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DOT:PSS hole injection interlayer.
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20% over the last years for green-, red-, and near-infrared (IR)-
based NCs.*' >

Apart from the properties of the PNC active layer, the
electrode properties are equally important for the development
of high-performance PNC LEDs. The PNC active layer is
“sandwiched” between a hole injection layer (HIL) and an
electron injection layer (EIL) in PNC LEDs. Efficient charge
injection layers (CIL) are considered those that are highly
conductive and selective on the majority carrier (holes for HIL
and electrons for EIL) as well as resistive for the minority
carriers (electrons for HIL and holes for EIL).”* An equally
important property of the electrodes is the provision of
balanced charge injection. Imbalance in charge injection can
lead to the accumulation of carriers at the interfaces and
exciton quenching that limits the efficiency of PNC LEDs.
Buffer layer engineering is a common strategy to improve the
electrode properties of the device. Interlayers such as
polyvinylpyrrolidone (PVP) and polyethylamine have been
incorporated between ZnO and the PNC active layer providing
better charge balance and improved energy level align-
ment.”>*® Furthermore, poly(methyl methacrylate) (PMMA)

Perovskite nanocrystals (PNCs) have risen to prominence over
the last years as strong candidates for optoelectronic
applications.' ™ Compared to 3D bulk perovskites, PNCs
show superior phase stability (e.g., for CsPbBr; and FAPbL;) as
well as easier processing as colloidal inks.””" The main rule
that PNCs abide by is the reduction of at least one dimension
in order to satisfy the condition of quantum confinement
effect.”

PNCs exhibit important properties due to their low
dimensionality that are attractive for optoelectronic applica-
tions and especially for next generation LEDs applications.
Some of these properties include narrow emission bandwidth,
defect tolerance, high photoluminescence quantum yield
(PLQY), and high band gap tunability by varying the
nanocrystal (NC) size.'””"" Traditionally, 3D perovskites
have low exciton binding energy which leads to dissociation
and promotion of nonradiative recombination, which is
unfavorable for LED applications."*’> On the other hand,
PNCs due quantum confinement exhibit much higher exciton
binding energy which promotes radiative recombination, a
property that is highly desirable for luminescent devices such
as LEDs.'®"” Furthermore, ionic defect density is reduced in
PNCs compared to 3D bulk perovskites due to the processing
conditions that result in better crystallinity, therefore further
reducing the nonradiative recombination pathways.'*~*° These
properties have led to significant improvements for perovskite
nanocrystal light emitting diodes (PNC LEDs) with an EQE >
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has also been utilized to further optimize the charge balance by
restraining the injection of excess electrons in electron
dominated devices.”””® Apart from retarding the electron
injection, improving the hole injection is also an efficient
strategy to improve carrier balance in electron dominated
devices. The hole injection contact of PNC LEDs usually
consists of PEDOT:PSS HIL combined with hole transporting
layers (HTLs). Nevertheless, the low mobility of the common
HTLs (e.g, PVK, PTAA) compared to ETLs as well as the
mismatch of their highest occupied molecular orbital
(HOMO) with PEDOT:PSS HIL causes an imbalance
distribution of opposite charges in the active layer that can
deterjorate the device performance. Lu et al. compared the use
of TFB, PTAA, and PVK as HTLs in CsPbBr;-based PNC
LEDs, concluding that PTAA provides devices with lower turn-
on voltage and higher luminance (1054 cd/m?) ascribed to a
lower energetic barrier (0.1 eV) between PEDOT:PSS and
PTAA.” To reduce this energetic barrier Xiao et al. introduced
a ultrathin thermally evaporated MoO; between PEDOT:PSS
and PVK to form an interfacial dipole and improve hole
injection in a FAPb,,Sn,;Br;-based device resulting in
enhanced higher luminance and current efficiency.”® Hu et
al. implemented a double interlayer concept consisting of
TFB/PVK that provided enhanced current efficiency and
external quantum efficiency for FAPb,Sn,;Br;-based PNC
LEDs compared to single TFB or PVK interlayer based
devices.”' In another work, Li et al. introduced a thermally
evaporated ultrathin (2 nm) LiF between the PEDOT:PSS and
the MAPDbBr; emissive layer. The LiF layer reduced the
roughness, passivated the interface defects, and provided more
balanced charge injection that resulted in improved maximum
luminance (6713.9 cd/m*) and reduced turn-on voltage (3.8
V).?” The aforementioned method is a successful methodology
for enhancing the performance of solution-processed PNC
LEDs; however, the controlled incorporation of an ultrathin
layer demands a thermal evaporation step that increases the
complexity of the fabrication process of solution-processed
PNC LEDs.

