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Organic Light-Emitting Diodes Combining Thick Inorganic
Perovskite Hole Transport Layers and Ultrathin Emitting

Layers
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Daniel Tordera,* and Henk J. Bolink

Organic light-emitting diodes have a huge gain in popularity over the past 25
years for display and lighting applications, but the production of low-cost
efficient devices remains a challenge. OLEDs using sub-nanometer undoped
emissive layers are a route to fabricate cost-effective devices but, as they are
inherently thin, it opens to issues with variation in thickness and shunting
paths. At the same time, lead chloride perovskites are currently being
investigated as charge transport materials in light-emitting devices owing to
their wide bandgap, and remarkable high carrier mobility. In this work, for the
first time, OLEDs that combine vacuum-processed thick cesium lead chloride

light-emitting diodes (OLEDs) has hugely
increased due to their appealing character-
istics, such as simple fabrication process,
high performance, and thin and flexible
structure.l?l Most phosphorescent OLEDs
employ at least one emitting layer that con-
sists of a host material and a phospho-
rescent guest molecule. This requires the
co-deposition (usually by co-sublimation)
of these two materials. Recently, ultrathin
non-doped light-emitting layers consisting

perovskite hole transport layers with ultrathin Ir complex-based emissive
layers are reported. Defects on the perovskite film are suppressed and the
thickness of the emitting layer is optimized. Semitransparent devices are also
fabricated with an average visible transmittance of over 50%. The results
show extraordinarily thick devices (>1 pm) with low turn-on voltage (3.3 V),
high luminance (>15 000 cd m~2) and efficiencies (up to 54.1cd A~'), and a
negligible efficiency roll-off in the display applications luminance region.

1. Introduction

Since the demonstration of electroluminescence in organic
materials in 19871 the number of applications of organic
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of a <0.1 nm film of a pure emitter be-
tween a hole transporting layer (HTL), and
an electron transporting layer (ETL) have
been investigated as an alternative way to
prevent triplet-triplet annihilation, and as
a means to lower material consumption
and to simplify the fabrication process.>~!
Incorporating these ultrathin layers allows
for easier fabrication, using single source
evaporation, and highly efficient exciton
utilization.[*l The sub-nanometer layers
result in isolated domains that can be considered guest dopants
in the electron (n-type) and hole (p-type) transporting wide
bandgap materials on either side of it; in other words, the electro-
luminescent mechanism is still dominated by host-guest energy
transfer. Furthermore, one of the main advantages of using ul-
trathin emitting layers is that the material consumption is much
lower, where 97% of the material cost can be saved, assuming that
a 10 vol% phosphorescent emitter doped in 10 nm-thick host is
replaced with an ultrathin phosphorescent emitting layer of just
0.03 nm.P*! Even though saving material and manufacturing costs
is key to widespread OLED commercialization, the consequent
reduction of the device thickness accentuates the effects of vari-
ations in thickness, like shunting paths between electrodes, and
the aforementioned device instability.®l Hence, the total thick-
ness of the device must be increased, which is very challeng-
ing considering the relatively low carrier mobility of common
non-doped semiconducting polymers used as HTL and ETL in
OLED:s.

