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Abstract

Novel zinc oxide nanoparticles (ZnO NPs) modified by silanization using
triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane (TTFO), referred as ZnOF NPs,
have been successfully synthesized. Driven by the surface segregation behavior of the
fluoroalkyl chains ascribed to their low surface energy, ZnOF NPs can migrate from
the blend system with poly(3-hexylthiophene):[6,6]-phenyl-Cg;-butyric acid methyl
ester (P3HT:PCBM) to the surface of active layer during annealing process and
consequently self-assemble as a cathode buffer layer. The addition of functionalized
ZnOF NPs assists the stacking of P3HT chains to form favorable morphology of
active layer with remarkable phase separation, especially upon annealing optimization
in 0-DCB solvent. The best power conversion efficiency (PCE) of 2.4% is achieved
with open-circuit voltage (Vo) of 0.49 V, short-circuit current density (Js) of 8.1
mA/cm” and fill factor (FF) of 61%, based on the self-assembly cathode buffer layer
of ZnOF NPs (5 wt.%) upon annealing in o-DCB. Therefore, this novel approach
could realize fabricating both active layer and cathode buffer layer through a single
step, which not only simplifies the fabrication procedure and reduces the

manufacturing cost of the polymer solar cells, but also increases PCE by reduction of
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a Schottky barrier at the interface and the stability of the devices.

Keywords: self-assembly; zinc oxide; fluoroalkyl; cathode buffer layer
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Introduction

Organic photovoltaic devices (OPVs) based on conjugated polymer materials have
been paid a tremendous amount of attention, partly because they feature many
advantageous  properties, including light weight, mechanical flexibility,
low-temperature and low-cost fabrication of large-area devices [1-3]. Recently,
increasing research efforts have been devoted to enhancing the photovoltaic efficiency.
Optimization the morphology of the active layer by improving the processing
methods or adding some additives in the active layer, as well as utilizing an effective
buffer interface (including hole and electron transporting layer) are valid for realizing
a high efficiency, since they affect the flow of charge carriers across or along material

interfaces largely [4-10].

The buffer interface has been commonly employed to improve the contact between
the active organic layer and electrodes. Lithium fluoride (LiF) [11], cesium carbonate
(Cs,CO3) [12], titanium oxide (TiOy) [13], zinc oxide (ZnO) [14] and self-assembled
monolayer [15] are used as n-type electron transporting layer materials in polymer
solar cells. They create an effective metal-organic interface, which decreases the
contact resistance between the active layer and cathode electrode, forms a favorable
dipole moment across the junction and makes the Fermi levels of layers matching
well to enhance the efficiency of charge collection [8]. The buffer layer also prevents
oxygen and humidity diffusing into the active layer, thereby improving the lifetime of

the unpackaged devices.

Generally speaking, the formation of the conventional cathode buffer layer (CBL)

needs an additional fabrication step. For instance, LiF is prepared through vacuum



RSC Advances

deposition [11,15-17], ZnO or TiOy is dipped or spin coated [13,14,18-20]. The
additional processes have adverse effect on the active layer, make the craft
complicated and improve the manufacture cost to some extent. Furthermore, owing to
the vertical phase separation with instability in thermodynamic, the elements of the
additional buffer layer may diffuse into the active layer [5], which could affect the
efficiency and the stability of the solar cells. Hence, to fabricate both organic
materials and cathode buffer layer by a single step and keep the materials stable in a
long time are valuable. Zhang et al. reported the application of non-conjugated
polymers (surfactant), such as poly(ethylene oxide) (PEO), as the buffer layer
between the active layer and the metal cathode to improve the polymer devices
performance [21]. Cheun et al. studied the role of thermally-induced vertical phase
segregation and crystallization on the photovoltaic performance of bulk
heterojunction inverted polymer solar cells [22]. Clark et al. found that there was a
slightly [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM)-rich layer between the
active layer and the air interface during the film casting. Furthermore, the
phenomenon of spontaneous vertical phase separation in polymer photovoltaic
devices decided by the different free energy had been verified by angle-resolved
X-ray photoelectron spectroscope (ARXPS) [23]. Yao et al. synthesized a novel
fluoroalkyl side-chain diblock copolymer, poly(3-hexylt
hiophene)-block-poly[3-(4-(3,3.4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyloxy)phenyl)-de
cyloxy)thiophene] (P3HT-b-P3FAT), successfully. And the fluorinated P3FAT
polymer chains could aggregate on the surface of poly-(3-hexylthiophene) (P3HT)
spontaneously during spin coating processes, driven by the low surface energy of
fluoroalkyl side chains [24]. Wei et al. applied a fullerene derivative with a