In this paper, we show that by introducing doped metal
oxide HIL within the device architecture the electro-optical
PNC LEDs performance is significantly improved compared to
devices employing the commonly used PEDOT:PSS HIL.
Importantly the proposed doped metal oxide HIL is solution
processed and thus is introduced within the PNC LEDs device
architecture with a facile fabrication at ambient and room
temperature conditions. Spray pyrolysis 10 atom % antimony-
doped tin oxide (ATO) is a solution processed commercially
available nanoparticulated p-type doped metal-oxide semi-
conductor provided by AVANTAMA AG [product number,
(ATO, 10095)] with a relatively high electrical conductivity
(107 S/cm). More details on the synthesis and materials
properties of ATO can be found elsewhere.”> ATO has been
previously successfully applied as buffer layer in normal and
inverted device architecture organic photovoltaics (OPVs)**3°
and the development of silver nanowire (AgNW)-based
electrodes for the fabrication of highly efficient ITO-free
inverted OPVs.*

As discussed also above, PNC LEDs usually incorporated
PEDOT:PSS as HIL. In this report, the commonly used
PEDOT:PSS is replaced with a solution-processed ATO HIL
for green CsPbBr; PNC LEDs using the following device
architecture: glass/ITO/HIL/poly-TPD/CsPbr;/TBPi/LiE/
Ag. Importantly, the 30 nm solution-processed ATO interlayer
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was fabricated in air using a doctor blade without any further
treatment simplifying the fabrication process and importantly
circumventing the thermal annealing step requirement for
processing PEDOT:PSS HILs. The ATO HIL-based PNC
LEDs provide three and half times increased luminance, lower
turn-on voltage, and improved maximum current and power
efficiency compared to PEDOT:PSS HIL-based PNC LEDs.
The presented measurements on hole-only devices and
impedance spectroscopy-based capacitance—frequency (C-f)
results reveal that the performance enhancement of ATO-
based CsPbBr; PNC LEDs is due to increased hole injection
properties that provide charge balanced PNC LEDs. The
origin of the improved hole injection is due to a reduced hole
injection energetic barrier that lowers the bottom electrode
contact resistance for the corresponding PNC LEDs
incorporating the proposed ATO HIL within their device
architecture.

Prepatterned glass-ITO substrates (sheet resistance 4Q sq~') were
purchased from Psiotec Ltd. Poly(N,N’-bis-4-butylphenyl-N,N’-
bisphenyl)benzidine (poly-TPD (52kD)) and PEDOT:PSS (PVP
Al) were purchased from Ossila Ltd. CsPbBr; NCs capped with
didodecyldimethylammonium bromide (DDAB) were synthesized
following the procedure described in a previous report.”” 2,2,2"-
(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) was
purchased from Merck KGaA. The commercially available anti-
mony-doped tin oxide (10 at% Sb:Sn0O,) solution in mixture of
butanols was developed by Avantama (ATO, Product-No. 10095).
Lithium fluoride (LiF) pieces (99.9%) and silver (Ag) pellets
(99.99%) were purchased from Kurt J. Lesker Company.

ITO substrates were sequentially sonicated in acetone and
isopropanol for 10 min and were air blown to remove the remaining
solvents. Before, PEDOT:PSS deposition the substrates were treated
with UV—0; for 20 min. The PEDOT:PSS was spin-coated on top of
the ITO at 4000 rpm for 30 s in air and annealed at 140 °C for 20 min
resulting in ~30 nm thickness. The ATO was blade coated in air
without any further treatment. Then, poly-TPD was spin coated on
PEDOT:PSS and ATO at 4000 rpm in air for 60 s without any further
treatment from a 6 mg/mL chlorobenzene solution. The CsPbBr;
NCs layer was spin-coated at 6000 rpm for 60 s without any further
treatment from an 18 mg/mL solution in toluene. Next, 40 nm TPBi
and 1 nm LiF were sequentially thermally evaporated at 0.1 A/s.
Finally, 100 nm Ag layers were thermally evaporated through a
shadow mask to complete the devices (active area of 9 mm?). The
measurements of the resulting devices were performed under ambient
conditions without encapsulation.