In parallel, there is an ongoing research effort using lead-
based halide perovskites as active materials in optoelectronic
devices"% due to their excellent properties, such as large light
absorption coefficient, high charge carrier mobility, long diffu-
sion length, and ease of fabrication.'!] Tt is also worth noting
that, due to these properties, lead-based halide perovskites can
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also be used as charge transport layers in organic and perovskite
LEDs.['71%] Tn 2016, Tian et al., described the first organometal
halide perovskite used as HTL in highly efficient OLEDs.!"®! It has
already been reported the high carrier mobility of lead chloride
perovskites, in single crystals (cesium lead chloride (CsPbCl;),
ca. 30 cm? V! s1)[%) and in polycrystalline films (methylammo-
nium lead chloride (CH;NH,;PbCl,), ca. 1 cm? V! 1).[12] [n par-
ticular, CH;NH,PbCl; has been used as a transport layer due
to its high carrier mobility, higher than common semiconduct-
ing polymers, and its transparency to visible light as a result of
its wide bandgap (3.04 eV). Using perovskites as transport lay-
ers has the advantage of allowing for thicker devices, which suf-
fer less from relative variations in layers’ thickness, and shunt-
ing paths between electrodes. This is beneficial from the indus-
trial processing point of view as it results in a higher produc-
tion yield and better reproducibility.'?] It has also been shown
that the use of CH;NH,PbCl; as HTL in perovskite LEDs im-
proved the performance of the devices. Particularly, a 300 nm
layer of CH;NH,PbCl, before a 350 nm thick cesium lead bro-
mide (CsPbBr;) active layer increased the current efficiency (from
11.03 t0 20.71 cd A?) and the lifetime of devices,!*] while com-
bining the CH;NH,PbCl; with methylammonium lead iodide
(CH;NH;Pbl;) active layers resulted in higher EQEs (from 7.9
to 10.7%).1'*] Finally, recent reports of OLEDs with micrometer-
scale thick evaporated CH;NH,PbCl; perovskite charge trans-
port layers showed that they can be as efficient as conventional
OLEDs.[2]

In this work, we report proof-of-concept organic light-emitting
devices combining the advantage of using a cost-effective un-
doped ultrathin iridium complex emitting layer with vacuum-
processed thick perovskite hole transport layers. In particular, in-
organic CsPbCl, is used as HTL. A facile strategy to passivate
trap states is implemented via the deposition of the precursor ce-
sium chloride (CsCl) before and after the perovskite deposition.
The ultrathin active layer is studied and optimized. We fabricate
devices incorporating perovskite HTLs up to 1000 nm with high
luminance, high efficiency and a small efficiency roll-off. Semi-
transparent devices are also prepared using a top ITO electrode
deposited by pulsed laser deposition with very good transmission
and excellent color rendering index.

2. Results and Discussion

2.1. Thermally Evaporated Perovskite Hole Transport Layers

As a first step, the possibility of fabricating a CsPbCl; per-
ovskite charge transport layer via simultaneous thermal evapora-
tion of the perovskite precursors (CsCl and PbCl,) is explored.
To prevent unwanted absorption by the perovskite HTL layer,
chloride perovskite is used due to its transparency in the vis-
ible range (Figure S1, Supporting Information), as opposed to
bromide or iodide perovskites.['”] CsPbCl, is selected instead
of CH,;NH,PbCl; used in previous reports since evaporating
methylammonium chloride (CH;NH,Cl) for hybrid perovskite
hinders high vacuum due to its intrinsic volatility.['?] A vacuum
dry process is chosen as it allows for a greater control of the thick-
ness and it is more easily transferable to the industry when com-
pared to solution-process methods.
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However, halide vacancy in lead chloride perovskites induces
deeper trap states compared to iodide and bromide perovskites,
making it highly crucial to suppress these chloride vacancies
to prevent degradation originating from trap states during de-
vice operation.l'¥1%! Since cesium halide precursors are able
to passivate the interfacial defects of inorganic perovskites,?!
thin CsCl layers (2 nm) are inserted before and after the
co-evaporated CsPbCl, layer. This stack, CsCl/CsPbCl,/CsCl,
will be referred to as modified CsPbCl, (m-CsPbCl) for
simplicity. The modified perovskite surface deposited on
a poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PE-
DOT:PSS) covered glass substrate was characterized by means of
atomic force microscopy (AFM) (Figure 1a). The images reveal an
estimated mean roughness of 5.7 nm. The photoluminescence
(PL) spectra of 200-nm CsPbCl, and m-CsPbCl, films were mea-
sured, showing that the PL peak of m-CsPbCl, is improved by
almost two times (7200 vs4000 counts), proving that the surface
defects are reduced by the excess CsCl on interfaces (Figure 1b).
In addition, the XRD pattern (Figure 1c) of m-CsPbCl, layers
shows two extra peaks at 15.8 ° and 31.8 °, which can be indexed
as (100) and (200), besides the peak at 22.3 ° (101) present in the
pristine CsPbCl, film. This difference indicates that the seeding
CsCl layer exerts a significant influence on the subsequent crys-
tal growth of the deposited CsPbCl, layer. Specifically, it suggests
that the presence of the CsCl layer induces preferential crystal
growth along the axis denoted by the first crystallographic index.
CsPbCl, films with just a 2 nm CsCl layer on top (CsPbCl, /CsCl)
showed an XRD pattern identical to that of pristine CsPbCl, films
(without the intense (100) and (200) peaks) and lower PL inten-
sity than the CsCl/CsPbCl,/CsCl stack, showing the importance
to add CsCl on both interfaces to passivate the surface defects
(Figure S2, Supporting Information).

