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ABSTRACT: Cathode interfacial layers also called electron extraction layers (EELS) based on
zinc oxide (ZnO) have been studied in polymer blend solar cells towards optimisation of the opto-
electric  properties. Bulk heterojunction solar cells based on 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 [6,6]-Phenyl-C71-butyric acid
methyl ester (PC70BM) were realized in regular structure with all-solution-processed interlayers.
Two commercially available surfactants, ethanolamine (EA) and ethylene glycol (EG), were used
to modify the surface of ZnO nanoparticles (NPs) in alcohol-based dispersion. The influence of
ZnO particle size was also studied by preparing dispersions of two NP diameters (6 nmvs. 11 nm).
Here, we show that performance improvement can be obtained in polymer solar cells via use of
solution-processed ZnO EELs based on surface-modified nanoparticles. By optimizing the ZnO
dispersion, surfactant ratio and the resulting morphology of EELs, PTB7:PC7BM solar cells with
power conversion efficiency of 8.2% could be obtained using small sized EG-modified ZnO NPs
that allow to clearly enhance the performance of solution-processed photovoltaic devices

compared to state-of-the-art ZnO based cathode layers.

1. Introduction

Polymer solar cells (PSCs) have attracted high attention as future solar cells due to proposing
real advantages such as being lightweight and low-cost compared to traditional photovoltaic

technologies. The efficiency of PSCs has be strongly improved over the last few years, thanks to



intensive development of new materials process photoactive layers as well as interfacial layers
(IL), novel device structures were also proposed using various combination of IL materials.
Thanks to insertion of functional ILs, i.e. electron extraction layer (EEL) and hole extraction
layer (HEL), between the electrode and the photoactive layer, the performance of the organic
solar cells could be clearly increase.! In device structures reported in recent works, the interface
between the cathode and the photoactive layer plays specific roles in charge transport, extraction
and collection. To be compatible with low cost PSCs processing from solution, intensive work
has been dedicated to develop improved EELs compatible with solution-processing. To reach
high efficiency in PSCs, EELSs have to fulfill the three major requirements: (1) suitable energy
level alignment between photoactive layer and the cathode to ensure an ohmic contact for
electron transport and collection, (2) have efficient hole blocking properties leading to selective

extraction of electrons and (3) be chemically and physically stable in order to resist degradation.

Amongst solution processed interfacial materials, metal oxides such as zinc oxide (ZnO),**°
titanium dioxide (Ti02)!*2 or hybrid reduced graphene oxide (RGO)/metal oxide
nanocomposite using either ZnO or TiO2'* are also interesting materials with suitable energy
level to extract electrons from fullerene derivatives combined with a simple synthesis, low
environmental toxicity and energy impact. Use of quantum confinement of ZnO nanoparticles
(NPs) allows further tune gap and energy level on the EELs.*>'’ Reduction of the energy barrier
between EEL and a photoactive layer by using interfacial dipole layers related to surface
modification of the metal oxide interlayers have been successfully applied to further improve the
device performanc.!® Indeed we could show that ethanolamine (EA) modification of ZnO
interlayers generates fill factors up to 73 %.1° Additionally to their charge extraction properties,

metal oxide layers allow to produce so called optical spacer (OSP) effects leading to changes in



the light distribution inside solar cells.!®?2 As the dielectric constant of metal oxides such as ZnO
is different from those of the polymer and the electrode, the optical spacer can improve the
spatial light distribution inside the photoactive layer of the solar cells and thus optimizing

photocurrent generation.

