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A novel concept of an electrode buffer layer material, exhibiting either hole transporting or reducing electrode
work function (WF) properties, is demonstrated by the example of a polymeric compound PDTON, which can
be utilized as a ‘universal’ electrode (either for anode or cathode) buffer layer material. Depending on the
composition ratio of acetic acid and ethyl acetate upon dispersing, PDTON forms two kinds of nanospheres,
serving as building blocks and defining the morphology and properties of the respective materials, termed
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as A-PDTON and C-PDTON. These materials are suitable for hole transport (triphenylamine on the surface of
A-PDTON nanospheres) and reducing the WF of an electrode due to the formation of a suitable interfacial
dipole (C-PDTON), respectively. We demonstrate the versatility and high compatibility of these two types
of the same polymer in organic solar cells, organic light-emitting diodes, and perovskite solar cells,
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1. Introduction

The increasing demand for energy consumption worldwide and
environmental issues trigger the development of green, renewable
energy sources. These demands can be potentially met by organic
photovoltaics which have achieved tremendous progress recently,
having also the potential to be scaled up to make a significant
impact on the overall energy mix." The performance of organic
photovoltaic devices relies on their building blocks. Along with the
active layer, indispensable components of modern organic solar cells
(0SCs)** and also organic light-emitting diodes (OLEDs)* are cath-
ode and anode buffer layers (CBLs and ABLs, respectively) which
have attracted great attention recently.”” However, in spite of some
new design concepts,® " to date, most electrode buffer layer (EBL)
materials suffer from complicated synthetic steps, expensive
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exhibiting comparable or even superior performance compared to the standard device architectures.

purification procedures, complex deposition techniques, and limited
durability, which are not well suited for large-scale production. In
particular, a typical CBL material such as lithium fluoride is a salt
which can easily absorb moisture under ambient conditions, while
widely used metal oxides (e.g. ZnO) suffer from defects and structural
inhomogeneity over a large area."® In contrast, polymeric materials
like PFN derivatives'*™” and PEIE'® are almost ideal compounds for
CBLs due to the high efficiency of promoting electron injection and
the solution-based fabrication procedure. However, the glass transi-
tion temperatures of these two kinds of materials are below 80 °C
(according to the literature data’’ and our own measurements),
which can hinder their application when an annealing process
is required. As for the typical ABL materials, popular blends
such as PEDOT:PSS are corrosive to the electrode," while another
frequently used ABL compound, MoQ,, is moisture sensitive.”* Most
important, each above mentioned material is only suitable for a
specific type of EBL, either ABL or CBL. In addition, the parameters
of these materials are mostly fixed, so that each of them is only
suitable for specific device configurations, depending on particular
requirements in terms of charge transport and energy level align-
ment. This is also true for an amphiphilic conjugated polymer
serving as both ABL and CBL in OSCs developed recently."" With
all the advantages, the performance of the OSCs using this polymer
depends strongly on the electrode material and is suitable only for a
few selective metals.

In the present study, however, we demonstrate a new concept
of adjustment of charge transport properties in organic and

