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ABSTRACT: The present study is aimed at investigating the solid state
reduction of a representative series of Keggin and Dawson polyoxometalate
(POM) films in contact with a metallic (aluminum) electrode and at
introducing them as highly efficient cathode interlayers in organic
optoelectronics. We show that, upon reduction, up to four electrons are
transferred from the metallic electrode to the POM clusters of the Keggin
series dependent on addenda substitution, whereas a six electron reduction

was observed in the case of the Dawson type clusters. The high degree of
their reduction by Al was found to be of vital importance in obtaining
effective electron transport through the cathode interface. A large improvement in the operational characteristics of organic light
emitting devices and organic photovoltaics based on a wide range of different organic semiconducting materials and
incorporating reduced POM/AI cathode interfaces was achieved as a result of the large decrease of the electron injection/
extraction barrier, the enhanced electron transport and the reduced recombination losses in our reduced POM modified devices.

Bl INTRODUCTION

In view of increasing environmental and economic pressure to
use renewable sources for energy and lighting applications,
optoelectronic devices based on organic semiconductors
(OSCs) look like potentially attractive technological tools.
This could explain the current rapid development of organic
photovoltaics (OPVs) and organic light emitting diodes
(OLED:s) as they offer the promise of low-cost flexible solar
cells, displays, and light sources that have the potential to be
manufactured on large-area plastic substrates.' ® One of the
key elements for improving efficiencies in organic optoelec-
tronics is finding suitable cathode electrode materials to replace
the reactive low work function metals, such as calcium or
magnesium, that are typically used to either inject electrons into
or extract electrons from the lowest unoccupied molecular
orbital (LUMO) of a given OSC.>~"! Several approaches have
been explored the most common of which is the use of an
electron transport material between a higher work function but
air stable cathode electrode (such as aluminum, Al) and a
semiconducting layer in the device. Common examples of this
approach have included n-type metal oxide films, such as ZnO
and TiO,,"*™"° chemisorbed self-assembled monolayers
(SAMs) of dipolar molecules,'®™"* aggregates of porphyrin/
phthalocyanine derivatives,'”*® inorganic based modifiers, such
as Cs,CO;,>' conjugated polyelectrolytes,”>** and polar
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solvents,”*** which can substantially enhance electron

injection/extraction rates when spin-coated onto the OSC
surface. All these materials, which are chemically or physically
adsorbed onto the OSC surface, are chosen in such a way as to
exhibit solution processability, adequate electronic conductivity
and create strong interface and/or molecular dipoles that
induce a vacuum-level shift and modify the work function of the
OSC underneath.”®

It is therefore straightforward to conclude that our ability to
manipulate the structure and functions of novel materials at
wish carries the prospect of applications previously not
considered in the realm of organic optoelectronics technology.
Nevertheless, while evolutionary materials and methods seem
the most fertile approach for novel devices such as organic
optoelectronics, the capabilities of de novo design are
expanding. And emerging applications of already existing
materials may be a key tool for materials science in the century
ahead. Polyoxometalates (POMs), for instance, are a well-
known large group of clusters with frameworks built from
transition metal oxo anions linked by shared oxide ions, first
reported by Jons Jacob Berzelius in 1826.°”*® Their precise
molecular structure was first unraveled by J. F. Keggin in
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1933,%° while, nowadays, it has been confirmed that virtually all
[XM,,0,40]"" -type POMs (X = P, Si, Al, etc; M = Mo,W, V,
etc.) feature the so-called Keggin structure, where a central
XO0,*" tetrahedral group is surrounded by 12 fused MOy
octahedrons sharing oxygens at their edges or vertices. Other
relevant POM structures, such as the larger Dawson
([X;M4Og,]"") structure, have been extensively studied as
well. >~ In recent years, thanks to combined experimental and
theoretical efforts, a variety of POMs properties are fairly well
understood. > ** One of the most intriguing properties of
POM clusters is their high ability to accept a large number of
electrons with minimal structural modifications, a pr%perty that
enables them to play an important role as catalysts,3 7 single-
molecule magnets38 and, recently, as cathode-active materials in
rechargeable batteries.®”** This property also means that
POMs have the potential for the design of molecular clusters
capable of high reduction, which enables the delocalization of a
large number of electrons allowing them to play an important
role as excellent electron conductors in electronic devices.
Previously, our group introduced the use of the Keggin
phosphotungstic acid (H3;PW,0,) as a novel electron
injection/extraction layer in OLED/OPV devices,‘”’42 whereas
Y. Yang et al. also demonstrated enhanced photovoltaic
response when incorporating a polyoxometalate into a
phthalocyanine-sensitized electron extracting electrode.* On
the other hand, other POMs have been recently incorporated
by other groups as hole extraction layers in organic solar
cells.**™* The improvement of the devices efficiency was
ascribed to the fine energy level matching and to suppressed
charge recombination at the anode contact. Note that in those
cases all POMs exhibited their metallic addenda atoms in their
fully oxidized state. These conflicting results raise the question
of which members of the plethora of POM clusters and under
what conditions may find successful application as interelec-
trode materials in organic optoelectronics.

We report here on the preparation of efficient electron
transport interlayers consisting of highly reduced POM clusters
spin coated from a methanol solution between the organic
active layer and Al electrode for application in organic
optoelectronics. A high degree of reduction was enabled for
POMs via spontaneous electron transfer from the Al electrode
to their low lying lowest unoccupied molecular orbital
(LUMO). We report remarkable enhancement of OLEDs
and OPVs efficiency when using the reduced POM/AI
cathodes, which was attributed to the formation of an Ohmic
contact thus promoting electron injection/transport and the
suppression of recombination losses. Our methodology was
used in several state-of-the-art devices including OLEDs based
on the green emitting poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-
(1,4-benzo-{2,1',3}-thiadiazole)] (F8BT) and a wide range of
OPYV devices based on photoactive layers composed of mixtures
of a polymer donor, such as poly(3-hexylthiophene) (P3HT),
poly[ (9-(1-octylnonyl)-9H-carbazole-2,7-diyl)-2,5-thiophenedi-
yl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl]
(PCDTBT) or poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b’]dithiophene-2,6-diyl}{3-fluoro-2-[ (2-ethylhexyl)-
carbonyl] thieno[3,4-b]thiophenediyl}) (PTB7), and a full-
erene acceptor, such as [6,6]-phenyl C71 butyric acid methyl
ester (PC,;BM).