In the case of polymer blend solar cells based on 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 [6,6]-Phenyl-C71-butyric acid methyl ester (PC70BM) (see molecular structures in
Figure 1a), we demonstrated in a former work that ZnO EELSs lead to strongly improved charge
carrier collection and efficiency of polymer solar cells although light absorption was not
increased in the photoactive layer.?® The improvement in performance was addressed to better
hole blocking of the ZnO EEL as well as a contact resistance and charge carrier recombination
reduction at the polymer blend/Al interface. The bulk heterojunction solar cells using regular
structures with ILs processed only from solution are identical to this work and shown in Figure
1b. Importantly, the processing of very smooth and homogeneous ZnO films was found essential
to produce highly efficient solar cells with high fill factors up to 66%. For this purpose, EA
surface modification was used to produce ZnO NP isopropanol solution free of aggregates
compared to pristine ZnO.% Small-molecule EA is a classical stabilization additive usually
applied in metal salt solutions, because of its high activity with metals.?*? Such surfactants,
even at low amount (0.2 vol.%) in the NCs based solution, coat the particles not only in
dispersion but also in deposited layer and can consequently introduce a barrier to physical
contact between the particles. It is therefore evident that, solution processing of efficient NC
layers is delicate due to the simultaneous need of effective NP stabilization and high charge

carrier transport.?® The purpose of the paper is to study the different surfactants used in ZnO
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dispersions to form high-efficiency EELs for regular device structures. We used two types of
commercially available surfactant, i.e. EA and ethylene glycol (EG) (see molecular structure in
Figure 1c), as organic molecules in alcohol-based solvent. While poly(ethylene glycol) was used
previously in the literature to form ZnO/poly(ethylene glycol) hybrids as EELs,?”? the selection
in the present study was voluntary focused on small insulating molecules to minimize steric
effects. The semiconductor-insulator composite was applied as EEL in solar cells. Additionally,
two ZnO nanoparticles sizes were used to prepare the solution-processable dispersions: ZnO NPs
with 6 nm (ZnO-a) or 11 nm (ZnO-b) as average diameters, respectively (Figure 1c). The
modification of electrical and morphological properties of ZnO NPs by the addition of EA or EG
as surfactants were studied and discussed in details towards performance improvement of

solution-processed solar cells.

2. Experimental

Inks preparation. Two ZnO NP sizes (see Figure 1c) were prepared following the procedures
described previously.?®2°% |n the present study, ZnO NPs with 6 nm as average diameter are
named ZnO-a, while NPs with 11 nm as average diameter are named ZnO-b. The solution of
ZnO NPs were prepared by transferring the as-synthesized ZnO-a or ZnO-b NPs from the
reaction medium to isopropanol mixed with EA or EG to a concentration of 5 mg/mL. The
molecular structure of EA and EG are shown in Figure 1c. The ratio of surfactant ranged from
0.2 to 1 vol.%. For instance 1 vol.% of EA represents 1 pL in 1 mL of 5 mg/mL of ZnO in

isopropanol. The mixing of ZnO with surfactant in isopropanol induces optical modification of



the ZnO solution that are immediately visible once the surfactant was introduced in the solution.
Ultrasonic treatment of 10 min furthermore increases the solubility of ZnO NPs. Surfactant-free
ZnO dispersion was prepared as reference (pristine ZnO). Size distribution of the ZnO NCs was

measured by dynamic light scattering (DLS) methods using a NanoZetaSizer from Malvern.

Solar cell fabrication and characterization. Polymer solar cells were fabricated using regular
device structure as detailed in former work.?® Figure 1b shows the device structure used in this
work which is identical to our recently work. Importantly, we used shadow mask 0.27 cm? in
size that are equal in size and shape to the solar cell (size of 0.27 cm?).By comparing the
performance of masked and unmasked device, we found less than 2% photocurrent increase for
unmasked devices indicating that our device structure and size is suitable to avoid photocurrent
overestimation.® J-V curves of solar cells and photovoltaic parameters are presented for best
devices, while average PCEs obtained with standard deviation analysis were calculated using 6

devices.