This journal is © The Royal Society of Chemistry 2018
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perovskite solar cells and organic light-emitting diodes by the
example of a novel, multifunctional polymeric material, PDTON,
possessing tunable EBL functionalities relying on specific
arrangements of the coexisting reducing electrode work function
(WF, promotion of electron injection) and hole transporting
groups. PDTON does not suffer from the limitations of tradi-
tional EBL materials and, what is even more important, can be
selectively utilized as both CBL and ABL in organic and perovs-
kite solar cells and organic light-emitting diodes, generalizing
the concept of a bifunctional interlayer material. The main chain
of PDTON consists of triphenylamine and its derivatives, which
represent a hole conductor.” The side chains of PDTON contain
aminoalkyl groups, which can reduce the WF of a substrate such
as conducting polymers, metals, metal oxides, and inorganic
semiconductors by generating electron transfer from the amino
groups to the substrate,'® thus forming a suitable interfacial
dipole to facilitate the injection of electrons. Significantly,
PDTON can be prepared in two different configurations by
simply tuning the concentration of acetic acid in the dispersion
solvent. Depending on this parameter, the hydrophobic poly-
triphenylamine chain and hydrophilic aminoalkyl pendant
groups of PDTON form either A-type (for anode buffer layer) or
C-type (for cathode buffer layer) nanospheres, which serve as the
building blocks of the respective materials, termed as A-PDTON
and C-PDTON, defining their morphology and properties. The
A-PDTON nanospheres comprise the polytriphenylamine shell
and the aminoalkyl core, whereas the opposite configuration
occurs in the case of C-PDTON (see Fig. 1a). Significantly, the
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functions of A- and C-PDTON are distinctly different: A-PDTON can
transport holes and works as an electron blocking layer, whereas
C-PDTON generates a favourable interfacial dipole between the
amino groups and electrode, modifying its WF and promoting the
injection of electrons. Both types of nanospheres and, consequently,
both materials can be reversibly transformed into one another, by
their redispersion in a solvent of a suitable composition. Moreover,
by carefully tuning the concentration of acetic acid in the solvent
used to disperse PDTON, materials with intermediate properties
between those of A- and C-PDTON can be formed. These materials
are capable of continuously tuning the WF of an electrode, which
can be used to match the energy levels at a particular interface. On
this basis, as representative examples, we demonstrated the utiliza-
tion of different types of PDTON as universal EBLs in OSCs, OLEDs,
and perovskite solar cells (PSCs), and we obtained comparable or
even superior performance of these devices compared to the stan-
dard architectures. The simplicity of tuning the EBL functionalities
makes PDTON a universal EBL material for OSCs, OLEDs, and PSCs.
In addition, the fully solution-based preparation procedure complies
with the printing/coating processes of large-scale production.

2. Results and discussion
2.1. Structure and solubility of PDTON

The structure of PDTON is shown in Fig. 1a. Specific details related
to the starting materials, synthetic routes, and characterization
of the monomers and polymer can be found in the ESIL.{ Note

A-PDTON

| T
C-PDTON

4

Fig. 1 Conformation of the PDTON nanospheres when aggregated. (a) Chemical structure of PDTON which possesses C- and A-PDTON morphology
upon its dispersion in a proper solvent. Depending on the polarity of the solvent, two different types of nanospheres are formed, termed as A-PDTON and
C-PDTON. (b) and (c) Water drops on the surface of the A-PDTON and C-PDTON films; static CAs are given, providing fingerprints for the chemical

structures of the outer shell of the nanospheres.

This journal is © The Royal Society of Chemistry 2018
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that PDTON can be dissolved in various solvents, such as
chlorobenzene and toluene. It can also be dispersed in solvents
of relatively high polarity such as alcohols, water, and ethyl
acetate, with addition of acetic acid. Details of the experimental
procedures and information about the respective setups can be
found in the Methods section.

2.2. A- and C-PDTON nanospheres

Polytriphenylamine generally shows low solubility and tends to
aggregate randomly in ethyl acetate owing to its rigid backbone
structure. However, upon the attachment of hydrophilic side
chains to the polytriphenylamine backbone, this polymer becomes
amphiphilic. It is well known that amphiphilic molecules can form
micelle and inverse micelle structures in solution depending on
the hydrophilicity or lipophilicity of the solvents.**”* In our
case, PDTON was first completely dissolved in acetic acid and
subsequently diluted with ethyl acetate. During this process, the
aggregation state of PDTON varied depending on the concen-
tration of acetic acid in ethyl acetate, given by the respective
composition ratio, with the formation of the C- and A-PDTON
nanospheres at a high and low concentration of acetic acid,
respectively, as shown in Fig. 1a. The higher concentration of acetic
acid in the mixed solvent results in its higher hydrophilicity** and
vice versa, affecting the behavior of the hydrophilic aminoalkyl
pendant groups which prefer to be exposed to a more hydrophilic
solvent while polytriphenylamine shows affinity to a more
lipophilic one. Accordingly, C-PDTON nanospheres with the
aminoalkyl group shell and the polytriphenylamine core were
formed at a high concentration of acetic acid, with a closely
packed structure of triphenylamine due to the strong m-m
stacking. In contrast, when the concentration of acetic acid
was low, the aminoalkyl pendant groups tended to aggregate
owing to the higher lipophilicity of the mixture solvent, forming
the A-PDTON nanospheres. The shell of these nanospheres is
composed of the polytriphenylamine backbone, whereas the
core is composed of the aminoalkyl groups. Significantly, the
A-PDTON film showed a static water contact angle (CA) of 90°
(see Fig. 1b), whereas the C-type film exhibited a CA of only 8°
(see Fig. 1c), underlining a pronounced difference between
these two modifications of the same polymer. Considering that
the wetting properties of the PDTON films are determined by
the outer shell moieties of the nanospheres, this behavior agrees
well with the proposed models in Fig. 1a, viz. an inward
orientation of the aminoalkyl moieties (highlighted by red ovals)
and an outward orientation of the polytriphenylamine main
chain (highlighted by a blue ring) in A-PDTON, and the inverse
orientations of these building blocks in C-PDTON. Interestingly,
the solvent-induced configurations of PDTON can be reversibly
changed from one type to another, by its redispersion in a suitable
solvent (see Fig. S6, ESIT). This is clear evidence that no irreversible
chemical changes are involved upon the formation of A- and
C-PDTON, which is very important since the preparation procedure
also included a post-dispersion heating up to 150-170 °C to
remove the solvent and acetic acid in particular. Note, however,
that the solvent removal can also be achieved at a lower
temperature (100 °C), as has been demonstrated by our control
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experiments. This means that, if necessary, PDTON can also be
used together with heat-sensitive active materials.