Hole-only device (HODs) configuration is ITO/HIL/poly-TPD/
CsPbBr; /MoOj;/Ag, following the same processing steps and
materials as described above. The MoO; HIL and Ag electrode
were thermally evaporated to form 10 nm (0.2 A/s) and 100 nm (2
A/s) thick layers, respectively.

The thickness of the films was measured with a Veeco Dektak 150
profilometer. Current density—voltage—luminance characteristics
(JVL) of the devices were obtained using a Botest LIV Functionality
Test System with a calibrated silicon photodiode sensor (spectral
sensitivity of 350—730 nm and responsivity of 60 nA/lux). AFM
images were obtained by using a Nanosurf easy scan 2 controller
under the tapping mode. The optical transmittance and absorbance
measurements were performed with a Schimadzu UV-2700 UV—vis
optical spectrophotometer. Steady-state PL measurements were
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Figure 1. (a) Device structure of green PNC LEDs (CsPbBr;) with PEDOT:PSS or ATO as hole injection layer and (b) luminance, (c) power

efficiency, and (d) current efficiency of the respective PNC LEDs.

performed on an FP-8300 Jasco spectrometer. Capacitance—
frequency (EIS) measurements were obtained using a Metrohm
Autolab PGSTAT 302N instrument applying a small AC perturbation
of 20 mV and a DC bias of 4 V.

The device architecture of the CsPbBrs-based PNC LEDs
under study is glass/ITO (150 nm)/HIL/poly-TPD(~40
nm)/CsPbBry/TBPi(40 nm)/LiF(1 nm)/Ag (100 nm) as
illustrated in Figure 1(a). Two solution processed electronic
materials were implemented as HIL: the ~30 nm commonly
used PEDOT:PSS(PVP Al) is designated as the reference
device of the study, and the ~30 nm ATO which is proposed
as an alternative HIL for PNC LEDs within this paper. In the
above device architecture, the layers of HIL/poly-TPD serve as
the hole injection/electron blocking layer, and the layers of
TBPi/LiF serve as the electron injection/hole blocking layer.
The luminance—voltage curves of each PNC LEDs are
presented in Figure 1(b). ATO HIL-based PNC LEDs show
much higher luminance of almost three and half times (7350
cd/m?*) at 5.8 V compared to PEDOT:PSS HIL-based PNC
LEDs which exhibited a luminance of 2115 cd/m? at 6.4 V.
Concurrently, the turn-on voltage (V,,, defined at 10 cd/m?*)
of ATO HIL-based PNC LEDs is reduced to 3.2 V compared
to 3.4 V for PEDOT:PSS HIL-based PNC LEDs. The
calculated maximum power efficiency PE_,, (Figure 1(c))
and current efficiency CE,,, (Figure 1(d)) are enhanced for
the ATO HIL-based PNC LEDs compared to those of
PEDOT:PSS HIL-based PNC LEDs. Specifically, the ATO
HIL-based PNC LEDs reaches its higher PE_,, of 0.48 Im/W
at 587 cd/m? while at the peak of its luminance (7350 cd/m?)
exhibits a PE of 0.17 Im/W. The PEDOT:PSS-based PNC
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LEDs provide a much lower PE,,, of 0.22 Im/W at 282 cd/m?
and at the peak of its luminance (2115 cd/m?*) exhibiting a PE
of only 0.07 Im/W. Similarly, the CE_,, for the ATO HIL-
based PNC LEDs is 0.59 cd/A at 191 mA/cm? current density,
which is higher than the PEDOT:PSS HIL-based PNC LEDs
that yield a value of 0.25 cd/A at 96.4 mA/cm? current density.
Figure S1 demonstrates the statistical distribution of the
luminance values obtained from 28 different devices using
either ATO or PEDOT:PSS as HIL in the CsPbBr;-based
PNC LEDs, and Figure S2 demonstrates the statistical
distribution of luminance for ATO thicknesses 30, 45, and
SS nm.