TFT samples preparation. The as-synthesized ZnO-a or ZnO-b NPs were dissolved in
isopropanol mixed with 1 vol.% of EA or 1 vol.% of EG to a constant concentration of 30
mg/mL. For lower concentrations, no charge transport could be observed.3? The schematic
representation and an optical microscopy image of the TFT architecture are shown in Figures
S1. Device preparation is identical to former work, however, in the present work no HMDS

treatment was applied.®*

Samples characterizations. ZnO NPs were characterized by the high-resolution transmission
electron microscope (HR-TEM) JEOL 3010, where samples were prepared by drop casting of

diluted solution on a mesh-coated carbon film. Photoluminescence (PL) and morphology



investigations of ZnO NPs based thin films where recorded using a CARY Eclipse spectrometer
and a scanning electron microscope (SEM) from JEOL (JSM 6340F) after spin-coating of
solutions onto glass substrates at 1500 rpm for 1 minute and dried on a hot plate at 80°C for 5
minutes. The surface morphology of ZnO NP layers deposited on top of PTB7:PC7BM layers
was studied by atomic force microscopy (AFM) using a Nanoscope Il in taping mode in air.
Ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS)
measurements were performed in an ultrahigh vacuum (UHV) surface analysis system with a
Scienta-200 hemispherical analyzer by using ZnO NP samples spin-coated onto ITO substrates
with the resulting film thickness ~20 nm. UPS and XPS measurement were calibrated by
referencing to Fermi level and Au 4f72 peak position of the Ar+ ion sputter-clean gold foil. UPS
was carried out with an unfiltered Hel (hv = 21.22 eV) to characterize the vacuum level and the
valence states with an error margin of £0.05 eV. The work function was derived from the
secondary electron cut-off. XPS was measured with a monochromatized Al Ka source (hv =

1486.6 V).

3. Results and discussion

The chemical structure of organic compounds involved in blend active layers and a schematic
representation of the regular device structure used in the present study are shown in Figure 1a
and Figure 1b, respectively. Figure 1c shows HR-TEM images of ZnO NPs with average
diameters of 6 nm (ZnO-a) or 11 nm (ZnO-b) together with the molecular structure of
surfactants, EA and EG, used to modify the surface of ZnO NPs in solution state. Modified ZnO

NPs were then used to form EELSs in solar cells based on PTB7:PC70BM blend as active layer.



Here, we emphasis the influence of surfactant and NPs size on the properties of ZnO composites

and thus on performances of PTB7:PC70BM based solar cells.
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Figure 1. (a) Chemical structures of PTB7 and PC7BM, (b) Schematic representation of device

structure and (c) TEM images of ZnO-a and ZnO-b with chemical structure of surfactants.

The solution of ZnO NPs were prepared by transferring the as-synthesized ZnO-a or ZnO-b NPs
from the reaction medium to isopropanol using EA or EG as surfactants. Figure 2 shows the
corresponding optical images of ZnO-a and ZnO-b dispersions in isopropanol at 5 mg/mL of
ZnO with 1 vol.% of EA or EG. The pristine ZnO dispersion presents large aggregates revealed
by a milky white aspect.®® The mixing of ZnO with surfactant in isopropanol induces optical
modification of the ZnO solution that are immediately visible once the surfactant was introduced

in the solution. Ultrasonic treatment of 10 min furthermore increases the solubility of ZnO. As



contrary by changing the surfactant from EA to EG, introduction of 1 vol.% of EG leads to less
translucent dispersions for the small ZnO-a NPs, while a still milky white aspect was reached for
ZnO-b. In general, the milky aspect results from a light scattering inside the solution due to the
presence of large agglomerates in solution state.?® Therefore we can conclude that EA as
surfactant reduces more efficiently the aggregation size and the number of large aggregates
compared to EG, while larger NP sizes introduce persistent presence of large aggregates, but still

with a lower amount in the case of EA compared to EG.

Zn0-a Zn0-a Zn0O-b Zn0O-b
+1vol.% +1vol.% +1vol.%  +1vol.%

of EA of EG

Figure 2. Optical images of solutions based on ZnO nanoparticles (ZnO-a or ZnO-b) in

isopropanol at 5 mg/mL with 1 vol.% of EA or with 1 vol.% of EG.