To confirm that there are indeed no solvent residuals and no
changes in the chemical structure of PDTON upon its disper-
sion and subsequent heating,>*® nuclear magnetic resonance
(NMR) measurements on the pristine PDTON as well as the
A- and C-PDTON samples were carried out (Fig. S7 and S8, ESI+).
The nearly identical spectra of all three samples signify the
identical chemical structure albeit with insignificant variations
which is entirely due to the solvent effect.

Further information is provided by near-edge X-ray absorp-
tion fine structure (NEXAFS) spectroscopy (see Fig. S9, ESIT).
The C K-edge spectra of the A- and C-PDTON films prepared on
ITO substrates are almost identical, as can be expected for the
films of the same chemical composition - as proposed by our
model. At the same time, they are very similar to the spectrum
of poly[4,4’-(N-(4-secbutylphenyl))diphenylamine]*” which has
the same backbone but a somewhat different side group
(aliphatic chain) attached to the “side chain” phenyl ring.
The spectra are dominated by a strong m,* orbital of the phenyl
rings comprising the backbone and side chains of PDTON,
exhibiting also a weak feature related to the C 1s (C-N) — =n*
transition, associated with the nitrogen atom in the backbone.
Significantly, the spectra exhibit a very weak (if any at all) linear
dichroism, suggesting a lack of distinct, preferable orientation
of individual building blocks of PDTON, as can be expected for
the proposed nanosphere structure of this material. Another
important point is a lack of a m*(COOH) resonance in the
spectra of both PDTON types suggesting that no residuals of
acetic acid are present in the films. This resonance has a high
oscillator strength and is a sensitive fingerprint feature for the
presence of COOH in a sample.

In agreement with the NEXAFS data, the C 1s, N 1s,and O 1s
high resolution X-ray photoelectron spectra (HRXPS) of the
A- and C-PDTON films prepared on the ITO substrate are quite
similar, showing no traces of COOH in the C 1s spectra (see
Fig. S10, ESIT). At the same time, these spectra exhibit a dominant
component peak at 284.5 eV and a weaker ‘“shoulder” at
~286.3 eV ascribed to the polytriphenylamine backbone and
the aminoalkyl-containing side chains, respectively. Significantly,
the spectral weight of the side chain component is stronger for the
C-PDTON films compared to the A-PDTON ones, supporting
tentatively the proposed morphology of the C- and A-PDTON
nanospheres. Indeed, the photoemission signal from the inner
part of a nanosphere should be attenuated more strongly than
that from the outer shell, so that a stronger contribution from the
aminoalkyl-containing side chains can be expected in the case
when they form such a shell, as proposed for C-PDTON.