2.2. Devices with Perovskite HTL and Ultrathin Emissive Layer

Next, devices comprising the m-CsPbCl; hole transport layers
are fabricated with the following architecture: ITO (150 nm)
/PEDOT:PSS (30 nm)/m-CsPbCl; (200 nm)/mCP (20 nm)
/1x(ppy),acac (0.03 nm)/PO-T2T (60 nm)/Ba (5 nm)/Ag (70 nm).
mCP, Ir(ppy),acac and PO-T2T stand for 1,3-bis
(N-carbazolyl)benzene,  bis[2-(2-pyridinyl-N)phenyl-C](acetyla
cetonato)iridium(IIl) and  2,4,6-tris[3-(diphenylphosphinyl)
phenyl]-1,3,5-triazine, respectively (Figure S3, Supporting
Information). To highlight the role of the perovskite transport
layer, a control device without it was also fabricated. The emitter,
Ir(ppy), (acac), is selected as it has shown very promising results,
both in a host-guest active layer matrix with ~#100% internal
phosphorescence efficiency,?!! as well as in ultrathin emissive
layer of a spacer-free white OLED.’! mCP and PO-T2T are
selected as HTL/exciton blocking layer??! and ETL, respec-
tively, as they have shown in the past very efficient exciplex
formation.[2*?*1 All layers, except PEDOT:PSS are thermally
evaporated.

The energy band diagram of the devices can be seen in
Figure S4 (Supporting Information). For a detailed description
of the fabrication process see the Experimental section and a
schematic in Figure S5 (Supporting Information). Notably, no
host material had to be simultaneously co-evaporated with the
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Figure 1. a) AFM topographic image of a thermally deposited m-CsPbCl; thin film on glass/ITO/PEDOT:PSS and the 3D view of the profile. b) Enhanced
photoluminescence and c) XRD patterns of 200 nm-thick CsPbCl; with (modified) and without (pristine) excess CsCl on top and bottom interfaces.

Ir complex. The simplicity of single-source evaporation of the
emissive layer is indeed one of the advantages of ultrathin un-
doped emitting layers. The nominal chosen thickness of the emit-
ting layer (0.03 nm) is the result of a thickness-dependent ef-
ficiency study, where devices with higher thicknesses (0.3 and
1 nm) performed equally well at low luminance values (<10 cd
m?) but showed more significant efficiency roll-off at higher lu-
minance values (Figure S6, Supporting Information), probably
due to triplet-triplet annihilation (TTA) becoming more promi-
nent as the distance between the emitting molecules becomes
progressively shorter. A further reduction in thickness, despite
being advisable from a material cost perspective, would end
up lowering the efficiency due to less efficient exciton utiliza-
tion or could shift to a more bluish emissive color, as already
reported.l’!

The devices were first characterized by scanning electron mi-
croscopy (SEM), which not only confirmed the layers’ thicknesses
but also gave additional information about the perovskite film
morphology (Figure 2a). The film cross-section evidences large
vertical grains arranged in a compact and void-free manner, oc-
casionally extending vertically throughout the layer, from top to
bottom. Furthermore, the upper and lower surfaces of the thin
film appear to be flat, which is notable considering the polycrys-
talline nature of CsPbCl; and is desirable toward the prevention
of shunting paths.