In order to analyse the changes in aggregation size of the different ZnO solution more in details,
we applied DLS as common technique to measure the mean effective hydrodynamic diameter of
nanoparticles or colloids in solution. The DLS measurements were performed as a function of
surfactant volume (vol.%) of EA or EG introduced into the ZnO-a and ZnO-b dispersions in
isopropanol (Figure 3). Importantly, the concentration of ZnO was equal for all solutions at 5

mg/mL in isopropanol, the concentration used to process the EELs on top of the photoactive



layer. DLS measurements reveal that pristine ZnO-a and ZnO-b NPs in isopropanol at 5 mg/mL
of ZnO form agglomerates with diameter greater than 100 nm, and thus much larger than the
single particle size as obtained from HR-TEM analysis (Figure 1c). By adding EA as surfactant
with a ratio ranging from 0.2 to 1 vol.%, the DLS measured diameter drops to 9-10 nm and 13-
14 nm for ZnO-a and ZnO-b, respectively. Such values correspond in each case to the
hydrodynamic diameter of single NPs. The lower transparency of EA solution using large ZnO-b
is addressed to the presence of a small amount of residual larger aggregates, which however do
not impact performance of the solar cells as shown later. Remarkably, EA modified ZnO NPs in
isopropanol form highly stable cluster free solution over several days independently of NPs size.
On the contrary, DLS analyses reveal a different behavior depending on the size of ZnO NPs
when using EG as surfactant. Any DLS experiment was possible for the dispersion based on the
biggest ZnO-b NPs due to the presence of large agglomerates. For ZnO-a, the addition of EG at
0.2 vol.% does not significantly reduce the size of agglomerates compared to the pristine
dispersion with a hydrodynamic diameter of 105 nm, while the aggregation size is reduced
already to the single NP level for EA at this concentration. When increasing from 0.5 to 1 vol.%
of EG, the DLS measurements show a major peak in the size-range of 50-66 nm even after ultra-
sonic treatment. This value is 5 to 6 times higher than that obtained with EA indicating persistent
agglomerates inside ZnO solutions with EG. It is thus obvious that surfactants, i.e. EA or EG,
modify the particle surface and control their interaction in solution to form either isolated NPs or
agglomerates. Although both selected surfactants are organic molecules with a small chain
containing two saturated hydrocarbons, the nature of functional end-groups (amine and hydroxyl

for EA or hydroxyls for EG) gives specific chemical interaction properties with the ZnO surface.
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Figure 3. DLS measured-hydrodynamic size vs. the volume (vol.%) of EA or EG as surfactant in

ZnO (ZnO-a and ZnO-b) dispersions at 5 mg/mL in isopropanol.

To understand the effects of EA or EG molecules on the properties of ZnO in solid state, the
morphology of the different ZnO composites were investigated. Figure 4 shows the AFM images
of EA- or EG-modified ZnO (ZnO-a and ZnO-b) composite films deposited on PTB7:PC70BM
active layers. The EG-modified ZnO composites appeared to have larger domains than EA-
modified ones, respectively. A direct impact was also observed on the surface roughness. In the
case of EA-modified ZnO-a composite, a root-mean-square roughness (Rrms) of 2-3 nm is observed
while this value only slightly increases to 2.5-4 nm with EG. For ZnO-b composites, more
significant changes were observed. While a well nanostructured surface was observed with EA
(Rrms = 3-4 nm), the composite layer with EG exhibited a coarser surface with a Rrms to 7-10 nm
resulting from the dispersion of agglomerates rather than single nanoparticles. As already
observed, the large agglomerates present in solution state were partially dislocated by