Significantly, by dispersing pristine PDTON in the mixture of
acetic acid and ethyl acetate at the composition ratios between
those characteristic of C- and A-PDTON (55 and 15 mg ml ',
respectively), PDTON materials with well-adjustable, inter-
mediate properties could be formed. Fig. 2 summarizes the water
CA values of the PDTON films fabricated from five different
dispersing solutions with ratios of acetic acid and ethyl acetate
of 55, 45, 35, 25, and 15 mg ml . These films, abbreviated

This journal is © The Royal Society of Chemistry 2018
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TEM images of PDTON dispersed with different ratio of acetic acid and ethyl acetate (mg/ml)

55 45 35 25 15

PDTON45

A-PDTON
Bty

Water contact angles of PDTON dispersed with different ratio of acetic acid and ethyl acetate

(mg/ml)
C-PDTON PDTON45 PDTON35 PDTON25 A-PDTON
1217 3413 6317 8112 9747
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*The average water contact angles (degree) are measured over 5 individual samples

Fig. 2 HRTEM images (a—e) and static water CAs (f—j) for the PDTON films prepared from the dispersing solutions of different compositions. The ratio
of acetic acid and ethyl acetate in the dispersing solution was varied across the series. The samples for the HRTEM measurements were prepared by
drop-casting the diluted PDTON solutions onto carbon coated copper grids. The samples for the CA measurements were prepared by spin-casting the
PDTON solutions onto the ITO substrates, followed by annealing at 150 °C for 10 min.

according to the composition ratio, showed continuously decreasing
static water CAs of 97°, 81°, 63°, 34° and 12°, respectively (see
Fig. 2), which we tentatively attribute to the variable portions
of the A-PDTON and C-PDTON nanospheres, following the
concentration of acetic acid in the solvent. As shown by atomic
force microscopy (AFM), the CA behavior cannot be explained
by the effect of surface roughness of the samples since it
did not vary significantly along the series and the root mean
square (RMS) roughness for all the films was under 10 nm (see
Fig. S11, ESIf). Also, the general nanosphere morphology of
these films was persistent over the series as demonstrated by
the high resolution transmission electron microscopy (HRTEM)
images of these five types of PDTON in Fig. 2. All these images
exhibit nanospheres with a diameter of ~5 nm, which confirms
our initial assumption.

2.3. HOMO-LUMO gap

The absorption onsets for both A- and C-PDTON films are
located at ~440 nm (see Fig. S12a, ESI}), indicating optical
bandgaps of ~2.8 eV for both types of aggregation. Electro-
chemical cyclic voltammograms (CVs, see Fig. S12b, ESIt)
applied to both A- and C-PDTON were recorded to determine
the ground-state oxidation potentials (E,y), and the results indicate

This journal is © The Royal Society of Chemistry 2018

that the HOMO and LUMO levels of both A-PDTON and C-PDTON
are located at —5.0 eV and —2.2 eV, respectively.

2.4. Hole and electron mobility

In view of applications of both configurations of PDTON in
0OSCs, OLEDs and PSCs, it was crucial to obtain reliable
information about their electronic properties, which was
achieved by the space charge limited current (SCLC) measure-
ments. The device structures, experimental procedure, and
basic equation used to derive the parameters are described in
the ESL.{ The log-log plots of the short-circuit current density
(Jsc) versus the applied voltage (V) are presented in Fig. 513
(ESIT) and the results of the mobility evaluation are compiled
in Table 1; the hole and electron mobilities of the A-PDTON
films were estimated to be 5.90 x 10"* em®> V"' s~ " and 1.70 x
107" em”® V' s, respectively. On the other hand, the analogous
values for the C-PDTON films were 8.90 x 10 ® ecm® V™' s~ " and
1.28 x 107° em® V! s, respectively. In the case of A-PDTON,
the electron mobility is more than one order of magnitude
lower than the hole mobility which is associated with the
specific structure of its nanospheres: whereas the holes can
be easily transported through the polytriphenylamine main
chain forming the outer shell of the nanospheres, or hop

Energy Environ. Sci., 2018, 11, 682-691 | 685
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Table1 Hole and electron mobility of the A- and C-PDTON films derived
from the SCLC data

tn (em?> v ts™Y) te (em?> vV ts™h
ITO/PEDOT:PSS/PDTON/ ITO/ZnO/PDTON/
Type PEDOT:PSS/Ag ZnO/Al
A-Type 5.90 x 10~* 1.70 x 10°
C-Type 8.90 x 107° 1.28 x 107°