The devices had a low turn-on voltage (3.3 V for 1 ¢d m?),
achieved a peak luminance of 15145 cd m (at 15.2 V) (Figure 2b)
and a peak efficiency of 52.9 ¢d A (at 375 cd m?), which cor-
responds to an EQE of 14.3%, with negligible efficiency roll-off
(49.8 cd AT at 1000 cd m??) (Figure 2c). The low turn-on voltage is
characteristic of exciplex OLEDs, as electrons on the lowest un-
occupied molecular orbital (LUMO) of the ETL and holes of the
highest occupied molecular orbital (HOMO) of the HTL recom-
bine bimolecular, and indicate that mCP:PO-T2T allows for ef-
ficient exciplex-based emission in our system.l?’] Green-yellow
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emission from the phosphorescent Ir(ppy),(acac) was observed
(inset in Figure 2d), suggesting that charge recombination pri-
marily occurs in the emitting layer. The detailed shape of the
electroluminescence spectrum (peak at 557 nm, with a shoul-
der ~528 nm) is comparable to that of other Ir(ppy), (acac)-based
OLEDs,!?l with small deviations attributable to differences in the
relative average orientation of the emissive dipoles (and possibly
on the viewing angle). In any case, the EL spectra of the device
driven at different voltage values (Figure 2d) indicate an immedi-
ate transfer of energy from the excitons generated between mCP
and PO-T2T to Ir(ppy),(acac), without saturation of the green
emission with triplet excitons even with increasing driving volt-
age. Consequently, the Commission International de 'Eclairage
(CIE) color coordinates of (0.40, 0.58) are quite stable for bright-
ness increasing to over 10 000 cd m (Figure S7, Supporting In-
formation). Moreover, the electroluminescence spectrum shows
no sign of radiative recombination in the perovskite layer, in ac-
cordance with its wide bandgap, the efficient energy transfer to
the emitting layer,'>! and the role of mCP as an electron blocking
layer(??] (energy diagram in Figure S4, Supporting Information).
The operational lifetime of the devices was also measured, by ap-
plying a constant current density of 20 A m?, equivalent to an
initial luminance of 400 cd m?, finding an LT, value (defined as
the time it takes the device to reach a luminance value that is 50%
of the initial one) of ~3 h (Figure S8, Supporting Information).
In comparison, control devices had a much higher turn-on
voltage (5.5 V) and a lower efficiency (19.2 c¢d A7). Their JVL
characteristics (Figure S9, Supporting Information) reveal that
leakage current is the reason for the lower efficiency, which is
caused, in turn, by the decrease in the overall device thickness
bound to the use of an ultrathin emitting layer.!?) Simultane-
ously, the higher turn-on voltage can be associated with a big in-
terface barrier for hole injection. In other words, the perovskite
transport layer not only suppresses leakage current and alleviates
the formation of shunting paths, but also offers a small staircase
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Figure 2. a) A cross-sectional scanning electron microscopy (SEM) image of the devices. b) Current density and luminance versus voltage and c) Current
efficiency and EQE of devices with two different perovskite HTL thicknesses, 200 nm (red) and 1000 nm (blue). d) Normalized electroluminescence
spectra of devices with a 200 nm thick perovskite HTL driven at different voltage values. Inset: photo of the device in its ON state.

interface barrier for hole injection from the hole injection layer
into the exciton blocking layer.

In order to leverage the advantageous carrier mobility of per-
ovskite materials, devices with a 1000 nm-thick perovskite trans-
port layer were also fabricated. The increment in thickness in-
creased the operating voltage (5.0 V for 1 cd m?, Figure 2b) but
left the current efficiency and EQE unchanged within the exper-
imental error (54.1 cd A! at the peak, 51.0 cd A at 1000 cd m?,
Figure 2c), confirming that CsPbCl, is not only suitable for thick
transport layers but also less sensitive than organic materials to
thickness changes.