centrifugation during the spin-coating process making possible the deposit of thin film.3 SEM
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images (Figure S2 and Figure S3) show such changes form smooth well-nanostructured layers to
layers with volumic asperities vs. NPs size and surfactant nature. While EA molecules are grafted
to ZnO to form single NPs in both solution and solid state, EG molecules capped clusters of NPs
as persistent agglomerates are present in resulting solid state.?” The inset of Figure 4 gives a
schematic representation of ZnO composites within each EG-modified composites. In order to
estimate if EG also fills the surface oxygen vacancies as PEG,* we performed photoluminescence
spectra (Figure 5) on the different composite films. The PL spectra show that adding EG to the
solution lowers the emission intensity of the peak that corresponds to emission of shallow surface
traps of ZnO. Contrary to EA chains grafted on ZnO NPs,? this result suggests that the EG chains
interacted with the ZnO surface to passivate the shallow trap sites. While ZnO-b composites give
an almost complete quenching of the defect emission, the coarser surface formed by large
aggregates together with ZnO-free area in EG-modified composite will not benefit to efficient
devices.?® We suspect that the EG chains are not long enough to cap around the biggest ZnO-b NP

surface to form uniform nanoclusters of suitable size as EA-grafted surfactant.
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Figure 5: Emission spectra of modified-ZnO composite films deposited on glass substrates.
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In order get deeper insight to modifications to the surface electronic structure induced by EA or
EG, XPS and UPS measurements of thin films from both ZnO-a and ZnO-b composites were
carried out. While Figure S4 shows the entire XPS spectra, the spectra located to the O1s feature
of ZnO-a and ZnO-b with EA or EG surfactants are displayed in Figure 6. As the surfactants
will locate at the surface of the NP, the O1s spectra are expected to contain signal from EA or
EG, respectively. The O1ls feature of EA is located at ~532.7 eV, the same as for EG. Neat ZnO
NP films typically have an asymmetric O1s core level feature with a main peak at ~531.4 eV
(representing the oxygen atom in the ZnO matrix) and a shoulder at higher binding energy,
~532.9 eV (corresponding to oxygen atom vacancies and chemisorbed oxygen).?® For EG-
modified ZnO-a, the O1s spectrum retains the basic features of neat ZnO NP films, suggesting a
very thin EG coverage (~monolayers), whereas the EA-modified ZnO-a NPs have a O1s
spectrum dominated by the EA oxygen and the oxygen feature related to oxygen in the ZnO
matrix is severely suppressed, indicating a thick EA shell. The same trends hold true for the
ZnO-b NP films, but here the coverage for both the EA and EG are thinner than for the
respective ZnO-a case, with e.g. the oxygen from the ZnO matrix now being visible for the EA-
modified NPs. With an identical amount of surfactants (1 vol.% of EA or 1 vol.% of EG) in ZnO
NP based solutions at 5 mg/mL in isopropanol, this observation may be directly related to an
increased size of NPs from ZnO-a to ZnO-b. The Zn2p spectra (Figure S5) show no significant
variation in binding energy or feature shape, but the relative intensity of the Zn features is
increased for the EG-modified ZnO NPs as compared to the EA-modified NPs, indicative of

thinner EG shells, and the relative trend of surfactant shell thickness between ZnO-a and ZnO-b
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is followed as well. The evolution of the C1s core level also follows trend of thick EA and thin

EG shells (Figure S6).
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Figure 6. XPS spectra (Ols area) of ZnO-a (a) and ZnO-b (b) nanoparticles modified with

surfactant (1 vol.% of EA or 1 vol.% of EG).

In Figure 7a (ZnO-a) and Figure 7b (ZnO-b), the UPS cut-off spectra (left panels) and valence

band region (right panels) are shown. The work function is derived from the position of the
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secondary electron cut-off, Eco, as WF = 21.22 — Eco.%® The results show a slightly lower work
function for EA-modified NPs as compared with EG-modified NPs: ~3.8 eV vs ~3.95 eV for
Zn0O-a and ~3.8 eV vs ~4 eV for ZnO-b NPs. This is in agreement with previous reported work,
where EA treatment was found to decrease the work function compared to pristine ZnO due to
dipolar polarization of the ZnO surface via the adsorption of EA.Z The valence band edge (right
panels of Figure 7) of the EG-modified ZnO NP films are situated closer to the Fermi energy
than for the corresponding EA-modified NP films, with EG-modified ZnO-b NPs having the
lowest hole injection barrier. The corresponding ionization potential (IP) values are: 8 eV and 7.6
eV for EA- modified ZnO-b NPs and EG- modified ZnO-b NPs, respectively.®® A schematic
corresponding energy level diagram of solar cells using EA- or EG-modified ZnO (ZnO-a and
Zn0-b) NPs as interfacial layers is depicted in Figure 8. With a small variation in work function
vs surfactant EA or EG, any films used as EELS in solar cells are expected to form pinned
contacts with PC70BM while still blocking hole diffusion, as the valence band edges are situated
deep vs the valence band of PTB7. Furthermore, the thinner EG shells will provide less of a