between them, electron injection is difficult due to a large
barrier associated with the wide bandgap. In contrast, for
C-PDTON, the polytriphenylamine main chain is surrounded
by the aminoalkyl groups which are capable of trapping most
of the holes, resulting in a decrease in the hole mobility to
8.90 x 107°ecm”® V' s~ " and qualifying C-PDTON as a good hole
blocking material. At the same time, since the polar amino-
alkyl groups in the polymer film have low conductivity, the
electron transfer through the main chain becomes more difficult
and the electron mobility drops to 1.28 x 107> em®> V' s
Based on the above analysis, it can thus be concluded that
A-PDTON possesses higher mobility of holes as compared
to electrons, which qualifies it as an ABL. In contrast the
C-PDTON film has somewhat higher electron than hole mobility,
with comparably low values of these parameters. However, the
interfacial dipole formed by the aminoalkyl groups when they
come into contact with an electrode is capable of reducing the
WF of this electrode, promoting the injection of electrons,
which qualifies C-PDTON as a CBL. These properties are the
basis for the use of the A- and C-PDTON films as EBLs in OSCs,
OLEDs and PSCs.

2.5. Work function

The WF of the ITO surface modified with A- and C-PDTON was
measured by ultraviolet photoelectron spectroscopy (UPS) and
the results are compiled in Table 2. A-PDTON/ITO exhibited
a comparably high WF of 4.96 eV, which is close to that
of pristine ITO. This result is expected because the shell of
A-PDTON is composed of polytriarylamine, which does not modify
the WF of ITO. On the other hand, the WF of C-PDTON/ITO was
4.27 eV, which is by 0.7 eV lower than that of pristine ITO. This
behavior suggests that the aminoalkyl groups of C-PDTON
promote the charge injection and signifies the qualification
of C-PDTON as a CBL, since the most important property of a
CBL is the ability to modify the cathode WF in order to reduce
the electron injection barrier. Notably, the interfacial dipole
provided by C-PDTON stems from the electron transfer from
the amino groups to the adjacent electrode,'® which is different
from the polyelectrolyte dipole generated by anionic or cationic

Table 2 Work function values (eV) of PDTON-coated ITO. The ratio of
acetic acid and ethyl acetate in the dispersing solution was varied across
the series

C-PDTON* PDTON45“ PDTON35“ PDTON25“ A-PDTON*

4.27 £0.07 4.51 +£0.04 4.70 £0.02 4.85 £ 0.07 4.96 + 0.02

“ The values were averaged over 5 individual samples.
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molecules covalently bonded to the main chain and their
counterions.

Beyond the ultimate WF values for A- and C-PDTON coated
ITO, the work function of this substrate could be continuously
varied by changing the composition of the dispersing solution
between those characteristic of A- and C-PDTON. The results
are compiled in Table 2 and visualized in Fig. S14 (ESIt). Note
that the UPS-derived WF values were additionally verified
by complementary Kelvin probe measurements (see Fig. S15,
ESIT), with good agreement between the results.

2.6. Device configurations

To demonstrate the reliability and versatility of the A- and C-PDTON
films as EBLs in OSCs, OLEDs, and PSCs, they were tested in various
device configurations as described below. Also, a PDTON film
with intermediate properties was tested in a specific configu-
ration, as a representative example.