To get a better understanding of the improved performance
of the ATO HIL-based PNC LEDs device, further character-
ization studies were performed. Figure S3 shows the
absorbance and photoluminance (PL) of the CsPbBr; NCs
emissive layer processed on a glass substrate, where a
characteristic band edge absorption close to 500 nm is
observed for the UV—vis measurement. The PL peak center is
at 516 nm with a Gaussian fwhm of ~20 nm. Contact angle
measurements (Figure S4) showed the good wetting properties
of chlorobenzene/poly-TPD on both PEDOT:PSS and ATO
underlayer exhibiting contact angles of 7.3° and $.4°,
respectively. Figure 2(a, b) shows the surface topography
using AFM images of the CsPbBr; NC emissive layer spin-
casted on top of poly-TPD for PEDOT:PSS and ATO
underlayers, respectively. The roughness (RMS) of the PNC
emissive layer on the top of PEDOT:PSS/poly-TPD under-
layers was calculated to be 4.5 nm, which is lower compared to
the respective value for the PNC emissive layer fabricated on
the top of ATO/poly-TPD that calculated to be 10.1 nm. The
higher roughness of the CsPbBr; NC emissive layer on the top
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Figure 2. AFM images (10 um X 10 pm) and the calculated
roughness (RMS) of the CsPbBr; films fabricated on top of poly-TPD
using (a) PEDOT:PSS or (b) ATO as underlayer. Panels (c) and (d)
present the corresponding phase images.

(@)

of the ATO/poly-TPD underlayers is the result of the
nanoparticulate metal oxide nature of ATO which induces
higher roughness to the upper processed layers of poly-TPD
(Figure S5) and CsPbBrj, respectively. CsPbBry; NCs on the
top of PEDOT:PSS/poly-TPD underlayers form a compact,
pinhole-free PNC emissive layer. Despite the higher roughness
of CsPbBry; NCs on the top of ATO/poly-TPD underlayers,
the solution processed CsPbBr; NCs also form a compact,
pinhole-free PNC emissive layer as can be derived from the
smooth phase images obtained by the AFM images [Figure
2(c, d)].

Optical transmittance measurements were performed to
evaluate the impact of each layer stacking transparency on the
luminance. Figure 3(a) presents the transmission of glass/
ITO/HIL/poly-TPD for PEDOT:PSS and ATO HILs,
respectively. At the emission wavelength region (516 nm) of
CsPbBr; NC, the transmission level of both PEDOT:PSS/
poly-TPD and ATO/poly-TPD underlayers is similar, and
thus, the optical transparency of the underlayers under study
has no effect on the luminance difference of the CsPbBr; PNC
LEDs incorporating the respective underlayers.

Electrical characterization by current density—voltage (J-V)
measurements were performed on single carrier PNC LED
device architectures in which electron injection is intentionally
blocked [hole-only devices (HOD)]. For the fabrication of
hole-only devices, the TPBi/LiF/Ag electron injection
electrode was replaced by the thermally evaporated hole
injection layer MoO;(10 nm)/Ag (100 nm). Figure 3(b)
presents the J-V characteristics of the PNC LEDs incorporat-
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Figure 3. (a) Optical transmittance of ITO/PEDOT:PSS or ATO/poly-TPD. Current density—voltage (J-V) curves of the theee (b) PNC LED
devices and three (c) hole-only devices (HOD) incorporating as HIL PEDOT:PSS or ATO. (d) Capacitance—frequency (C-f) curves of the
respective PNC LED devices incorporating PEDOT:PSS and ATO, respectively.

531

https://doi.org/10.1021/acsaom.4c00044
ACS Appl. Opt. Mater. 2024, 2, 528—534


https://pubs.acs.org/doi/suppl/10.1021/acsaom.4c00044/suppl_file/ot4c00044_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00044?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00044?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00044?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00044?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00044?fig=fig3&ref=pdf
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.4c00044?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ing PEDOT:PSS and ATO HILs, respectively. At the ohmic
region of the forward biased devices, the current densities are
similar, while at the working region (higher biases) the current
density for the ATO HIL-based PNC LEDs surpasses the
PEDOT:PSS HIL-based PNC LEDs. The HOD incorporating
ATO HIL exhibits enhanced current density (Figure 3(c))
compared to PEDOT:PSS HIL-based HOD. Since the
electrical conductivity of PEDOT:PSS and ATO are similar,
in the order of 107 S/cm,’” the experimental results of HODs
indicate that the hole injection properties of the ITO/ATO/
poly-TPD bottom electrode for the CsPbr; PNC LEDs are
improved.