tunnel barrier for the electron injection as compared to the thicker EA shells.
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The electrical properties of modified-ZnO composites as EELs were investigated by fabricating
devices with the same structure ITO/PEDOT:PSS/PTB7:PC70BM/EELS/AI. The illuminated
current-voltage (J-V) curves of PTB7:PC70BM solar cells using EA or EG modified ZnO-a and
ZnO-b as EELSs are shown on Figure 9a and Figure 9b, respectively. Table 1 summarizes the
photovoltaic parameters, as the open circuit voltage (Voc), the short circuit density (Jsc), the fill
factor (FF) and the power energy conversion (PCE) of the corresponding solar cells. Devices
without any ZnO-based EELSs were also fabricated for comparison. As can be seen in Figure 9
and Table 1, independently of the surfactant additive and ZnO size, the device performances
were improved as ZnO EELs were inserted between the active layer and the Al electrode. This
can be addressed to the hole blocking behavior of ZnO by the reducing leakage current at the
cathode related to recombination of hole and electron at Al interface together with charge carrier
extraction improvement.? Furthermore, it can be seen that solar cells processed with ZnO-b NPs
show for both surfactants clearly lower efficiencies than ZnO-a based devices. Especially in the
case of EG, device performance is low. The lower performance can be addressed to the
nanoscale morphology of the corresponding EELSs. Indeed as shown previously, layer
morphology plays an important role in the electric performance of ZnO EELs.Z For ZnO-b NP
films, larger inhomogeneity in layer thickness leads to local variation in electron density due to
dependence of the electric field on the layer thickness at the interface. While ZnO-b NP films
were of poor layer quality, ZnO-a NP films independently of the surface ligand form high quality
layer of a smooth densely packed morphology that is favorable for improved charge extraction.
Comparing the performance of the corresponding solar cells, ZnO-a NPs using EG as surfactant

lead to clearly improved photocurrent densities and FF compared to EA processed EELs. The
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maximum efficiency was obtained with the incorporation of 1 vol.% of EG with a Jsc of 16.17
mA cm 2, a Voc of 747 mV, a FF of 68.5 % leading to an optimum power conversion efficiency
of 8.27 %. While the same trend is followed, lowest photovoltaic parameters were obtained by
decreasing the spin-coating speed of ZnO solutions on PTB7:PC70BM active layer from 2000
rpm to 1500 rpm (Table S1). There is thus an important influence of the surfactant on the
photovoltaic parameters of the solar cells. In order to understand the improvement in FF, one has
to consider that this parameter is in general limited by the competition between recombination
and extraction of free charges inside the solar cell which in terms depends on the internal field
and the ratio of the carrier mobilities.®”*® These parameters determine the serial and shunt
resistances across the whole devices.*® The analysis of serial and shunt resistances of the solar
cells reveals two major effects of the intercalation of EG-modified ZnO-a as EELS. The shunt
resistance was clearly improved to Rsh = 1500 ©.cm? while the serial resistance (Rs) was reduced
compared to reference (without ZnO) and EA-modified ZnO-a films containing cells.
Concerning the charge transporting layer of the EELs (Table S2), the mobility values of ZnO-a
and ZnO-b NP films modified with EG are higher leading to a faster electron extraction towards
the electrode, a reduction of serial resistance and thus less recombination at the blend layer.
Furthermore we showed that EG reduces strongly the amount of defect states at the ZnO surface,
while EA surfactant does not passivate the ZnO defects. We address therefore the higher shunt
resistance to the passivation effect of EG leading to a reduction of deep trap sites at the interface
between the polymer blend and the ZnO layer and thus lower interface recombination. As
previously observed, the improved Jsc with EG-modified ZnO-a can be addressed to pure
electrical effect.? Indeed the optical calculations performed on PTB7:PC70BM solar cells, using