2.7. Organic solar cells

The C- and A-PDTON films were assembled in OSCs with
the general configuration of ITO/ZnO/P3HT:PCs; BM/M00O,/Ag,
substituting the electron (ZnO) and hole (MoO,) transporting
layers, respectively. The structures, energy level alignment
diagrams, and the basic (J-V) characteristics of the resulting
devices, viz. ITO/C-PDTON/P3HT:PC4;BM/M00,/Ag, ITO/ZnO/
P3HT:PCy,BM/A-PDTON/Ag, and ITO/C-PDTON/P3HT:PCq,BM/
A-PDTON/Ag, abbreviated as CBLD, ABLD, and CABLD,
respectively, are shown in Fig. 3 and Fig. S16 (ESI{). The most
important parameters of these assemblies, including J., open
circuit voltage (Vo.), fill factor (FF), and power conversion
efficiency (PCE), are compiled in Table S1 (ESIt). For the
preparation of CBLD, C-PDTON (10 nm) was spin-coated onto
the ITO substrate; for the preparation of ABLD, A-PDTON
(20 nm) was deposited on top of P3HT:PC4;BM. Fig. S16b (ESIt)
shows the energy level alignment diagram for the OSC assembly
utilizing PDTON as both CBL and ABL, relevant also for the
ABLD and CBLD configurations. The high LUMO of A-PDTON
makes it an efficient electron blocking layer, while its suitable
HOMO level (—5.0 eV) facilitates the hole transport by reducing
the hole injection barrier to the Ag electrode. At the same time,
C-PDTON lowers the WF of the ITO electrode, promoting the
injection of electrons. Accordingly, the performance of the
CBLD and ABLD devices, where either CBL or ABL was sub-
stituted by the suitable form of PDTON, is comparable or even
better than that of the standard device, ITO/ZnO/P3HT:PCs;BM/
MoO,/Ag, in terms of ., FF, and PCE (see Fig. S16 and Table
S1, ESIt) as well as external quantum efficiency (EQE) (see
Fig. S17, ESIt). Also, the CABLD assembly, where both CBL and
ABL were substituted by PDTON, exhibited a performance
comparable to that of the standard device, as shown in
Fig. 3c and d, where the J-V characteristics and EQE of CABLD
are presented (see also Table S1, ESIt). These data confirm
that the PDTON can efficiently serve as either CBL or ABL (or
both of them), depending on the polymer configuration (C- or
A-PDTON).

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Structure, energy level alignment diagram, and basic characteristics of a model OSC (CABLD). (a) Schematic of the device, in which P3HT:PCg,BM
is sandwiched between the C-PDTON and A-PDTON EBLs. (b) Energy level alignment diagram of the given OSC under the flat band conditions. (c) J-V
characteristics of the given OSC under 100 mW cm™2 AM 1.5G illumination. (d) EQE and integrated Js. of the OSC. The integrated current density

calculated from EQE was 7.07 mA cm 2

2.8. Organic light-emitting diodes

The C- and A-PDTON films were also used as the CBL and ABL of
model OLEDs, respectively. Four different devices were assembled,
all employing blue-light-emitting polyfluorene (PFO) as the light
emitting layer. The structures of these devices are shown in
Fig. 4a and b, and Fig. S19 (ESIt). For their fabrication, all layers
except for the Al electrode were spin-coated. For the device
configurations in Fig. 4b as well as in Fig. S19c and d (ESI¥,
the same configuration as in Fig. 4b), a very thin layer of
PEDOT:PSS was used for separating the A-PDTON film and the
PFO layer because A-PDTON would dissolve in chloroform used
as the solvent for the fabrication of the PFO layer.

The modification of the Al cathode of the standard device
(Fig. 4a and Fig. $19a, ESI{) with C-PDTON (see Fig. S19b, ESIt)
resulted in an increase of the external efficiency (fex) from
0.02 Cd A™" to 0.11 Cd A" at 10.0 V and an improvement of
luminance from below 4 Cd m™2 to 100 Cd m™? (see Fig. S19e,
ESIt). This improvement can be only explained by the formation
of a suitable interfacial dipole, suggesting that C-PDTON reduced
the WF of Al, facilitating electron injection from the cathode.
Alternatively, the modification of the ITO anode of the standard
device with A-PDTON (see Fig. S19¢, ESIt) also resulted in an

This journal is © The Royal Society of Chemistry 2018

, in good agreement with the results of the J—V measurements.

improvement of its performance (see Fig. S19e and f, ESI}).
Finally, even larger improvement was achieved upon the use of
the PDTON films as both ABL and CBL (see Fig. 4b and Fig. S19d,
ESIT). According to the characteristics of such a device (Fig. 4c
and d), the onset of the light emission decreased from 8.2 V to
4.1 V. In addition, an average light output of 289 Cd m™* was
achieved with a 7]e, = 0.24 Cd A~" at a low voltage (~6 V), relying
on the electron blocking ability of A-PDTON.>® The above light
output is comparable to the values reported for PFO-based
OLEDs in the literature™***° and is three times higher than
that of the device utilizing only C-PDTON(as CBL; see Fig. S19b,
ESIT). Accordingly, the additional use of the A-PDTON film as
the ABL significantly improves the OLED performance. Also,
the 100 Cd m~* luminance could be obtained at 4.9 V for the
ITO/A-PDTON/PEDOT:PSS/PFO/C-PDTON/AI device (Fig. 4b and
see Fig. S19d, ESIT), whereas the analogous luminance for the
ITO/PEDOT:PSS/PFO/C-PDTON/Al device (see Fig. S19b, ESIT) could
be only obtained at 10 V. We also fabricated a device without
the PEDOT-PSS interlayer (ITO/A-PDTON/PFO/C-PDTON/AI), with a
similar luminescence to that with the interlayer (ITO/PEDOT:PSS/
PFO/C-PDTON/AI). This confirms the effectiveness of A-PDTON
and C-PDTON as EBLs (see Fig. 520, ESIt).
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Fig. 4 Structures, energy level alignment diagrams, and characteristics of model OLEDs. (a) Schematic of a standard OLED, in which PFO is sandwiched
between the PEDOT:PSS and Al layers, along with the respective energy level alignment diagram. (b) Schematic of the modified OLED, with A-PDTON
and C-PDTON serving as the ABL and CBL, respectively, along with the respective energy level alignment diagram. (c) and (d) The luminance versus