B EXPERIMENTAL SECTION

Preparation of POM Materials and POM Films. The Keggin
POMs H,SiW,0,, (hereinafter referred to as POM 1), H;PW,,0,,
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(POM 2) and H;PMo,,0,, (POM 4) were purchased from Sigma-
Aldrich. The mixed addenda H;PV,W,,0,, (POM 3) and Dawson
POMs (NH,)¢P,W;30¢, (POM S) and (NH,)sP,Mo,30¢, (POM 6)
were prepared according to the literature.*” POM films were deposited
via spin coating at 6000 rpm for 30 s from a methanol (MeOH,
obtained from Sigma-Aldrich) solution. The concentration of Keggin
POMs was optimized at 10 mg/mL (for efficient device operation),
while that of the Dawson POMs was 5 mg/mL, resulting in the
formation of relatively smooth films with a thickness of 2—3 nm.

Devices Preparation. All solution processed OLEDs and OPVs
were fabricated on oxygen plasma-cleaned indium tin oxide (ITO)
coated glass substrates. Substoichiometric molybdenum oxide (MoO,)
films about 20 nm thick were deposited via a recently reported
solution processing method,*® to serve as anode interfacial layers to
improve hole injection. Next, in OLED devices, an ~80 nm thick layer
of the green-yellow emitting polyfluorene copolymer F8BT (obtained
from American Dye Source Inc.) was spin-cast on MoO,, from an 8
mg/mL chloroform solution. Prior to spin coating, the polymer
solution was filtered using a 0.20 ym PTEE filter. After spin coating,
the emissive layer was annealed at 85 °C for 10 min in air. Next, a thin
POM interlayer (~2—3 nm) was deposited from a methanolic solution
on the polymer film to serve as the electron conducting (injecting)
layer in the OLED configuration. OPV devices were fabricated on
oxygen plasma-cleaned ITO-coated glass substrates (2 X 2 cm?), which
served as the anode electrode. The MoO,, hole extraction layer with a
thickness of approximately 20 nm was then deposited, followed by an
approximately 100 nm photoactive layer. The active layer consisted of
either P3HT:PC;BM blend (1:0.8 wt % ratio) or PCDTBT:PC,,BM
(1:4 wt % ratio) or PTB7:PC,BM (1:1.5 wt % ratio) and it was spin-
cast on top of the MoO, interlayer from a 20 mg mL™" chlorobenzene
solution (+3% 1,8-diiodoctane (DIO) for the PTB7-based blends).
After spin coating, the active layer was annealed either at 130 °C
(P3HT:PC,,BM) or at 70 °C (PCDTBT:PC,,BM and
PTB7:PC,;BM) for 10 min in air. Then, a ~2—3 nm POM interlayer
was inserted to serve as the electron extraction layer. The devices were
completed with a 150 nm thick aluminum anode, deposited in a
dedicated chamber. All chemicals were purchased from Sigma-Aldrich
and used with no further purification.

Measurements and Instrumentation. The current density—
voltage characteristics of the fabricated OLEDs and OPVs were
measured with a Keithley 2400 source-measure unit. Luminance and
electroluminescence (EL) spectra were recorded with an Ocean Optics
USB 2000 fiber optic spectrophotometer, assuming a Lambertian
emission profile (for luminance measurements). For the photocurrent
measurements the OPV devices were illuminated with a xenon lamp
and an AML.5G filter to simulate solar light illumination conditions
with an intensity of 100 mW/cm? To accurately define the active area
of all devices we used aperture masks during the measurements with
areas equal to those of the Al contacts (12.56 mm?). The
measurements were performed in air and at room temperature.
Absorption measurements were taken using a PerkinElmer Lampda 40
UV/vis spectrophotometer. The thickness of the organic and the
POM films was measured with an Ambios XP-2 profilometer and a
M2000 Woolam ellipsometer, respectively. For the chemical analysis
of the pristine POMs, samples were prepared by spin coating a ~10
nm POM film onto a p-type Si substrate, whereas for the analysis of
the reduced POMs films were deposited on p-type Si substrates
covered with a thin (~10 nm) Al layer. The analysis was performed
with X-ray photoelectron spectroscopy (XPS) measurements with a
hemisherical analyser Leybold EA 11. The spectra were obtained after
excitation using Mg Kar (1,253.6 eV) radiation of a twin anode in a
constant analyzer energy mode with pass energy of 100 eV. All binding
energies were referred to the C 1s peak at 284.8 eV and to the O 1s
peak at 530.2 eV of the surface adventitious carbon and oxygen,
respectively. The stoichiometry of POMs was estimated using the
XPS-measured W 4f, Mo 3d and V 2p core levels, respectively, and the
corresponding O 1s photoemission peaks. To this extent, the areas
under the photoemission peaks were integrated by fitting the O 1s and
W 4f (or Mo 3d, V 2p) spectra with asymmetric Gaussian—Lorentzian
curves. The raw data, after a Shirley background subtraction, were
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fitted by a nonlinear least-squares routine using peaks with a mix of
Gaussian and Lorentzian shapes. The error is estimated at +10% in all
the XPS-derived atomic percentages. For the determination of valence
band and work function of POMs ultraviolet photoelectron spectros-
copy (UPS) measurements were performed using the He I (21.22 eV)
excitation line. A negative bias of 12.28 V was applied to the samples
during UPS measurements in order to separate the sample and
analyzer high binding energy (BE) cut-offs and estimate the absolute
work function value from the secondary electron cutoff region of the
UPS spectra. The analyzer resolution is determined from the width of
the Au Fermi edge to be 0.16 eV. Regarding the UPS measurements,
because the high intensity UV photons used may alter the surface of
POM films, we adopted a certain protocol for the measurement of
their work function: we first measured the core levels and work
function of the sample using low intensity X-rays and then we
measured the work function with UPS to verify that the samples have
remained unaffected. IPCE measurements were carried out using an
Autolab PGSTAT-30 potentiostat, with a 300 W Xe lamp in
combination with an Oriel 1/8 monochromator for dispersing the
light in an area of 0.5 cm”. A Thorlabs silicon photodiode was used for
the calibration of the IPCE spectra. The capacitance—voltage
measurements were recorded on devices exhibiting the same
architecture as described above (OPVs) at a frequency of 100 kHz
and an AC bias of 25 mV by using a Keithley 4200—-SCS DC
characterization system. The measurements were performed in air at
room temperature. Transient photocurrent measurements were
performed by photogenerating carriers in solar cells through
illumination from the ITO side by a 7 ns pulse of Nd:YAG laser
(Quanta-Ray PRO-170, Spectra Physics) at 532 nm excitation
wavelength. The laser system was running at a repetition rate of
2.177 Hz, and a fluence of 3.75 mW cm ™2 In order to improve the
signal-to-noise ratio, the transient photocurrent data were obtained by
an average of up to 100 measurements. The cells were biased with an
Agilent 33519B waveform generator operating in DC mode.

