high EQE is just
obtained at very low currents and luminance around the turn-on
voltage, decreasing one order of magnitude when significant lu-
minance is demanded. Despite these results demonstrating the
high potentiality of 2D Sn-based LEDs, all of them are affected
by the use of toxic solvents involved in the perovskite fabrication
process due to their compatibility with the commonly employed
spin-coating technology.[829]

However, the investigation on Sn-based HP technologies is
still in its infancy and further efforts are needed to use up-scalable
deposition techniques to position these interesting materials up
to the level of their Pb counterparts. Here we demonstrate the
development of TEA,Snl, LEDs with an industrially sustainable,
low-cost deposition, and easy up scalable method/technology as
inkjet printing.’°*} In addition, the environmental impacts of
the deposition are significantly reduced by the replacement of
toxic solvents like N,N-dimethylformamide (DMF) with sustain-
able dimethyl sulfoxide (DMSO).>*7] DMF is acknowledged
as toxic to reproductive systems and is listed as SVHC under
REACH. Conversely, DMSO is not classified as a hazard, al-
though this does not mean that it does not cause environmental
impacts. Therefore, the production and evaporation of DMSO,
in comparison to DMF, result in lower environmental impacts
and reduced human health toxicity.[?’] In this regard, DMSO as a
solvent was a critical factor in developing both lead and tin halide
perovskites, owing to its ability to decrease the crystallization rate.

This stronger coordination of the DMSO with the formation of
Snl,-DMSO intermediate species facilitated more homogeneous
nucleation and slower crystal growth.[?’]

Inkjet printing does not allow for antagonist solvents, or an-
tisolvents, so a solvent engineering process is needed to ad-
just the rheological properties of ink solutions and promote the
stable/controlled formation of good uniformity crystalline per-
ovskite phase. For this reason, we select neat DMSO, which is
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Figure 1. a) Inkjet-printed layer on PET substrate; b) room temperature normalized PL spectra of the films deposited by using DMF (red) and DMSO
(blue) based inks; c¢,d) SEM top view images of inkjet-printed layer by using TEA,Snl, ink DMF-based and DMSO-based solutions, respectively.

challenging due to its high boiling point (189 °C), in order to
ensure stable ejection of a few picoliter droplets (10 pL) on the
selected substrate and to guarantee the formation of higher qual-
ity crystallized films. This is due to the promotion of an inward
Marangoni flow which acts in opposition to the preferential evap-
oration at the contact line that promotes an outward flow driving
the 2D nanoplates to the edge.l?23%3°]

In this contribution, we analyze the role of two different ink
solutions. The first one is based on the more common, but
toxic, DMF solvent, and the second one is the green sustainable
eco-friendly DMSO solvent. Both are used in the inkjet print-
ing of TEA,Snl, thin films to demonstrate that the eco-friendly
TEA,Snl, solvent should be taken into account in future ad-
vances for scalable optoelectronic Sn-based LEDs.

2. Device Structure and Fabrication

TEA, Snl, thin films were deposited by inkjet-printed on a trans-
parent flexible polyimide (PI) substrate (Figure 1a), without the
use of antisolvent and any additive. Samples using common
toxic DFM and green-friendly DM SO as solvent were prepared.
Normalized photoluminescence (PL) spectra measured for both
cases are shown in Figure 1b. As can be seen, both PL spectra
consist of two bands, a short wavelength peaking at 629 nm for
both types of inks and a long wavelength peaking at 653 nm for
DMEF-based inks and 665 nm for DMSO-based inks.

Adv. Sustainable Syst. 2024, 2400060 2400060 (3 of 8)

A very plausible scenario for this second broadband emission
is the presence of dark excitonic states at ~#10 meV below the
lowest radiative exciton*”! and defect-mediated (defect-induced)
low-energy emission.l*!] Several early studies show that the for-
mation energy of Sn-related defects is low in Sn-based or mixed
Sn—Pb HPs.l*0#2] The dark states act as a reservoir for the ex-
cited population at ambient temperatures and thus enable, and
do not necessarily hinder light emission is usually considered to
be detrimental to luminescence efficiencies.[*"]

For both films, strongly nonexponential PL decay kinetics are
observed, well fitted by the sum of three exponentials, the av-
erage lifetime of which is 4.2 ns for the DMF-based ink and
2.4 ns for the DMSO-based ink, see Figure S1 (Supporting Infor-
mation). The top-view scanning electron microscopy (SEM) im-
ages reveal that the inkjet-printed DMF layers without additives
present nonuniform films with abundant wrinkles due to large
grain boundaries, see Figure 1c. On the other hand, thin films
with DMSO are more homogeneous, and they exhibit a larger
scale uniformity, see Figure 1d. Consequently, samples prepared
with DM SO present enhanced morphology in comparison with
DMEF-prepared samples.