voltage and current density versus voltage plots for the devices (a) and (b).

2.9. Perovskite solar cells

To further illustrate the performance and versatility of PDTON,
serving, depending on the type, as either ABL or CBL, conven-
tional and inverted PSCs employing PDTON buffer layers
were fabricated. These devices were assembled under ambient
conditions (except the top electrode) at a relative humidity of
~55% and a temperature of 25 °C. Fig. 5a, b, d, e, g and h show
the respective configurations, viz. those of the standard devices
(see Fig. 5a, d and g), CBL-substituted devices (CBLD; see Fig. 5b
and e), and ABL substituted device (ABLD; see Fig. 5h). The CBLD
configuration was realized for both ZnO and SnO, CBLs (see
Fig. 5b and e) with the C-PDTON and PDTON35 buffer layers,
respectively, matching the work function of ZnO (4.3 eV)*' and
SnO, (4.7-4.8 eV).**> This example demonstrates the tunability of
PDTON in terms of energy level alignment in a specific device,
relying on the precise adjustment of the WF by setting the
concentration of acetic acid in the dispersing solution (Table 2).
The device using C-PDTON/ZnO (PCE of 15.96%) exhibited higher
Jse (21.10 mA ecm™?) and FF (73.26%) than the standard device
(Js: 17.81 mA cm ™2, FF: 69.08%, PCE: 12.51%) using only ZnO
(see Fig. 5c). Also the device using PDTON35/SnO, (PCE of
17.06%) exhibited higher J,. (21.03 mA cm ™ ?) and FF (76.39%)
than the standard device (Jg.: 20.03 mA cm™>, FF: 71.53%, PCE:
15.16%) using only SnO, (see Fig. 5f). In both cases, the observed
enhancement of J,. and FF stems presumably from the suitable
interfacial dipoles provided by the PDTON films improving the
electron extraction. In addition, these films served as a hole
blocking layer in the given device configurations.
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In the ABLD configuration of the inverted device (Fig. 5h),
the A-PDTON replaced the PEDOT:PSS film (Fig. 5g), serving as
both hole transporting and electron blocking layer. The PCE
of the modified device (8.90%) was higher than that of the
device using PEDOT:PSS as the ABL (7.40%, comparable to the
performance of the device assembled using two-step deposition
of a fully ambient-processed perovskite®?).

The most important parameters of the model PSCs, including
Jses Voo, FF, and PCE, are compiled in Table S2 (ESIt). Note that in
addition to the favorable EBL functionalities, PDTON films
promote the growth of high quality perovskite overlayers. The
EQE data and the integrated current density of the conventional
and inverted cells are shown in Fig. S21 (ESI{), being in
agreement with the current density values obtained from the
J-V measurements. The results of the complementary X-ray
diffraction (XRD) experiments are shown in Fig. S22 (ESIT).
Benefiting from the surface hydrophobicity,®* the perovskite
film grown on the A-PDTON substrate exhibited higher inten-
sity of the (110) peak than that on the PEDOT:PSS substrate,
resulting, consequently, in the higher V. of the A-PDTON PSC
as compared to the PEDOT:PSS device.***>

2.10. Mechanism and stability

The C- and A-PDTON nanospheres, serving as building blocks
of the respective polymeric materials and playing the major role
in their properties, could be directly visualized by HRTEM,
while the inner organization of these nanospheres, proposed by
us, follows the general logic of the behavior of amphiphilic