B RESULTS AND DISCUSSION

Monitoring the Spontaneous Reduction of POM films
by Aluminum. We performed our study by selecting four
representative members of the Keggin series having either
different heteroatoms (X) or addenda atoms M (XM;,0,,""
where X = P, Si, and M = Mo, W, or mixed V, W addenda) and
the Dawson counterparts of two of our Keggin POMs
(XM 3O4,"~ where X = P and M = Mo, W). The typical
structural types of the POM clusters used in this study are
shown in Figure 1. The reason for our selection can be
explained as follows: an important property of the poly-
oxometalate anions is that their identity is usually preserved by
reduction processes, forming reduction products (upon
absorbance of UV or near-visible light) by addition of various

Keggin (XM,,0,,™)

Dawson(X,M,30g,™)

or@X (Si,P) @MW, Mo,W:V) @0

Figure 1. Molecular structures of Keggin and Dawson polyoxometa-
lates (POMs) used in this study. The Keggin POMs are H,SiW,,0,4,
(POM 1), H,PW,,0,, (POM 2), H,PV,W,,0,, (POM 3) and
H;PMo,,0,, (POM 4), while the Dawson POMs are
(NH,)¢P,W 50, (POM 5) and (NH,)sP,Mo,3,0¢, (POM 6).

electrons which are delocalized over numerous centers of the
polyoxoanion framework.** > The reduction of each POM
cluster depends on the nature and energy of its lowest
unoccupied molecular orbitals (LUMOs).>**®> The relative
energy and composition of the LUMO correlate quite well with
the electron affinity of each isolated M"" ion that is in the order
Nb** < W < V¥* < Mo®. When the M™" is substituted by a
more electronegative ion, the energy of the LUMO decreases
and the cluster is more easily reduced with the additional
electron going to a metallic orbital. On the other hand, the total
charge of the anion depends also on the heteroatom
substitution.>* In the dodecatungstates, for instance, the
substitution of Si with P means that they are, in general,
more easily reduced. Finally, the transformation of a XM, into
a X,M 5 decreases the energy gap between the highest occupied
molecular orbital (HOMO) and LUMO orbitals by lowering
the LUMO, making the cluster more easily reducible by a
standard reductant. In the present study, Al was used as a
reducing agent for POM. The selection of Al was made because
it represents the most common air-stable metal cathode
material for organic optoelectronic applications. The degree
of reduction of POMs in Al/POM interfaces and the number of
additional electrons per cluster were derived following changes
in UV—vis absorption spectra of ~10 nm POM films spin
coated on Al layers (thinner than 10 nm in order to be
transparent) deposited on quartz substrates. In addition, the
same POM films were directly spin coated on pristine quartz
substrates. Results are shown in Figure 2. In the spectra of
POMs with the Keggin structure and W addenda atoms (POM
1-POM 2) the longer wavelength absorption peak at around
270 nm (Figure 2a, d), is ascribed to oxygen-to-metal charge
transfer (OMCT).>>** Two peaks are clearly shown in the case
of the mixed addenda POM (POM 3) corresponding to CT to
W and V, respectively (Figure 2c). The long wavelength peak is
shifted at longer wavelength in the case of the POM with Mo
addenda atoms (POM 4) if compared with the corresponding
POMs with W addenda atoms (Figure 2d). On the other hand,
separation of the OMCT band in two shoulders and spectrum
extension to the visible is observed in the case of the POM with
the Dawson structure and W addenda atoms (POM §S). Finally
the spectrum of the POM with Dawson structure and Mo
addenda atoms (POM 6) is very similar to the corresponding
POM with Keggin structure (POM 4) (Figure 2e, f). Note that
the absorption spectra of the above materials exhibit no peaks
in the visible wavelength region, as expected for fully oxidized
POMs.** However, the situation is completely different for
POM interfaces with Al; a broad band appears in the visible
region of all spectra which is attributed to intervalence-charge
transfer (IVCT) indicating the formation of reduced POM
species (heteropoly blues).>>™*° In particular, in the case of
POM 1 on Al a broad IVCT band located at ~628 nm appears
(Figure 2a), which indicates the reduction of POM with
approximately two electrons per cluster according to
literature.>*>> Similar IVCT bands appear in the spectra of all
POMs on Al with the intensity and mainly the position of those
bands indicating the different degree of POMs reduction; thus,
the IVCT band at ~657 nm indicates the two electron
reduction of POM 2 (Figure 2b), whereas the bands at 629 and
640 nm witness the four electron reduction of POMs 3 and 4
on Al (Figures 2c and d).>*~*" Similar behavior was also
observed with POMs S and 6 on Al; the position of the IVCT
bands at 570 and 591 nm (Figures 2e, f), respectively, indicates
that in both cases approximately six electrons have been
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Figure 2. Absorption spectra of (a) POM 1, (b) POM 2, (c) POM 3, (d) POM 4, (e) POM $ and (f) POM 6 on their oxidized (POM) and reduced