Moreover, we observed that the rheological properties of the
ink solutions play an important role during drop ejection and
contact pinning with the substrate. Indeed, many factors are si-
multaneously acting in the case of inkjet printing technology.
Mainly the very small droplet volumes, from 2.4 to 10 pL, and

© 2024 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 2. a) XRD pattern of inkjet-printed TEA, Snl, after vacuum annealing showing the main preferential crystallographic planes according to tetragonal
phase in literature;1#2] detail of high-resolution XRD spectra (in the range from 5° to 6.5°) of TEA,Snl, films (inset); b) XPS binding energy survey high-
resolution XPS spectra of Sn 3d 3/2 and 3d 5/2 in annealed inkjet-printed thin film.

their fast evaporation during the flight reaching the substrate pro-
mote at that moment a specific ratio solvent/solute at the sur-
face which allows for a better or worse perovskite crystallization.
Aware of the boiling point of the ink solution, homogeneous and
uniform pinholes free thin films could be achieved by controlling
the droplet speeds, distance from the substrate, platen tempera-
ture, and post processing annealing step.

The quality of inkjet printed layers in DMF and DM SO submit-
ted to different postannealing temperatures has been determined
by X-ray diffraction. Then, we found that the best temperature of
post annealing process was 85 °C (DMF) and 110 °C (DMSO) by
an in-depth study of XRD versus thermal curing temperature.
The diffraction patterns, acquired from the printed TEA,SnI,
thin films, display clearly the same characteristic reflections (00l)
for both proposed samples, see Figure 2a. This characteristic 2D
crystallization phase is strictly correlated to the complete evapo-
ration of solvents. From the enlarged XRD patterns, we observe
that the (002) diffraction peak is located at 5.7°, as expected from
the d-spacing values of TEA,Snl, planes, 15.5 A.[*]

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed to investigate the chemical environment and composi-
tion of inkjet-printed _HP films. We monitored and assessed the
oxidation of Sn?* to Sn**, which affects the stability of Sn-HP thin
films based on DMF and DM SO solvents. As shown in Figure S2
(Supporting Information) the wide energy survey spectrum ex-
hibited the distinctive peaks of TEA,Snl, bonds, with their cor-
responding binding energies (BE).[*}] An analysis of these peaks
revealed that 488.5 and 496.9 eV correspond to the 3ds,, and
3d;;, doublet of the Sn 3d spin-orbit doublet characteristic of
TEA,Snl, [15274]

We obtained high-resolution (HR) XPS spectra of Sn to reveal
the formation of Sn**, which is present in a small amount. The
HR-XPS spectra, see Figure 2b, of the inkjet-printed TEA,Snl,
thin films show that the oxidation of the Sn-HP is almost com-
pletely moderate with a component less than 8% for DMF and
10% for DMSO inkjet-printed layers, respectively. These ratios of
Sn**/Sn?* from the XPS spectra are comparable to the best ob-
tained in the literature.!2743]

Thus, all the results indicate that the TEA,Snl, in DMSO
inkjet-printed thin films show good uniformity, absence of
roughness, high degree of crystallinity with large domains, low
oxidation of Sn*2, and improved light emission in comparison

Adv. Sustainable Syst. 2024, 2400060 2400060 (4 of 8)

to solutions with DMF, which make them a promising nontoxic
metal halide perovskite material for fabrication of red-emitting
LEDs for wearable photonics technology.

We have estimated the TEA,Snl, band gap to be ~1,85 eV
(red) from the absorption measurements, by arranging the
data into the Tauc plot after subtracting the excitonic emis-
sion seen at room temperature; this excitonic emission is
indeed an indication of the high quality of the samples,
see Figure S3 (Supporting Information). Taking into ac-
count the conduction and the valence band offsets, for
accurate electron and hole injection we selected PEDOT:
PSS (poly(3,4-ethylenedioxythiophene:polystyrenesulfonate) and
POT2T (2,4,6-tris[3(diphenylphosphinyl)phenyl]—1,3,5-triazine)
as hole and electron transport layers as shown by the energy level
diagram and the configuration of the devices in Figure 3a. We
manufactured the Sn-based PeLEDs with the following process:
TEA, Snl, thin films (*100 nm) were inkjet-printed onto PEDOT:
PSS-coated (30 nm) prepatterned ITO (100 nm) on glass sub-
strates from a DMF or a DMSO solution containing TEAI and
Snl, (0.25 molar ratio) followed by vacuum annealing at 100 °C
(15'). Then, the device architecture is completed by the evapo-
rated POT2T (40 nm)/ LiF (1 nm) / Al (170 nm),**] as illustrated
in Figure 3b by a sketch diagram and a corresponding real device
under bending stress, see Figure 3c. Following the device char-
acterization experiments were performed under ambient condi-
tions after a proper encapsulation, see Figure 3d.