an intercalated ZnO layer between the cathode and the polymer blend, indicate that the number
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of absorbed photons in the active layer was not modified in the case of a 90 nm thick
PTB7:PC70BM layer in combination with a 20 nm thick ZnO layer. Additionally, the external
quantum efficiency (EQE) measurements of PTB7:PC7BM solar cells using ZnO-a EELS
processed with EA and EG (Figure S7) reveal that the intercalation of an EG-modified ZnO-a
layer increases device performance as the EQE spectrum is enhanced over the whole absorption
spectrum of the polymer blend. We attribute therefore the improvement in Jsc not to OSP effects
but to optimized electrical properties of EG-modified ZnO-a due to mainly to the reduction of
hole-electron recombination at the interface between polymer blend and EEL. Thus the surface
modification of ZnO NPs by EG is a promising route towards further increase in efficiency of
solar cells using regular device structures. It was shown that polymer solar cells using inorganic
hole blocking layers in inverted device structures show generally higher power conversion
efficiencies due to the formation of more favorable bulk heterojunction morphology.*® Therefore
future studies will focus on the use of different surfactants such as EA and EG in ZnO solutions
in inverted device structures to potentially improve nanoscale morphology of the bulk
heterojunction as well as the electrical properties of the interface between the EEL and the

photoactive layer.
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Figure 9. J-V curves under illumination of PTB7:PC70BM cells using ZnO-a (a) and ZnO-b (b)

composites as EEL.
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Table 1. Photovoltaic parameters of PTB7:PC70BM solar cells using EA- or EG-modified ZnO-a
and ZnO-b interfacial layers. PTB7:PC7BM solar cell using a bare Al contact is shown as reference

(w/o Zn0O). Thickness of EA- or EG-modified ZnO-a and ZnO-b nanoparticle films is 20 (£2) nm.

ZnO Surfactant (r\n/:;) (m A]/S(C)mz) ('0:/';) PCE (%) Az:tr;%ee ng (9%312) (Qiinz)
wlo ZnO 662 | 1417 61 5.72 5.33+0.33 1035 6.3
EA 754 | 15.66 66 78 7.530.18 1250 55
Zn0-a EG 747 1617 | 685 8.27 7.98+0.21 1500 5
A 750 | 15.21 66 752 730£0.17 1150 6.5
Zn0-b g3 737 | 1493 | 5 6.06 581202 800 12

4. Conclusion

In summary, high-efficiency organic solar cells using regular device structures based on
PTB7:PC70BM bulk heterojunction were fabricated using solution-processed ZnO NPs modified
with EA or EG as multifunctional insertion layer. The results showed that EG on smallest ZnO
NPs (diameter of 6 nm) could formed a well-dispersed solutions, effectively passivated the surface
traps of ZnO and lead to a faster electron extraction towards the electrode in solid state. Meanwhile,
it revealed that molecular structure of the surfactant and its chemical interaction with the ZnO

surface (grafting or capping) play an important role in the structural and electronic properties of

22



ZnO EELs. As a result, the device with EG-modified ZnO NPs exhibited the best performance.
Due to an effective reduction of charge carrier recombination at ZnO-polymer blend interface, the
photovoltaic performance was significantly enhanced with a maximum PCE of 8.2 % and a FF of

68.5.

Supporting Information. Device structure of ZnO-based transistors. SEM images of spin-coated
ZnO thin films. XPS spectra of ZnO nanoparticles modified with surfactants. Description and data

of TFT measurements. Supplementary data in solar cell characterization.
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