fluorocarbon chain in bulk-heterjunction polymer solar cells. It could migrate to the
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surface of the organic layer during spin-casting owing to the low surface energy of the
fluorocarbon, and form a very thin buffer layer between the polymer and the metal
electrode by one step [25]. Nevertheless, as so far, there are few reports about
fabricating organic active layer and cathode buffer layer based on the self-assembly of

inorganic nanoparticles (such as ZnO NPs) simultaneously through a single step.

In this work, ZnO NPs were modified with
triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane (TTFO), resulting in
functionalized ZnOF NPs with surface segregation function of the fluoroalkyl chains.
During the solvent annealing and thermal annealing process for the polymer solar
cells, the low surface energy of the fluorocarbon could drive ZnOF NPs to migrate to
the surface of organic layer to form a cathode buffer layer (CBL). Thus, both the
active layer and CBL can be fabricated in a single step, which not only simplifies
fabrication process and reduces the manufacturing cost of solar cells, but also
increases the stability of the device, because the vertical phase separation in polymer
photovoltaic devices is spontaneous and stable in thermodynamics. On the other hand,
the movement of ZnOF NPs may actuate the polymer chains to stack more orderly,
consequently forming favorable heterojunction morphology of active layer with
remarkable phase separation, which is beneficial for boosting the power conversion
efficiency (PCE) of polymer solar cells. The addition amount of ZnOF NPs and the
degree of ZnOF NPs migration regulated by the film-formation process upon
annealing in different solvents, produce obvious effects on the stacking of P3HT
chains, the heterojunction (BHJ) morphology and the photovoltaic performance. After
optimize the self-assembly CBL with 5 wt.% ZnOF NPs and annealing in good

solvent of 0-DCB, the PCE of the devices based on P3HT:PCBM active layer
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enhances to 2.4% with open-circuit voltage (Vo) of 0.49 V, short-circuit current
density (Js¢) of 8.1 mA/cm? and fill factor (FF) of 61%, with comparison to the PCE

of 1.2% for the device without any CBL.

Experimental Section

Materials

The poly(3-hexylthiophene) (P3HT, M,=48300 g/mol, head-to-tail, regioregularity >
90%, Rieke Metals, Inc.), [6,6]-phenyl-C61-butyric acid methyl ester (PCBM, 99.5%;
Nano-C) were used as received. ZnO NPs were synthesized following the process
reported by Beek et al. [26]. The general procedure for the preparation of ZnO NPs as
follows: 1.23 g of zinc acetate dihydrate (Zn(CH3COO);-2H,0, 98%, AR, Aldrich)
was dissolved in methanol (55 mL) at 60 °C under vigorous stirring. 25 mL potassium
hydrate (KOH) (90%, AR, Aldrich, 0.34 mmol mL™") solution in methanol was
dropped into the Zn(CH3COQO), 2H,0 solution in 20 min under vigorous stirring. The
reaction was held at 60 °C for additional 2 h to yield a homogeneous, clear and
transparent solution, which contained ZnO NPs. After the ZnO NPs solution fell to
room temperature, the triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane (TTFO)
was added under vigorous stirring for 3 h to graft the functional groups of fluoroalkyl
onto the ZnO NPs. Finally, let the solution alone to precipitate for another 2 h. In this
report, the ZnO NPs grafting with functional fluoroalkyl chains were referred to as
ZnOF NPs. Precipitate was separated by centrifugation and was washed three times
with methanol. O-dichlorobenzene (0o-DCB) was used to disperse ZnOF NPs, with the

content of 20 mg/mL.