(Al/POM) forms.

transferred into the POM clusters from the Al reductant.’®%’

Note that in all cases the intensity of the near-UV absorption
OMCT bands decreases upon reduction, as expected.*>®'
The reduction of POM layers deposited on Al substrates was
also followed by monitoring the oxidation states of M centers
with core-level X-ray photoelectron spectroscopy (XPS). Figure
3 shows the XPS spectra of ~10 nm thick POM films deposited
on AL The W 4f photosignals of the XPS spectra of the
tungsten-based POMs 1, 2, 3, and 5 on Al are presented in
Figure 3a, b, c and e, respectively. The deconvolution of the W
4f photoemission peaks was performed using two distinct
doublets with the major contribution coming from the doublet

6847

with peaks of nearly equal width with the binding energy (BE)
of W 4f,, centered at 36.0 & 0.1 eV and that of W 4f;, at a BE
of 382 + 0.1 eV (with a peak ratio of 4:3). The position and
the shape of these peaks are representative of W atoms with an
oxidation state +6.°* In addition, a second doublet at lower BEs
(BE of W 4f,,, = 34.8 €V, and of W 4f;/, = 37.1 eV with a peak
ratio 4:3) is also evident, which was attributed to the presence
of W*" ions, indicating that these films are reduced (exhibiting
tungsten atoms with a valence of +5). The contribution of this
second doublet in the overall photoemission peaks is quite
similar in the cases of POMs 1, 2, and 3 indicating nearly the
same degree of reduction whereas increases substantially for
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Figure 3. (a), (b), (c), (e) XPS W 4f core levels taken on 10 nm thick films consisting of POM 1, POM 2, POM 3, POM §, respectively, deposited
on Al substrates. (d) and (f) XPS Mo 3d core levels of Al/POM 4 and Al/POM 6 films, respectively.

POM 5. This is in good agreement with the UV-vis absorption
spectroscopy results for POMs 1, 2, and S and again shows that
the deposition on Al causes the reduction of the POM cluster.
However, because a higher degree of reduction was concluded
from the analysis of UV—vis absorption spectra of POM 3 on
Al we also analyzed the V 2p;,, photoemission peak of its XPS
spectrum (Figure S1, Supporting Information) to gain more
insight into the reduction process. It was found that this peak
can be fitted satisfactorily with two nearly equivalent
components with 5172 and 516 eV BEs, respectively,
characteristics of the fully oxidized (V**) and the reduced
(V*) vanadium atoms.®> This strongly suggests that, not only
part of W atoms but also half of the V atoms are in a reduced
state in the case of Al/POM 3 interface. This is in agreement
with the four electron reduction of POM 3 on Al concluded
from the UV—vis absorption study. Next, the reduction of
molybdenum containing POMs was monitored using their XPS
Mo 3d photoemission peaks shown in Figures 3 d and f for
POMs 4 and 6 on Al, respectively. The data collected can be
fitted with two pairs of 3d components. The first component
has Mo 3d;,, and Mo 3d;,, with BEs of 232.5 and 235.5 eV,
respectively, which is attributed to fully oxidized (Mo®") Mo
atoms.***® The second component has Mo 3ds), and Mo 3d;),
with BEs of 231.6 and 234.9 eV, respectively, characteristic of
the reduced (Mo®*) molybdenum.®® The contribution of the
second component is very high in the case of Al/POM 6
interface, which means that the molecular transformation of the
POM cluster from Keggin to Dawson type forces the reduction
to proceed even further, as expected according to the above
discussion. Note that the analysis of the XPS spectra of pristine
POM samples (deposited on p-type Si substrates, Figure S2)
revealed that the metal centers in those clusters exist in their
highest oxidation state, therefore indicating that the clusters are
fully oxidized. This shows that only deposition of POMs on Al
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substrates causes the spontaneous reduction of the cluster shell
by a number of electrons dependent on the type of the cluster.