To assess the effect on the device performance of the CsCl pas-
sivating layers in the m-CsPbCl, HTL, a device using pristine
CsPDbCl; was also prepared. The device reached a peak current
efficiency of 30.7 cd A (at a much lower luminance of 1.8 cd
m?), which confirms the beneficial role of vacancy passivation
(Figure S10, Supporting Information). The XRD data, together
with the cross-sectional SEM picture, hint at another possible rea-
son for the better performance of the devices containing the CsCl
passivation layers. While in a cubic phase, the carrier mobility is
isotropic along the three unit cell dimensions, CsPbCl; exists in
the orthorhombic phase below 315 K.[?] Assuming the mobil-
ity is higher in the direction parallel to the crystallographic axis
denoted by the first index, charges would be transported more
easily across the layer where both the grains and the unit cell are
oriented vertically with respect to the substrate plane.

2.3. Role and Nature of the Ultrathin Emitting Layer

By means of high-resolution AFM images, it has been previously
observed that the roughness of organic surfaces increases as ul-
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trathin emissive layers are deposited onto them.[?®! To verify if
this also applies to our Ir(ppy),(acac) ultrathin layers, AFM to-
pographic images of the films mCP (20 nm)/Ir(ppy),(acac) (0,
0.03 nm) were acquired and are shown in Figure S11 (Supporting
Information). An increase in root mean square roughness (S,) is
observed (from 0.3 to 0.6 nm), which confirms that the growth of
Ir(ppy), (acac) layers also takes place via an island growth mode
due to the molecular aggregation. Moreover, we expect that the
deposition of the emitter molecules not only increases the sur-
face roughness but also leads to a slightly less hydrophobic sur-
face. To further confirm that, contact angle measurements were
performed as a qualitative way to estimate how hydrophilic a sur-
face is. Briefly, a drop of water is placed on the film and the
angle formed by the drop at the three-phase boundary is mea-
sured. If the external angle is considered, the larger the value,
the more “wettable” the surface is. In the case of water, high val-
ues correspond to hydrophilic surfaces. Four different surfaces
were tested: plain glass after ozone treatment and three 20 nm-
thick mCP films. On two of them, different thicknesses of Ir com-
plex were thermally deposited, namely 0.03 and 2 nm. The re-
sulting images are shown in Figure 3. Assuming Ir(ppy),(acac)
is more hydrophilic than mCP by virtue of its zwitterionic na-
ture, it would be reasonable to expect that a thick layer of Ir com-
plex on top of an mCP layer would be more polar. This is indeed
what is seen, a thicker 2 nm layer of Ir(ppy), (acac) on top of mCP
compared to the pure mCP layer presents a higher contact angle,
104.1° versus 92.6°, respectively. However, when the deposited Ir
complex layer is ultrathin (0.03 nm) the contact angle is similar
to that of the mCP layer, concluding that the Ir(ppy),(acac) is not
in the form of a neat layer. This is beneficial for reducing molec-
ular aggregation and eliminating concentration quenching and
is in agreement with what has been previously proposed.[*!
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Figure 3. Photographs and results of contact angle measurements carried out on films: a) Glass. b) Glass/mCP. c) Glass/mCP/Ir(ppy), (acac) (0.03 nm).

d) Glass/mCP/Ir(ppy), (acac) (2 nm).

Despite being in the form of isolated islands, ultrathin-
emitting layers can affect charge transport considerably. To
demonstrate this, identical devices were prepared but with-
out Ir(ppy),(acac). Their JVL scans look substantially different,
with much lower current densities at higher voltages (Figure
S12a, Supporting Information). The ultrathin luminescent ma-
terial film not being continuous represents a special 2D dop-
ing effect, where the materials on both sides of the introduced
ultrathin layers can be considered as the host, while the in-
serted ultrathin layers can be regarded as the guest.?’! More-
over, as already mentioned, the mCP:PO-T2T pair used in this
work is known to be able to efficiently form exciplexes in bi-
component mixed films,% that is, intermolecular excited states
of donor—acceptor complexes. Therefore, in the presence of the
Ir(ppy), (acac) film, the excitons are primarily formed on the exci-
plex host (donor:acceptor) and then the energy is efficiently trans-
ferred from the exciplex to the dopant, which is made possible
by the higher T, level of the exciplex compared with that of the
dopant and by a suitable overlap between the emission of the ex-
ciplex and the absorption of the dopant.l?!! Without the Ir emit-
ter, the exciplexes that form from accumulated charge carriers
at the interface between mCP and PO-T2T cannot transfer their
energy, and while they are still able to decay radiatively, they do
so with a lower efficiency and with an inevitable feature-less and
wide emission spectrum (Figure S12b, Supporting Information).
The wavelength around which the emission is centered (531 nm)
corresponds to the energy gap between the HOMO of mCP and
the LUMO of PO-T2T (see the energy band diagram, Figure S4,
Supporting Information). Moreover, the emission spectra of such
devices are characterized by a second peak at 439 nm, whose rela-
tive intensity increases with progressively higher driving voltages
(Figure S12c¢, Supporting Information), and hence affects the CIE
color coordinates versus voltage (Figure S12d, Supporting Infor-
mation). This peak can be attributed to the radiative recombina-
tion of the carriers happening in the perovskite layer, which be-
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comes more prominent when the emission from the mCP/PO-
T2T exciplexes gets saturated.