Fabrication of devices
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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) were
prepared on indium tin oxide (ITO) substrates by spin coating. The conductive ITO
substrates were cleaned in acetone, soap water, deionized water and isopropanol
successively by ultrasonication and dried, treated with UV ozone for 20 min before
spin coating PEDOT:PSS. Then, the substrates were annealed at 140 °C on a hot plate
for 20 min. After that, P3HT:PCBM (1:1, w/w) blend or with (ZnO or ZnOF NPs)
dissolved in 0-DCB were spin-coated on the ITO/PEDOT:PSS substrates layer at 800
rpm for 40 s to form active layers. Upon solvent annealing, the films were placed in
respective 0-DCB and acetone vapor for 3 h. The additional cathode buffer layer was
fabricated by spin-coating of ZnO or ZnOF NPs (20 mg/mL dissolved in methanol)
above the active layer at 4000 rpm for 60 s. And then thermal annealed on a hot plate
in glovebox at 150 °C for 10 min. At last, a 90 nm Al electrode was thermally
deposited in vacuum (3x10° torr) when the film cooled down to room temperature

slowly.

Characterizations

Hydrogen nuclear magnetic resonance (‘H NMR) and Fourier transform infrared
spectroscopy (FTIR) were used to testify the chemical structure of ZnOF NPs. 'H
NMR spectra were collected on a Bruker AV 400 NMR spectrometer with deuterated
CDCl; as the solvent and with tetramethylsilane (6=0) as the internal standard. FTIR
spectra were recorded in a manner of KBr tablet on a Shimadzu IRPrestige-21 FT-IR
spectrophotometer. All FTIR spectra were collected under the room temperature over
a scanning range of 400-4000 cm™. Field emission transmission electron microscopy
(TEM) was used to observe the dispersibility of ZnO and ZnOF NPs employed on

JEOL, JEM-2100F. Atomic force microscopic (AFM) images were measured on a
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nanoscope III A (Digital Instruments) scanning probe microscope using the tapping
mode. To gain insight on the photophysics and electronic properties of the pure ZnO
and ZnOF NPs, UV-vis-NIR spectroscopy (performed by Perkin-Elmer Lambda 750
with integrating sphere) was utilized. Survey X-ray photoelectron spectroscopy (XPS)
was applied as an effective measure to certify the content of C 1s, F 1s, Zn 2p and O
Is on the surface of P3HT:PCBM:ZnOF (5%) on ITO substrate which was annealing
in different solvent vapors. Ultraviolet photoelectron spectroscopy (UPS) was used
for testing the energy-level diagram of the related materials. Current-voltage (J-V)
characteristics of all devices were processed by Keithley 2400 Source Meter to test
this mixture layer applied into the photovoltaic devices with unencapsulated condition
and measured in air under 100 mW/cm® simulated AM 1.5 G irradiation (Abet Solar
Simulator Sun 2000). A photo mask with an area of 0.04 cm” was used to define the

active area of the device irradiated by light.

Results and Discussion

Synthetic route of the modified ZnO NPs (henceforth referred to as ZnOF) and the
fabrication process of the polymer solar cells with self-assembly ZnOF NPs as
cathode buffer layer has been shown in Scheme 1. The functional fluoroalkyl chains
were successfully grafted onto the surface of ZnO NPs by the reaction between silane
coupling agent of triethoxy-1H,1H,2H,2H-tridecafluoro-n-octylsilane (TTFO) and the
hydroxyl groups of ZnO NPs, which could be verified by Fourier transform infrared
spectrometer (FTIR) and hydrogen nuclear magnetic resonance (lH NMR)
characterization. As shown in Figure 1 of FTIR spectra for ZnO NPs, TTFO and
functionalized ZnOF NPs, a broad band from 3000 cm™ to 3500 cm™ are ascribed to

the dangling hydroxyl groups on the surface of ZnO and ZnOF NPs. For ZnOF NPs,
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the bands at 1246 cm™, 1200 cm™ and 745 cm™ are attributable to the asymmetrical
C-F stretching mode of -CF,- and -CF; groups. The band around 1122 cm™, 1140 cm™

and 1020 cmoriginates from the stretching mode of Si-O group. The band around
1170 cm™ was the result of the stretching mode of C-O group. The appearance of new

bands proves that the fluorinated substitution of ZnO NPs has been realized.

Figure 2 illustrates the '"H NMR spectra of ZnO NPs, TTFO and ZnOF NPs. The
peak at 1.55 ppm (proton a) is assigned to protons from the hydroxyl groups
absorbing on the surface of ZnO NPs. The peak at 1.22 ppm (9H, proton b), 3.83 ppm
(6H, proton ¢), 0.88 ppm (2H, proton d) and 2.15 ppm (2H, proton e) are ascribed to
different CH, and CH; of TTFO. For ZnOF NPs, the appearance of new single-peak
at 1.28 ppm (proton f) assigned to methyl groups has been observed. Meanwhile, the
peaks at 1.22 ppm (b), 3.83 ppm (e) belonging to TTFO disappear, which

demonstrates that the functional ZnOF NPs have been synthesized successfully.