In order to gain more insight into the reduction of POMs by
Al we next performed ultraviolet photoemission spectroscopy
(UPS) measurements. The UPS spectra of 10 nm thick films
consisting of POMs 1 to 6 deposited on Al substrates are
shown in Figure 4a—f, respectively. The work function (Wg) of
each sample surface can be directly obtained by measuring the
secondary electron cutoff of the photoemission spectra, which
gives a Wy value around 5.7—5.8 eV. By adding the BE of the
onset of the band of occupied orbitals (also called as the oxo
band) the ionization energy (Iy) of each POM was estimated
(having values between 7.9 and 8.3 eV depending on the type
of the cluster) which gives the position of the highest occupied
molecular orbital (HOMO) with respect to the vacaum level.
On the basis of the UPS results and the energy gap values
estimated by Tauc plot analysis of absorption measurements
taken on the same films (Figure S3) a molecular orbitals
scheme for each POM studied here is presented in Figure S4,
whereas in Figure 4g the energy levels of all POMs are
summarized and compared with the Fermi level of Al (which is
equal to 4.3 eV). For simplicity reasons vacuum level alignment
is considered. It is concluded that in all cases the LUMO level
of POMs lies below the Fermi level of Al. This means that in all
cases the transfer of up to two electrons from Al to the LUMO
of each POM cluster is energetically favored as shown in Figure
4g. In addition, as Miras et al. and Muller et al. have predicted,
the energy of the LUMO+1 is at most ~0.60—0.70 eV above
their LUMO in the Keggin POMs (POMs 1—4) whereas in the
W Dawson POM (POM $) its LUMO+2 is placed ~0.80 eV
above its LUMO and in the Mo Dawson POM (POM 6) its
LUMO+2 is placed at ~0.60 eV above its LUMO.**®” Taking
these theoretical calculations into account we assume that in
POMs 3 and 4 except of their LUMO also their LUMO+1
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Figure 4. UPS photoemission spectra of 10 nm films consisting of (a) POM 1, (b) POM 2, (c) POM 3, (d) POM 4, (e) POM § and (f) POM 6
deposited on Al substrates. (g) Molecular orbital diagrams of POMs used in this study as derived from UPS and absorption measurements.

levels (estimated at ~4.4—4.5 eV) are placed below the Fermi
level of Al whereas in POMs 5 and 6 even their LUMO+2
levels (estimated ~4.4 eV in POM S and ~4.9 eV in POM 6)
are expected to lie below Eg,;. These assumptions could explain
the spontaneous transfer of four electrons from Al to POMs 3
and 4 and of six electrons to POMs § and 6, concluded from
the UV study shown above. More importantly, according to the
orbital diagram presented in Figure 4g, the spontaneous
reduction of some of the POMs studied here could be
performed not only by using Al but also with higher work
function materials such as indium tin oxide (ITO, Wy = 4.7 V)
and gold (Au, Wy = 5.3 eV), both of which are commonly
employed as electrodes in the field of organic optoelectronics.
Consequently, our approach of solid state electrochemical
reduction of POMs by metal electrodes might be universal and
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may find applications in several types of devices where the high
electron interfacial transfer in cathode interfaces is deemed
necessary, such as optoelectronics, photocatalytic devices, and
lithium batteries.

POMs as Electron Injection Layers in OLEDs. Next, we
employed a ~2—3 nm POM film on top of an organic
semiconductor, such as F8BT, to serve as cathode interlayer in
OLEDs using Al as the cathode electrode. Note that an
extensive study on the film forming properties of POMs when
deposited via spin-coating on top of the surface of F8BT was
deemed necessary in order to find process conditions allowing
good coverage of the underlayer by a relatively smooth POM
film. It was found that the process conditions are very crucial
and that smooth films without any pinholes could be obtained
when POMs were spin-coated from a concentrated methanol
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F8BT-based devices without and with an electron injection interlayer. (d) Energy level alignment in various interfaces of the F8BT-based OLED
device as derived from UPS measurements. The free barrier electron injection at the reduced POM/AI cathode interface, is also illustrated. Solid and

empty cycles are symbols for electrons and holes, respectively.

solution at high speed rotation (Figure S5 and discussion). The
OLED device structure was ITO/MoO,/organic semiconduc-
tor/POM/AL where the ~20 nm MoQO, film was used as the
anode interfacial layer to enhance hole injection, while the
organic semiconductor was the green emitting F8BT
copolymer.®® The device architecture and the chemical
structure of F8BT are presented in Figure Sa. In Figure Sb
the current density—voltage—luminance (J—V—L) character-
istics for F8BT-OLED devices using a POM electron injection
layer (EIL), are shown. In addition, two reference devices, the
one without any EIL and the other using the commercially
available cesium carbonate (Cs,CO;) to facilitate electron
injection, were fabricated and measured for comparison
reasons. The detailed measurements taken from those devices
are summarized in Table S1. It is observed that the reference
device without any EIL exhibits a rather large turn-on voltage
(voltage where light emission is equal to 10 cd/m?) of about
3.5 V and an overall low emission (with a peak luminance of
~5000 cd/m?) and max current density (of ~2000A/m?). On
the contrary, in the devices with the POM EILs nearly 2 orders
of magnitude higher peak luminances and increased current
densities are obtained, depending on the type of the POM
cluster, accompanied by a large decrease in the device turn-on
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voltage. In particular, the device with the POM 6 as EIL reaches
luminance values up to nearly 61500 cd/m” and current
densities of 4400 A/m?, while it also exhibits a low turn-on
voltage of 2.5 V. The peak current efficiency of 14.0 cd/A
represents one of the best values reported for thin (<100 nm)
F8BT-based OLEDs.”** It is of high importance to note that
the performance of our OLED devices is directly related to the
degree of reduction of POM-based EIL. Devices based on the
moderately reduced POMs 1 and 2 perform much better
compared with the reference device without an EIL and even
exhibit higher efficiencies relative to the device bearing the
commercially available cesium carbonate. The devices with the
more reduced POMs 3 and 4, however, exhibit higher
efficiencies, whereas our devices with the highly reduced
POMs S and 6 are among the champion devices of their kind.
As all OLED devices studied here exhibit the same anode
interfaces and emissive layer we assume that the improved
performance of OLEDs using POM/AI cathodes could be the
result of enhanced electron injection/transport. The influence
of POMs insertion on the electron injection efficiency of the
devices was verified by fabricating electron only devices with
the structure Al (150 nm)/F8BT (70 nm)/POM (2—3 nm)/Al
(150 nm), whereas reference devices with a bare Al cathode or
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with a Cs,CO; EIL, were also fabricated. From the comparison
of the current density—voltage (J—V) characteristics of these
devices (Figure Sc) became evident that the current in the
reference device without any EIL is injection limited while in
those with an EIL and, especially, with POMs is space charge
limited verifying the formation of an Ohmic contact in the
latter case. It is observed that the electron current of the F8BT/
POM/ALI devices is up to even 3 orders of magnitude higher
than that of the F8BT/Al device while there is a correlation
between the degree of POM reduction and the electron current
density verifying the critical role of the reduction of POMs in
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the alteration of interfacial electron injection/transport. We
have analyzed our electron-only devices using a space-charge-
limited current (SCLC) model to fit the experimental results
(except of that with the pristine Al cathode). Electron-only
currents in disordered organic semiconductors are commonly
modeled using analogues of Child’s Law,”® which describes
single carrier currents in a trap-free insulator and predicts that
the current density (J) varies by the square of the applied bias
(V) and inversely by the cube of the film thickness (L)
according to eq 1:
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Table 1. Device Characteristics of OPV 1 Having the Device Configuration ITO/MoO,/P3HT:PC,;BM/Cathode with Varying