3. Results

As far as we know this work reports the first inkjet-printed
TEA,Snl, LED. The electroluminescence (EL) spectral charac-
teristics with both solvents, are pure red with a peak centered
at 633 nm with FWHM of 29 nm as a function of the applied
voltages, see Figure 4a. Figure 4b,c presents the current density
and luminance as a function of the operating voltage of inkjet-
printed devices using both proposed solvents (16-emitting com-
ponents). Using the eco-friendly DMSO solvent is clearly ensur-
ing comparable performances of DMF solvent-based LEDs. For
DMEF the threshold turn-on voltage is ~2.25 V and for the DMSO
is lower ~1.75 V. Moreover, it can be seen that the current den-
sity of the DMF devices reaches 20 mA cm~2 and drops after an
applied voltage of 3.75 V. This is probably caused mainly by the

© 2024 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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Figure 3. a) Energy band diagram for the proposed architecture; b) 3D sketch of the multi-pixels inkjet-printed TEA,Snl, LEDs. c,d) Images of complete
LED devices under bending stress and emitting pixel into the glovebox operating at 3.5 V.
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Figure 4. a) EL spectral characteristics of inkjet-printed TEA,Snl, devices is red emitting with a peak centered at 633 nm with FWHM of 29 nm at
different operation voltages. b,c) Current density and luminance versus voltage characteristics on a flexible substrate. The results for LEDs with inkjet
printed TEA,Snl, film prepared with DMF-based and DMSO-based solvents. d) EQE versus voltage characteristics.
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thermal-electrical stress the device is subjected at interfaces dur-
ing emission. On the other hand, DMSO-based devices are more
stable up to 5.25 V and attain 75 mA cm~2. Nevertheless, the lu-
minance data of both configurations are comparable. Indeed, the
device using DMF as a solvent reaches values of luminance being
the maximum 28 cd m~? whereas DMSO has its 21 cd m™2. Just
slightly higher values have been obtained on the glass substrate
as presented in Figure S4 (Supporting Information).

The electrical behavior analysis of the luminance versus the
correlated current densities curves characteristics of both de-
vices presents two possible different mechanisms of emission.
The linear tendency with a slope ~1.08 of DMSO curve charac-
teristic (Figure S5, Supporting Information) can be associated
with the general expected spontaneous emission; likewise, the
DMF-based devices show also a linear trend but with a higher
slope of 1.85, which might be due to additional recombina-
tion due to less uniform material and the p-type character of
the perovskite (due to Sn** formation).[>! Correspondingly, the
EQE, plotted as a function of voltage, verifies the tendency, see
Figure 4d, for all samples employing both DMF or DMSO sol-
vents, respectively. The peak EQE of the devices with each sol-
vent is ~0.5%. This value is very promising and not far from
the most efficient reported red lead-free LED by spin-coating
method.[23274]

Although not the highest reported brightness for Pb-free per-
ovskite LED, close to 30 cd m~2, considering the state-of-the-art
we reported the lowest voltage threshold, the second highest EQE
(the highest at high current), and the 3rd highest luminance.

We present an example of working devices and the possibility
of controlling each pixel one by one as shown in Video S1 (Sup-
porting Information). The carried out CIE coordinates are (0.695,
0.305,) close to the ideal red color coordinate for Rec. 2100 spec-
ifications for a primary red emitter (0.708, 0.292) as shown by
Figure S6 (Supporting Information).

4. Environmental Concerns

Up-scaling development of HP LEDs will require not just the
use of appropriate deposition techniques, such as inkjet print-
ing, but also low-impact materials. This inkjet-printed TEA, Snl,
LED avoids the use of lead and DMF as solvents. In addition to the
toxicity concerns, DMF adversely affects the maintenance of car-
tridges and printheads. However, the higher boiling temperature
and increased viscosity of DM SO contribute to higher electricity
consumption during perovskite deposition.