Grafting the fluoroalkyl chains onto the surface of ZnO NPs effectively increased
their dispersion, which could be testified by field emission transmission electron
microscopy (TEM). The TEM images of ZnO NPs and ZnOF NPs with 4 mg/mL in
0-DCB are shown in Figure 3. It can be seen that the dispersion of ZnOF NPs is
much better than ZnO NPs. Bringing in fluoroalkyl chains can prevent ZnO NPs from
aggregating. The high magnification transmission electron microscope (HRTEM)
images reveal clear lattice fringes of ZnO and ZnOF NPs. The marked spacing for the
lattice fringes of ZnO NPs is about 0.28 nm, agreeing well with the expected
separations of (002) planes in wurtzite ZnO. For ZnOF NPs, the spacing of lattice

fringes is about 0.28 nm, which displays almost no variation after grafting with
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fluoroalkyl chains.

The modified ZnOF NPs as additives mixing with
poly(3-hexylthiophene):[6,6]-phenyl-Cg;-butyric acid methyl ester (P3HT:PCBM)
blend applied in polymer solar cells has been investigated. Driven by the surface
segregation of the fluoroalkyl chains due to their low surface energy, ZnOF NPs can
migrate from the active layer based on P3HT:PCBM blend to the surface during
annealing process and self-assemble as a cathode buffer layer (CBL). The process
flow of the polymer solar cells is illustrated in Scheme 1, which realizes fabricating
both active layer and CBL through a single step. ZnOF NPs upward migration would
induce the stacking of P3HT polymer chains, consequently availing the formation of
tailored heterojunction morphology of active layer. In addition, the addition amount of
ZnOF NPs is a critical factor in the formation of a continuous and dense buffer layer
by self-assembling, which creates an effective contact interface between the active

layer and cathode electrode and helps to resist the current leakage.

To investigate the self-organized ability of polymer chains in the active layer after
incorporation of ZnOF NPs, the UV-vis absorption spectra of P3HT:PCBM blended
with different amount of ZnOF NPs have been measured and shown in Figure 4a,
which displays red shift of the P3HT:PCBM absorption. The distinct shoulder peak
corresponding to vibronic features at about 610 nm, 560 nm and 510 nm are related to
the 0-0, 0-1 and 0-2 transitions to the vibronic modes of the excited electronic state
[27,28]. The height of the peak strongly depends on the intensity of interchain n-n
stacking of P3HT polymers [29]. From the enlarged view of partial in Figure 4b, the
red shift and the raised intensity are more pronounced, which indicates that local

ordering and crystallinity of P3HT improve after adding ZnOF NPs. Because ZnOF
10
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NPs possessing many fluorine atoms with low surface energy tend to migrate to the
surface of the active layer in the film-formation process, which influences the
crystallization thermodynamic and kinetic parameters of P3HT [30]. When the weight
percent of ZnOF NPs is below 5 wt.%, the self-assembling of ZnOF NPs is favourable
for the stacking of P3HT chains, consequently improving the crystallinity. And the
positive effect further increases when the addition amount of ZnOF NPs runs up.
While the weight percent of ZnOF NPs reaches to 10%, the stacking of P3HT can be
suppressed by the aggregation of residual ZnOF NPs within the active layer. More
remarkable, there is also a red shift for 10 wt.% amount, compared to that of pure
P3HT:PCBM blend. The addition of ZnOF NPs as “dilutants” can increase the extent
of phase separation between donor and acceptor, as well as the crystallization of

P3HT.