Cathode Configurations”

OPV 1 (P3HT:PC,,BM)

cathode Joo (mA/cm?) V.. (V)
Al 8.8(+0.20) 0.57(+0.01)
MeOH/Al 9.0(+0.15) 0.60(+0.01)
Cs,CO,/Al 9.3(+0.15) 0.58(+0.01)
POM 1/Al 9.8(+0.15) 0.63(+0.01)
POM 2/Al 9.9(+0.10) 0.63(+0.01)
POM 3/Al 10.0(+0.15) 0.64(+0.01)
POM 4/Al 10.0(=0.10) 0.64(+0.01)
POM 5/Al 10.4(+0.10) 0.65(+0.01)
POM 6/Al 10.5(+0.10) 0.65(+0.01)

FF PCE (%) R, (Q cm?) Ry, (Q cm?)
0.57(+0.02) 2.9(£0.15) 43 950
0.58(+0.01) 3.1(+0.15) 3.5 1100
0.59(0.01) 3.2(x0.10) 32 1150
0.60(0.01) 3.7(x0.15) 2.1 1800
0.60(+0.01) 3.8(x0.10) 2.0 1800
0.61(+0.01) 3.9(+0.10) 19 1850
0.60(0.01) 3.8(+0.10) 19 1900
0.61(+0.01) 4.1(£0.10) 1.7 1900
0.61(+0.01) 4.2(+0.15) 1.6 2000

“Mean values and standard deviations were extracted from a batch of 24 devices.

VZ
] = Zen—s
0 eL3

8 (1)

where ¢, is the dielectric permittivity and p, is the electron
mobility of the active layer. Note that to include the electric
field dependency of the mobility, eq 1 can be appropriately
modified according to the Mott—Gurney law (eq2):

9 v V)2
_goer;,te’()?explo.wﬁ(f)

]=8

)

where y, = p.oexp[B(V/L)"*] (Poole—Frenkel mobility law),
Uep is the zero-field mobility, and f3 is the field activation factor
of the mobility. From Figure Sc, the calculated electron
mobility in devices with the POM layers were 5.1 X 107 cm®
V™' 57!, which is among the highest reported values for
F8BT,”" whereas the electron mobility extracted from the J—V
characteristic of the Cs,CO; based F8BT-device was 4.0 X 1073
cm? V7' sTh

The enhanced electron mobility and remarkable overall
device performance following POM deposition on the emissive
OSC originates from the formation of a better (Ohmic) contact
at the cathode interface and from the reduced electron injection
barrier, as illustrated in the energy level diagram of the F8BT-
based OLED, shown in Figure 5d. The Wy of ITO was
calculated from the secondary electron cutoff UPS spectrum
(Figure S6) whereas the energy levels of the different layers of
the OLED were estimated from the UPS spectra measured after
each deposition; the energy gap values of those materials were
previously measured.®® It is observed that with the absence of
POM interlayer a large electron injection barrier of ~0.8 eV
(equal to the energy difference between the LUMO of F8BT
(3.5 eV) and the Wy of Al (4.3 eV)) significantly prohibits the
injection of electrons, especially at low voltages as it can be
clearly seen in Figure Sc. After inserting the POM interlayer on
top of F8BT a vacuum level shift occurs, which forces the
LUMO of F8BT to match well with the LUMO, more
probably, the upper LUMOs of POM. Taking into account the
occupancy of these LUMO levels of POMs, due to its
spontaneous reduction by Al, we conclude that electrons
might freely move from the LUMO level of POM, which is now
aligned to the LUMO of F8BT, and inject into the latter even at
very low forward voltages. Thus, the interfacial modification of
the F8BT/AI junction using a POM interlayer creates an
Ohmic contact through changes in the energy barrier for
electron injection. This ideal Ohmic contact promotes overall
electron transport and provides high electron mobility
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pathways. Note that, an Ohmic contact is expected to be
formed at the anode ITO/MoO,/F8BT junctions (Figure
5d),5+6s contributing also to the remarkable performance of
our devices.