2.4. Transparent Devices with Perovskite HTL

The transparency of the organic thin films and the perovskite
transport layers used in these OLEDs also allows for the devel-
opment of transparent devices, where light can travel and exit
in both directions, provided that they use transparent electrodes
at both ends. They could then be used to provide information
overlays without obstructing views in smart windows, dynamic
advertising, augmented reality displays, and innovative architec-
tural designs, just to name a few potential applications.[*?* Con-
ductive oxides like indium tin oxide (ITO) or indium zinc oxide
(IZO) can be used as top electrodes for this purpose, but the de-
position of the top contact can cause sputter damage on the un-
derlying layers.3>] To solve this problem, a resistant metal buffer
layer can be used to prevent plasma damage. Of course, the pres-
ence of a metal top electrode in the resulting OLED inevitably
lowers transmittance, but this decrease can be limited by reduc-
ing the thickness of the metal layer to the bare minimum. Hence,
to demonstrate transparent OLEDs a device with a 1000 nm-
thick perovskite transport layer, and a Ba (5 nm)/Ag (5 nm)/ITO
(135 nm) top cathode was fabricated, where the ITO was pro-
cessed via pulsed laser deposition (PLD). The full stack was:
ITO (150 nm)/PEDOT:PSS (30 nm)/m-CsPbCl, (1000 nm)/mCP
(20 nm)/Ir(ppy),acac (0.03 nm)/PO-T2T (60 nm)/Ba (5 nm)/Ag
(5 nm)/ ITO (135 nm). A transmission between 40% and 70%
was obtained across the visible spectrum, from 410 to 700 nm,
with an average visible transmittance (AVT) value of 50.2%. How-
ever, the transmission spectrum is far from being flat (Figure 4a),
as it is actually dominated by an evident interference pattern. To
investigate its origin, the transmittance of the stack was mea-
sured after the deposition of each individual layer (Figure S13a,
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Figure 4. a) Transmittance spectrum for the transparent device with a thin protective metal layer and a 1000 nm-thick perovskite HTL. b) Current density
and luminance from either side versus voltage of the same device. c) Photo of the device in both the OFF and ON states.

Supporting Information). The resulting detailed transmittance
analysis reveals that it is the perovskite transport layer, by virtue
of its large thickness comparable with the wavelength of visible
light, that causes the interference pattern to appear in a region
of the spectrum region below its bandgap. This property, which
is typical of thick perovskite layers,[*) is beneficial though, as it
allows for the perovskite layer’s thickness to be used as an addi-
tional tuning parameter to adapt the proportion of light exiting
each side depending on the specific application and needs. In
fact, in practical applications, such as architectural window glass
and mobile surfaces, aesthetics also play an important role. The
quantitative assessment of aesthetic quality can be based on two
primary metrics: the AVT and the color rendering index (CRI).[”]
The CRI is used in the window business to measure how well
colors look when sunlight comes through windows, compared
to seeing them without any window coverings. Using the trans-
mittance spectrum of the transparent OLED as input data,[38 it
was possible to calculate a CRI of 82.31. This value, lower than
100 but still higher than 80, indicates a slight distortion of the
color of the transmitted light and is due to a non-flat absorption
spectrum over the visible range. More details can be found in the
CIELAB color space coordinates (a*, b"). Their calculated value
for the devices in question are negative (—1.70 and —12, respec-
tively) and thus specify greenish/bluish tones (Figure 4c), which
are often preferred for modern windows over glass with reddish
or yellowish tones. Finally, the same detailed transmittance anal-
ysis used to pinpoint the origin of the interference pattern also
shows that the largest loss in transmittance is due to the presence
of the strongly absorbing metal layers. To confirm this, a device
with a 10-nm-thick silver layer was also made. This small increase
in thickness lowers the transmission significantly (as low as 20%
at 475 nm), weighing against any potential increase in conductiv-
ity or efficiency. On the other hand, further optimization of the
top ITO electrode deposition conditions might even enable direct
damage-free deposition onto the organic layers, beneficial for in-
creased transparency.