The atomic force microscopy (AFM) images of P3HT:PCBM blended with different
content of ZnOF NPs without solvent annealing have been displayed in Figure 5. The
blank P3HT:PCBM without ZnOF NPs exhibits a smooth surface morphology and a
root mean square (RMS) of 2.64 nm. Adding ZnOF NPs (2.5 wt.%) into the
P3HT:PCBM blend, the RMS increases to 3.75 nm. From the UV-vis absorption
spectra (Figure 4), we have presumed that the ZnOF NPs addition can increase the
phase separation between donor and acceptor and the crystallization of P3HT, so the
RMS growing is reasonable [31]. On the other hand, this may result from the small
quantity of ZnOF NPs could not self-assemble as a continuous and dense layer on the
surface, but rather only isolated nanoclusters. When the weight percent of ZnOF NPs
raises from 2.5% to 5%, the RMS reduces to the minimum value (1.05 nm), owning to

the formation of a favorable morphology after self-assembling of ZnOF NPs with
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appropriate amount. However, the excess ZnOF NPs (10 wt.%) not only self-assemble
as a complete buffer layer, but also remain partly within the active layer, which
impairs the crystallinity of P3HT. Compared to P3HT:PCBM blended with ZnOF NPs
(5 wt.%), the addition of ZnOF NPs (10 wt.%) results in a more rough morphology
(RMS of 1.86 nm) and a relative blue shift of the UV-vis absorption related to
P3HT:PCBM (Figure 4). It is noteworthy that the addition of ZnOF NPs is in favor of
the stacking of P3HT chains, which agrees well with the obvious red shift of UV-vis
absorption. Furthermore, the amount of ZnOF NPs has influence on the degree of
crystallinity of P3HT to some extent. However, excessive ZnOF NPs remain partly
within the active layer, which provide bridges for the cross-linking of PCBM, rather
than the nucleating agent attributed to the hydrophilic characteristics [32], resulting in
apparent aggregation of PCBM. On the other hand, it may hinder the segmental

chains motion of P3HT, ultimately leading to a relatively poor ordering [33].

The ZnOF NPs with fluoroalkyl chains have undergone a gradual evolution from
blending with P3HT:PCBM to self-assembling as an surface segregated monolayer
(SSM), during which the migration degree of ZnOF NPs may have an a direct
relationship with the stacking of P3HT chains. Therefore, adjusting the dynamic
self-assembly process of ZnOF NPs by regulating the film-formation procedure could
be an effective approach. During the film-forming, the optimized thermodynamic and
kinetic parameters, such as polymer state in solution, solvent vapor pressure, and
solubility of solutes [34,35] have contributed to the migrating of ZnOF NPs,
consequently enhance the stacking of P3HT and the aggregation of fullerenes. Solvent
annealing treatment can prolong the film-forming process and provide adequate time
for polymer chains and ZnOF NPs to self-organize [36], which attributes to the

solvent vapor penetrating into the film and increasing the space between the polymer
12
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chains. At the same time, the migrating of ZnOF NPs gives P3HT chains an
extra-stress, which is beneficial to forming oriented structures and enhancing the
crystallinity [37].

In order to explore the relationship between film-formation process and migration
extent of ZnOF NPs, the self-assembly of P3HT:PCBM blend containing ZnOF NPs
(5 wt.%) without annealing or annealing in acetone and o-DCB vapor, respectively,
were investigated. And the corresponding surface coverage of C 1s, F 1s, Zn 2p and O
Is elements has been measured by X-ray photoelectron spectra (XPS), as shown in
Figure 6. The coverage of F 1s has positive correlation with the content of ZnOF NPs.
The highest and the lowest coverage of F 1s have been observed for the blend system
upon post-annealing in 0-DCB and acetone, respectively. This may result from the
difference between the solubility of P3HT in solvents. Upon post-annealing, o-DCB
as a good solvent assists in P3HT chains stretching, consequently providing plenty
space for the floating movement of ZnOF NPs to the surface [38]. As a consequence,
surface segregated monolayer displays the highest coverage of F 1s. Meanwhile,
P3HT chains self-organizing into ordered structure driven by the unobstructed
migration of ZnOF NPs, agrees well the strongest intensity and largest red shift of the
absorption peak associated with P3HT:PCBM (Figure 7), which will be described in
detail later. However acetone as poor solvent upon post-annealing renders polymer
chains to accumulate and form crystalline aggregates, which reduces the channels for
ZnOF NPs migrating to the surface, consequently showing the lowest surface

coverage of Fls.