POMs as Electron Extraction Layers in OPVs. Next, we
investigated the effect of incorporating the reduced POMs as
electron extraction layers (EELs) in bulk heterojunction (BHJ)
OPVs based on different donors, such as the well-known
P3HT,”” and the recently introduced small band gap PCDTBT
and PTB7,”>”* which were selected due to the high efficiencies
they can yield resulting from their ability to harvest a wider
range of the solar spectrum and to deliver a high open-circuit
voltage when blended with our PC;;BM acceptor. The device
structure was again ITO/MoO,/active layer/EEL/Al and is
shown in Figure 6a, where the chemical structures of organic
semiconductors used in our OPVs, are also presented. The
current density—voltage (J—V) characteristics under simulated
1.5 AM solar irradiation of P3HT:PC,,;BM-based devices (OPV
1) using POMs as EELs are shown in Figure 6b, while Table 1
summarizes the devices operational characteristics (mean values
and standard deviations). Except of the POM bearing devices
three reference devices were also fabricated, two of them using
either a pristine Al or a Cs,CO;/Al cathode and the third
having exposed the photoactive layer to a methanol (MeOH)
solvent prior the deposition of Al. This was deemed necessary
as there are reports of improved cell characteristics with MeOH
treatment of the photoactive layer,” and because POMs and
Cs,CO; have been deposited from MeOH solutions. From the
J—V curves becomes evident that the reference device exhibits a
power conversion efficiency (PCE) of 2.9%, whereas those with
the Cs,CO;/Al cathode (PCE 32%) and the MeOH
treatment (PCE = 3.1%) operate better due to the enhance-
ment of the device short-circuit current (J,.) and open-circuit
voltage (V,.), respectively. However, the devices with the
POM/AI cathodes exhibit higher PCE values in the range of
3.7—4.2% (the highest PCEs were achieved in the devices with
the highly reduced POMs S and 6) which cannot be considered
as a net MeOH solution effect. It can be seen that the efficiency
enhancement is a direct result of highly improved J,, V,. and
also fill factor (FF) in our POM incorporating devices. The
large enhancement of J,. and FF is also reflected in the
considerable reduction of the series resistance, R, of POM
bearing devices compared with the reference ones (Table 1) as
extracted from dark current measurements (Figure S8).
Reduced R suggests improved contact between the active
layer and the cathodes contact, which facilitates electron
transport/extraction and therefore enhanced J. and FF of the
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Figure 7. (a) J=V characteristics under AM 1.5 illumination of OPV 2 devices based on PCDTBT:PC,;BM blend with various cathode interfaces.
(b) The corresponding EQE curves in the wavelength range from 300 to 700 nm. (c) J—V characteristics under AM 1.5 illumination of OPV 3
devices based on PTB7:PC,,;BM blend with various cathode interfaces. (d) The corresponding EQE curves in the wavelength range from 300 to 900

nm.

devices with POMs as compared with the reference ones.”® On
the contrary, in the reference devices (especially in that with the
pristine Al cathode) an increased contact barrier makes the
extraction of electrons more difficult toward the cathode and
reduces the device performance. The external quantum
efficiency (EQE) spectra of the devices with different cathode
contacts are shown in Figure 6¢c. The devices with the POM/AI
cathode exhibited higher values, from 350 to 550 nm, than the
reference ones. The device with the POM 6 interlayer showed
the highest EQE with a maximum value of 84% at 460 nm,
which represents a 50% improvement compared to 56% of the
reference device with the pristine Al cathode. This enhance-
ment in EQEs suggests that the photon-to-electron conversion
processes are very efficient in the POM modified devices owing
to the stronger electron extraction/transport capability of the
latter. The effect of inserting POMs at the cathode interface on
electron transport efficiency was further confirmed by the
electron-only device characteristic. Figure 6d shows the
measured J—V characteristics in a log—log scale. It is observed
that with the POM interlayers the J at 1 V is 3 orders of
magnitude larger than that of the reference device without any
interlayer whereas the ] of the other two reference devices
(although higher than that of the device with the pristine Al
cathode) is significantly lower than that of the POM modified
devices. Those results indicate a low or even negligible electron
extraction barrier at the interface between the photoactive layer
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and the Al contact. The J—V characteristics were fitted with the
SCLC model (eq 2) and thus the electron mobility was
calculated for each device (Table S2). It is observed that the
devices with the POM/Al cathodes showed the highest
mobility (3.4 X 107 ecm®* V™' s7), which corresponds to an
approximately 3-fold increase compared to the device with the
pristine Al cathode (1.2 X 107 cm® V™' s7!). This result
indicates that the deposition of POMs on the photoactive layer
effectively promoted electron transport and extraction eliminat-
ing the electron extraction barrier and can explain the enhanced
J.. and FF obtained in the POM modified devices. In addition,
the V. of all OPV devices using POMs as EELs is significantly
enhanced. To better understand the origin of V,_increase in the
POM modified devices we obtained the Mott—Schottky
characteristics (C™2—V) of our devices (Figure S9 and relevant
discussion), which revealed that the built-in voltage (V};) is
significantly reinforced in the devices with POM interlayers.
Increase of the V,; will increase the device electric field strength,
leading to a decrease in carrier recombination and an increase
in V. (as well as J,. and FF).”%”’

Next, transient photocurrent (TPC) measurements were
performed to study the photocarrier decay dynamics under an
extraction field for the devices with POM interlayers and for the
reference ones. Through applying an external DC bias we can
change the internal field and we can alter the amount of time
the carriers spend in the device prior to extraction and is
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Table 2. Characteristics of Devices OPV 2: ITO/MoO,/PCDTBT:PC,;BM/Cathode and OPV 3: ITO/MoO,/PTB7:PC,,BM/

Cathode with Varying Cathode Configurations®

OPV 2 (PCDTBT:PC,,BM)