The higher current density for the ATO HIL compared to
PEDOT:PSS HIL devices at higher bias is consistent with the
enhanced luminance at the working bias region of the PNC
LEDs incorporating ATO HIL. Also considering the improved
CE of the PNC LEDs incorporating ATO HIL compared to
that obtained by the corresponding PNC LEDs incorporating
PEDOT:PSS HIL shown in Figure 1(d), it is inferred that
ATO HIL provides more balanced transport of the opposite
charges carriers (suppressing the space charge buildup at the
ATO/poly-TPD interface) in the emissive layer compared to
the PEDOT:PSS/poly-TPD interface. To further support our
findings, the impedance response of CsPbBr; PNC LEDs with
ATO and PEDOT:PSS HILs is also investigated. Figure 3(d)
shows the capacitance—frequency measurements of the
corresponding CsPbBr; PNC LEDs performed under a 4 V
bias. Indeed, the PEDOT:PSS HIL-based CsPbBr; PNC LED
exhibits a higher capacitance at higher frequencies compared to
ATO HIL-based CsPbBr; PNC LED. The lower capacitance
for the ATO HIL-based PNC LEDs is attributed to lower
charge densities present in the ATO HIL-based CsPbBr; PNC
LEDs due to more frequent charge recombination/emission
achieved by the incorporation of the proposed ATO HIL
within the PNC LEDs device architecture that provides
improved charge balance CsPbBr; PNC LEDs.

According to the reported experimentally verified energy
levels for the presented ATO, the antimony (Sb) doping of
SnO, introduces deep acceptor states in the band gap (deeper
than intrinsic Fermi level) converting the SnO, from an n-type
to a p-type semiconductor.”* Thus, due to the unique ATO
properties, even though the valence band minimum (VBM) of
ATO is much deeper than the poly-TPD the ATO acceptor
states in the band gap”” almost perfectly align with the VBM of
the poly-TPD inducing a lower contact resistance (lower
energetic barrier) for improved hole injection and lower turn-
on voltage (V,,) for the ATO HIL-based PNC LEDs as shown
above. The improved hole injection process by the
incorporation of ATO HIL within the CsPbBr; LEDs structure
is depicted in Figure 4 using a simplified band energy level
diagram with energy values adopted from advanced character-
ization studies from the literature.”**** Thus, by lowering the
energetic barrier between the ATO/poly-TPD the space
charge buildup is suppressed compared to PEDOT:PSS/
poly-TPD improving the effective mobility of holes in the
ATO-based PNC LEDs. As a result, a higher number of holes
can reach the emissive layer within an arbitrary time interval
(higher current density), balancing the electron—hole pairs
within the emissive layer, yielding improved luminance and
current efficiency.
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Figure 4. Simplified energy level depiction of ITO/ATO or
PEDOT:PSS/poly-TPD/CsPbBr; of the PNC LEDs device structure,
where the acceptor states (dashed lines) induced by Sb doping of
SnO, contribute to efficient bottom electrode hole injection resulting
in enhanced performing CsPbBr; PNC LEDs.

The effect of the appropriate solution-processed doped metal
oxide interlayer between ITO and poly-TPD on the perform-
ance of PNC LEDs is demonstrated. Improved hole injection
properties were achieved by incorporating ATO HIL between
ITO and poly-TPD. The device architecture of the CsPbBr;-
based perovskite LEDs under study is glass/ITO/HIL/poly-
TPD/CsPbBr;/TBPi/LiF/Ag. Two different electronic materi-
als were implemented as HILs: the commonly used
PEDOT:PSS is designated as reference HIL of the study and
the new proposed ATO HIL. Importantly, the 10 atom %
doped ATO-based CsPbBr; PNC LEDs exhibit almost three
and half times higher luminance compared to PEDOT:PSS-
based PNC LEDs and lower turn-on voltage. Furthermore, the
calculated maximum power efficiency PE,., and current
efficiency CE,,, are enhanced for the ATO HIL-based NC
PE LEDs compared to those of PEDOT:PSS HIL PNC LEDs.
Thus, this paper provides a novel bottom electrode interface
engineering strategy that achieved significant efficiency
enhancement of PNC LEDs. The enhanced performance is
attributed to the improved hole injection properties of the
ATO-based bottom electrode, which consequently provided
better charge balance for the CsPbBry PNC LEDs.
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