To ascertain the perovskite ink with the lowest environmen-
tal impact, a comparative life cycle assessment (LCA) was con-
ducted in accordance with ISO standards (14 040/14 044). LCA
is a methodology for evaluating the environmental burdens as-
sociated with a product or process by identifying and quantifying
energy and materials used, as well as the wastes released to the
environment. It assesses the impact of these energy and material
uses and releases and identifies opportunities for environmental
improvements. The comparative functional unit was one square
centimeter of perovskite ink printed. The LCA inventory includes
only the differences between the printing inks with DMF and
DMSO as solvents. The composition and quantity of the per-
ovskite are the same for both inks and are therefore not included
in this LCA. Differences in the experimental procedure for per-
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Figure 5. Comparative environmental assessment of inkjet printed
TEA,Snl, film prepared with DMF-based and DMSO-based solvents. HH:
Total human health impact category, including human health toxicity
(HHT) and global warming (GW).

ovskite layer deposition with DMF and DMSO are explained in
the section “Inkjet printing and thermal treatments of TEA, Snl,
layer” of the Supporting Information. The differences between
the inks pertain to the quantity and type of solvent needed for the
solution of perovskite, electricity consumption during printing
and annealing, air emissions of solvents during drying, and the
differential wear of cartridges and printheads, categorized into
manufacturing and end-of-life (EOL). Life cycle inventories and
evaluation impacts are presented in the Supporting Information.

For the purpose of comparison, Figure 5 focuses on the human
health area of protection (HH) and the two primary impact cate-
gories within it: human health toxicity (HHT) and global warm-
ing (GW). The impacts of DMSO are significantly lower, at 61%,
40%, and 77% in the categories of HH, HHT, and GW, respec-
tively, when compared to those of DMF. The human health tox-
icity associated with DMSO is negligible in contrast to DMF, as
discernible in the HH and HHT impact categories. It is essen-
tial to highlight the impact across all categories due to the in-
creased utilization of cartridges and printheads with DMF per-
ovskite inks. Additionally, DMF production results in higher im-
pacts compared to DMSO manufacturing. Nevertheless, the el-
evated electricity consumption during the printing and anneal-
ing of perovskite ink with DMSO is evident in the GW and HH
impact categories. These impacts are particularly sensitive to the
energy mix and would be exacerbated in countries with a higher
percentage of fossil resources.

Our analysis was focused only on showing the differences be-
tween printed tin halide perovskite films prepared with two dif-
ferent solvents. Future life cycle assessments should address the
entire LED device, which will allow comparisons with lead per-
ovskite LEDs. At this time, the efficiency and durability of the
Sn-based LEDs is still very low and thus the cradle-to-grave LCA
is too uncertain to proceed with comparisons to other LEDs. The
need for a vacuum required for the manufacture of Sn-based
LEDs, which means higher energy consumption and nitrogen
emissions, not to mention the problems of industrial scale-up, is
certainly a drawback compared to the manufacture of lead-based
LEDs.

© 2024 The Authors. Advanced Sustainable Systems published by Wiley-VCH GmbH
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5. Conclusion

We have successfully shown the pure red-emitting LEDs based
on TEA,Snl, 2D perovskites inkjet-printed on flexible substrates,
demonstrating the potential and scalability of this technology. We
have overcome the degradation and instability issues of Sn-based
solutions by using DMSO as a more sustainable and eco-friendly
solvent than the commonly used toxic DMF. DMSO-based inks
have optimal rheological properties for inkjet printing technology
and promote fast crystallization during vacuum annealing. The
inkjet-printed TEA,Snl,-based LED shows a maximum external
quantum efficiency (EQE) of 0.5% and a brightness of 28 (DMF)
and 21 cd m~? (DMSO) in ambient conditions after encapsula-
tion. These values are comparable to those of the spin-coated con-
trol devices and are the first reported for inkjet-printed TEA, Snl,-
based LEDs. The impacts of films prepared using DMSO-based
solvents are notably diminished, with reductions of 61%, 40%,
and 77% observed in the categories of human health, human
health toxicity, and global warming, respectively, when contrasted
with those associated with DMF. Certainly, future priorities will
involve further optimization through the incorporation of appro-
priate additives compatible with DMSO and inkjet printing. It is
noteworthy to mention that the achieved values, obtained when
using near-pristine precursor solutions, align with or surpass
most comparable achievements documented in the literature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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