OPV 3 (PTB7:PC,,BM)

cathode J.. (mA/cm?) V,. (V) FF PCE (%)
Al 9.8(£0.20) 0.82(+0.10)  0.57(+0.10)  4.7(+0.25)
MeOH/Al  9.9(+0.20) 0.86(+0.10)  0.62(+0.10)  5.3(+0.20)
Cs,CO, 10.5(0.15) 0.84(0.10) 0.61(+0.10) 5.5(+0.15)
POM 1 11.5(x£0.20) 0.87(+0.10) 0.64(+0.10) 6.1(0.20)
POM 2 11.5(0.15) 0.87(+0.10) 0.64(£0.10) 6.1(x0.15)
POM 3 12.0(+0.15) 0.88(+0.10) 0.65(+0.10) 6.9(£0.15)
POM 4 12.0(0.15) 0.87(+0.10) 0.64(+0.10) 6.7(+0.15)
POM § 12.5(+0.10)  0.88(+£0.10)  0.66(+0.10)  7.3(x0.15)
POM 6 12.7(+0.15) 0.88(+0.10) 0.66(+0.10) 7.4(+0.15)

cathode Joo (mA/cm?) V. (V) FF PCE (%)
Al 12.3(+0.25) 0.68(+0.10) 0.58(+0.10) 4.8(£0.25)
MeOH/Al 12.3(+0.25) 0.72(+0.10) 0.62(+0.10) 5.5(+0.25)
Cs,CO, 13.0(+0.20) 0.70(£0.10) 0.62(+0.10) 5.6(+0.20)
POM 1 13.6(+0.15) 0.74(+0.10) 0.65(%0.10) 6.5(+0.25)
POM 2 13.6(+0.15)  0.75(x£0.10)  0.65(+0.10)  6.6(+0.20)
POM 3 14.0(£0.15)  0.76(+£0.10)  0.67(+£0.10)  7.1(+0.20)
POM 4 14.0(0.15) 0.76(+0.10) 0.66(+0.10) 7.0(+0.20)
POM § 14.5(£0.15)  0.77(x£0.10)  0.68(+£0.10)  7.6(+0.15)
POM 6 14.7(+0.15) 0.77(+0.10) 0.68(+0.10) 7.7(+0.15)

“Mean values and standard deviations were extracted from a batch of 24 devices.

therefore possible to observe carrier recombination dynamics in
these systems.”” Figure 6e shows the TPC traces for the
different devices while they are operating at their maximum
power point (500 mV applied bias). The device is under
constant illumination of the solar simulator while a small
perturbation is given by a pulse laser to introduce a small
photocurrent. The single exponential decay of the transient
photocurrent perturbation for our devices are due to photo-
generated carriers recombining either in the bulk or at the Al/
photoactive layer interface. Since these devices have the same
hole extraction contact and the same photoactive layer, the
difference in carrier lifetime must be due to the difference in the
cathode contact. The results indicate that the photogenerated
carriers recombine at a faster rate in the reference devices,
especially in that with the bare Al contact. Upon insertion of
the Cs,CO; layer or MeOH treatment, carrier recombination at
the cathode/photoactive layer interface was reduced resulting
in a longer carrier lifetime and better device performance.
However, the reduction in carrier recombination is superior
when inserting the POM interlayers at the cathode/photoactive
layer interface where a large increase in carrier lifetime was
observed. The observed enhancement in carrier lifetime in the
POM modified devices indicates that carrier density inside
those devices is decreased (since photogenerated electrons are
easily swept toward the cathode electrode due to the reduced
electron extraction barrier and the increased internal field
strength), resulting in a lower rate of bimolecular recombina-
tion. Note that the better quality of the cathode contact of our
POM modified devices results also in their superior environ-
mental stability as compared to the reference ones (Figure
S10).

On the basis of all the above experimental evidence we
conclude that significant gains in the cell efficiency when using
the reduced POMs can be achieved. A reasonable question
however is whether these materials are appropriate for use in
devices with various donor:acceptror combinations in the
photoactive blend. To demonstrate the universality of using
POM EELs in OPV cells, we also fabricated devices with the
photoactive blend being either the PCDTBT:PC,,BM (OPV
2) or the PTB7:PC,;BM (OPV 3). The J—V characteristics
(under simulated 1.5 AM solar irradiation) of OPV 2 and OPV
3 devices are shown in Figures 7a and c, respectively, whereas
the EQEs of the same devices are also shown in Figures 7b and
d, respectively. Table 2 summarizes the devices operational
characteristics. The reference OPV 2 shows a PCE of 4.7%
while the reference OPV 3 exhibits a PCE of 4.8%. Again, the
POM modified devices showed a progressive enhancement in
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their operational characteristics reaching high values, with the
highest efficiencies to be obtained in the devices with the highly
reduced POM:s $ and 6 interlayers. In particular, our champion
PCDTBT:PC; BM-based device using POM 6 as the EEL
exhibits the high PCE values of 7.4% whereas in the case of
PTB7:PC,BM based device with the POM 6/Al cathode a
PCE of 7.7% is achieved. Similarly, the EQE values of the POM
modified devices were always higher than those of the reference
ones in the whole spectral region. All these results strengthen
our conclusion about reduced POMs being effective and also
universal cathode interlayers which greatly improve electron
injection/extraction efficiency and reduce recombination losses
when embedded in OLED/OPV devices. We keep in mind that
POMs are easily produced chemical species and, therefore,
could become routine tools of high-throughput and widespread
application of not only organic optoelectronics but also in other
devices requiring highly effective cathode interfaces.

Bl CONCLUSIONS

In summary, we show here that Keggin and Dawson
polyoxometalate (POM) films can be readily reduced at their
interface with an Al electrode and that the degree of reduction
is strongly affected by the position of their LUMO level. It was
found that substitution of the metal centers in a Keggin
structure with other more electronegative ones or/and
transition to a Dawson structure results in a higher degree of
reduction due to the decrease of the LUMO energy. We also
demonstrate the application of reduced POMs as cathode
interlayers in organic optoelectronic devices, such as OLEDs
and OPVs using a wide range of organic semiconductors as the
active components. Significant device performance enhance-
ment was achieved when incorporating the reduced POMs at
organic active layer/Al cathode interfaces, which was dependent
on the degree of their reduction. This enhancement was
attributed to enhanced electron injection/extraction efficiency
and reduced recombination losses owing to a large decrease of
the electron injection/extraction barrier and improved electron
transport. These results suggest that the solid state electro-
chemistry of POM:s enables the formation of promising cathode
materials in high performance organic optoelectronics, but also
in diverse applications such as photocatalytic devices and fuel
cells.
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