Then, the JVL characteristics of the devices were consid-
ered, with the luminance measured simultaneously from the top
(Ba/Ag/ITO) and the bottom (glass/ITO) side (Figure 4b). The
peak luminance of the semitransparent device reaches a value of
1453 ¢d m? when measured from the bottom side and 829 cd m*?
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from the top side. While the obtained values are still high enough
to guarantee a very strong on/off contrast in conjunction with the
high transparency (Figure 4c), they are significantly lower than
what is obtained for the “opaque” device (slightly over 15 000 cd
m?). This is partially due to the lower charge injection and cur-
rent density, but also to a lower peak efficiency of 41.3 cd A'! (EQE
=11.2%, Figure S13b, Supporting Information) considering both
top and bottom emission together, which in turn might be the re-
sult of lower efficiency in light extraction. Photon outcoupling, to-
gether with partial absorption and reflection by the metal layers,
also explains the difference between peak top and bottom lumi-
nance: on the top side, light is constrained within the oxide layer
due the large contrast in indices between the top ITO (for com-
mercial ITO the reported refractive index is generally 1.8) and air,
but for the bottom emission, light must pass through glass as well
before escaping from the device, whose index of refraction (x1.5)
is intermediate between ITO and air.**%

3. Conclusion

In summary, we fabricated efficient sub-nanometer iridium
complex-based OLEDs incorporating inorganic CsPbCl; per-
ovskite hole transport layers processed by vacuum deposition.
The interfaces of the perovskite were modified by depositing a
precursor of the perovskite (CsCl) which improved the photolu-
minescence and electroluminescence, an evidence of interface
defect passivation. The ultrathin active layer growth was ana-
lyzed, and the thickness was optimized. This resulted in devices
with low turn-on voltages (3.3 V), high luminance (over 15 000 cd
m?), and efficiencies (up to 52.9 cd A!) with very low efficiency
roll-off in the display-related luminance ranges. We made full use
of the transparency and high conductivity of halide perovskites
by making the devices thicker and transparent, with an AVT of
over 50% and a CRI of 82.3, while maintaining a very good effi-
ciency (41.3 cd A!). The small sensitivity of device performance
with respect to perovskite layer thickness alleviates the need for
precise thickness control, while the transparency of devices en-
ables new possible applications. The perovskite indirectly plays a
fundamental role in setting free the full potentialities of ultrathin
emissive layers for cost-effective, host-free OLEDs.
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4. Experimental Section

Materials: Cesium chloride (CsCl, 99.999%) was purchased from
Sigma—Aldrich. Aqueous poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) dispersion was obtained from Clevios (P VP
Al 4083). Organic materials (1,3-bis(N-carbazolyl)benzene, bis[2-(2-
pyridinyl-N) phenyl-C](acetylacetonate) iridium (Ill) and 2,4,6-tris[3-
(diphenylphosphinyl)phenyl]—1,3,5-triazine) and lead chloride (PbCl,,
99.999%) were purchased from Lumtec. All the reagents except for PE-
DOT:PSS were stored under an N, filled atmosphere.