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Energy level alignment diagrams and basic characteristics of model PSCs. Schematics and energy level alignment diagrams of conventional and
inverted PSCs, employing (a) ZnO or (b) C-PDTON/ZnO films as CBL, (d) SnO; or (e) PDTON35/SnO; films as the CBL, and (g) PEDOT:PSS or (h) A-PDTON films
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molecules in solutions with a specific concentration of acetic
acid.”’* The indirect evidence for the structure of the C- and
A-PDTON nanospheres upon going from A- to C-PDTON was
provided by the CA and XPS data. Possible effects of molecular
doping and irreversible chemical changes upon the formation
of A- and C-PDTON could be excluded based on the NMR,
HRXPS, and NEXAFS spectroscopy results.

A presumable charge transfer mechanism in the A- and
C-PDTON films is schematically illustrated in Fig. 6, based on
the well-studied OSC configuration, employing P3HT:PC4;BM
as the active layer. The charge separation occurs in the active
layer, and the holes and electrons are transferred to the
electrodes through the A- and C-PDTON interlayers, depending
on their EBL functionalities. For the A-PDTON films, the holes
should be predominantly localized within the polytriphenylamine

This journal is © The Royal Society of Chemistry 2018

main chain, hopping efficiently along this moiety and between
the nanospheres. At the same time, because this main chain
possesses a high LUMO level of approximately —2.2 eV, which
effectively blocks the electrons, their injection and transfer
through A-PDTON would be not efficient. According to the
results of the SCLC measurements, the hole mobility of the
A-PDTON films (5.90 x 10~* ecm® V' s7') is considerably
higher than their electron mobility (1.70 x 107> em> V"~ " s 1),
qualifying these films as potential ABLs, which was verified in
the given study by the experiments on the model OSC, OLED,
and PSC devices. In contrast, for the C-PDTON films, the
inverse arrangement of the polytriphenylamine main chains
and aminoalkyl groups takes place (Fig. 6, at the right). This
results in the appearance of an interfacial dipole, formed
between the amino groups and the adjacent electrode,'® which
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height of the injection barrier for electrons.

reduces the WF of the electrode and facilitates the injection of
electrons, qualifying these films as potential CBLs. Moreover,
by varying the ratio of acetic acid and ethyl acetate in the
dispersing solution between the values characteristic of A- and
C-PDTON, PDTON layers with intermediate characteristics
can be prepared. Accordingly, the WF of these layers can be
precisely tuned to match the energy levels at a particular inter-
face in a specific device, as was demonstrated by the example of
a PSC employing such a layer.

An important issue in the context of device fabrication is
the stability of A-PDTON and C-PDTON. The stability of
the respective A-PDTON and C-PDTON nanospheres under
different conditions, including the ambient (55% relative
humidity and 25 °C), glove box (0% relative humidity and
25 °C) and harsh conditions (85% relative humidity and 85 °C),
was monitored by HRTEM (Fig. S23c, ESIt). Even under the harsh
conditions no visible degradation of the PDTON nanospheres
has been observed within the time frame of our experiment
(5 days) (Fig. S23c, ESIt).

3. Conclusions

In this work, we demonstrate a novel concept in context of OSC,
OLED and PSC fabrication by developing a universal EBL
polymer, PDTON, which possesses hole transporting properties
and reduces the WF of electrodes. These coexisting function-
alities rely on the specific morphology of PDTON consisting of
nanospheres with specific organization (two types) defined by
the mixing ratio of acetic acid and ethyl acetate in a mixed
solution used for dispersing the original PDTON polymer. By
casting from the respective solutions, two types of films com-
prising the same material but possessing distinctly different
EBL functionalities could be prepared. One of these films could
be used as an ABL and the other as a CBL in the model OSCs,
OLEDs, and PSCs, resulting in a comparable or even superior
performance compared to the standard, reference devices. In
addition, we demonstrated that the properties of PDTON can
be varied continuously between the ultimate cases of A- and
C-PDTON by precise adjustment of the ratio of acetic acid and
ethyl acetate in the dispersing solution. Among other options,

690 | Energy Environ. Sci., 2018, 11, 682-691

this allows a precise tuning of work functions of cathodes with
a single CBL material as was demonstrated for a model PSC.
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