Sample and Device Preparation: Pre-patterned 150 nm thick indium
tin oxide (ITO)-coated glass plates (3 cm X 3 cm) were used as transpar-
ent conductive substrates. They were subsequently cleaned ultrasonically
in tap water-detergent, deionized water, and 2-propanol baths for 5 min.
After drying, the substrates were placed in a UV-ozone cleaner (Jelight
42-220) for 15 min. The ITO substrates were coated with PEDOT:PSS so-
lution (2000 rpm for 60 s), resulting in 30 nm. The thickness of the PE-
DOT:PSS layer was determined with an Ambios XP-1 profilometer. The
PEDOT:PSS films were thermally treated at 150 °C for 10 min. These sub-
strates were transferred to the vacuum chamber, where CsPbCl;, mCP,
Ir(ppy)2acac, PO-T2T, Ba and Ag were thermally deposited according to
the previous report.[*1l Layers referred to as m-CsPbCl; included 2 nm
CsCl interlayers before and after the CsPbCl; layer. The perovskite HTLs
were thermally annealed at 120 °C for 10 min before the deposition of
the subsequent layers. The vacuum evaporation rates were 0.135, 0.06,
0.001, 0.1, and 0.05 nm s~ for the perovskite, HTL, EL, ETL and cathode,
respectively, with the background pressure being ~3 x 107° bar. In the de-
vices with TAPC as HTL, the vacuum evaporation rate was 0.06 nm st
Shadow masks were used during the metal evaporation to obtain a final
active area of 6 mm?. The same masks used for metal deposition were
also used during the pulsed laser deposition of ITO. For that, a Solmates
large area 200 mm pulsed laser deposition (PLD) system coupled with a
Lightmachinery IPEX-700 KrF excimer laser (4 = 248 nm) with a repetition
rate of 25 Hz and a fluence of 1.5-1.7 ]-cm~2 was used. This PLD tool was
controlled by a constant injection of an oxygen/argon gas mix, operated
at room temperature and was coupled to a N, glovebox so that devices
would not be exposed to water vapor or O, after the ITO deposition and
before the characterization. The source material for ITO deposition was a
Sn:In,O; ceramic target with 2:98 wt.% and the chamber pressure was set
to 0.033 mbar.

Photophysical Measurements: The absorbance, transmittance, photo-
luminescence, and electroluminescence spectra were measured with an
Avantes AvaSpec-2048L spectrometer equipped with an Avantes Avalight-
DS-S-BAL deuterium halogen light source and optic fibers. For photolu-
minescence measurements, films were illuminated with a diode laser of
integrated optics, with an emission wavelength of 375 nm.

X-Ray Diffraction: The crystalline structure of the perovskite film was
studied by XRD. The patterns were collected in Bragg—Brentano geometry
on an Empyrean PANalytical powder diffractometer with a copper anode
operated at 45 kV and 40 mA and then analyzed with High Score software.

Atomic Force Microscopy and Scanning Electron Microscopy: AFM mea-
surements were performed with a Bruker MultiMode 8 AFM equipped
with a NanoScope V AFM controller. Images were acquired in tapping
mode using silicon tips with a natural resonance frequency of 300 kHz
and with an equivalent constant force of 40 N-m™". The scan rate was ad-
justed during the scanning of each image (0.1-1 Hz, 512 samples/line).
Images were treated with Gwyddion SPM data analysis software.[*?] Scan-
ning electron microscopy (SEM) was performed with a Hitachi S8010
ultra-high-resolution scanning electron microscope (Hitachi High-Tech
Corporation).

OLEDs Characterization: After full device fabrication, the samples
were introduced into a setup for a current density and luminance versus
voltage (J-V-L) scan. For this, a Keithley 2400 Source-Meter and a photo-
diode coupled to a Keithley 6485 picoammeter was employed. A LabVIEW
program was used to control the Keithleys and to obtain the data. For the
transparent devices, two equidistant photodiodes, by the two sides of the
same pixel, paired up with two identical picoammeters were employed.
The photodiodes were calibrated using a Konica Minolta LS-150 equipped
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with a 110 close-up lens for the measurement of small areas and controlled
through the CS-S20 Data Management Software.

Supporting Information

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