In order to certify this hypothesis further, comparative experiments based on

P3HT:PCBM blend mixed with ZnO and ZnOF NPs, as well as the blank system

13
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(without adding any nanoparticles), were carried out. And the corresponding UV-vis
absorption spectra (in Figure 7) without annealing or upon annealing in different
solvents were measured. Compared to the blank system of P3HT:PCBM blend
without solvent annealing, the red shift and raised intensity of the absorption peak
related to P3HT:PCBM blend upon annealing in o-DCB is pronounced, which
indicates that good solvent annealing optimization improves the local ordering and
crystallinity of P3HT. For P3HT:PCBM blend upon annealing in acetone, the
absorption peak displays apparent blue shift and decreased intensity, due to acetone as
poor solvent upon post-annealing renders P3HT chains to accumulate and form
crystalline aggregates which is unbeneficial for the formation of ordered structure.
Furthermore, the absorption peaks of P3HT:PCBM blend mixed with ZnO NPs (5
wt.%) without annealing or annealing in 0-DCB and acetone all exhibit the consistent
blue shift compared to the pure P3HT:PCBM, owing to the existence of ZnO NPs
aggregation may hinder the ordered stacking of P3HT. After adding self-assembly
ZnOF NPs with excellent dispersibility upon the same annealing process, there are
apparent red shifts of absorption peaks with comparison to the blank system. Because
the migration of ZnOF NPs arising from the surface segregation of the fluoroalkyl
chains gives P3HT chains extra-stress to form oriented structure and enhance the
crystallization capacity [37]. But the incorporation of pristine ZnO NPs, the
extra-stress does not exist. Therefore, it can be concluded that the migration of ZnOF
NPs attributing to the surface segregation of the fluoroalkyl chains possesses obvious

effects on the ordered stacking of P3HT chains.

The morphology of pure P3BHT:PCBM and P3HT:PCBM blend mixed ZnOF NPs (5

wt.%) without annealing or upon annealing in different solvent vapor were measured

14
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by AFM, and the corresponding height images are shown in Figure 8. For pure
P3HT:PCBM, acetone as poor solvent upon post-annealing rendering polymer chains
to aggregate results in a more rough morphology with RMS of 4.02 nm, compared to
that without annealing (RMS of 2.64 nm). Upon annealing in good solvent of 0-DCB,
there is more remarkable phase separation between donor and acceptor, because
0-DCB helps P3HT chains to stack and PCBM to aggregate to some extent. Thus the
RMS increases to 4.28 nm. Incorporation of ZnOF NPs (5 wt.%) to the P3HT:PCBM
blend, the RMS values change to 1.05 nm, 2.77 nm and 3.04 nm without annealing,
with annealing in acetone and o-DCB, respectively. It can be illustrated that the
self-assembly of ZnOF NPs as surface segregated CBL with more smooth
morphology than that of pure P3HT:PCBM without any buffer layer. In combination
with the former UV-vis results, it can be concluded that the existence of
functionalized ZnOF NPs assist the stacking of donor polymer chains to form
favorable morphology of active layer with remarkable phase separation, especially

upon annealing optimization in 0-DCB solvent.

The self-assembly ZnOF NPs as CBL applied in the polymer solar cells has been
carried out. And the pristine and fluoroalkyl modified ZnO NPs spin-coated above the
active layer as additional CBL have also been studied for comparison. The
corresponding ultraviolet photoelectron spectroscopy (UPS) spectra and bandgaps of
ZnO and ZnOF NPs have been measured, as shown in Figure 9. From the calculated
energy levels data in Table 1, there are unobvious changes in the lowest unoccupied
molecular orbital (LUMO) levels for ZnO and ZnOF NPs. The little variation of
LUMO from -4.4 eV to -4.2 eV may not have direct effect on the electron transport,
but it matches well with the energy level of PCBM and Ag electrode, which is in

favor of the electron extraction. The J-V characteristics of devices based on different
15
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cathode buffer layers forming by surface segregation of fluoroalkyl modified ZnO or
additional spin-coating pristine and fluoroalkyl modified ZnO NPs above the active
layer (in Figure 9) and the corresponding photovoltaic parameters, including open
circuit voltage (V,), short-circuit current density (Jy), fill factor (FF) and power
conversion efficiency (PCE) (in Table 2) have been described. For the devices based
on the additional CBL of ZnO and ZnOF NPs, the PCE are 2.0% and 2.2%,
respectively. For pure P3HT:PCBM active layer without annealing, the absence of
CBL results in low Ji and FF, consequently with inferior PCE (only 1.2%).
Incorporation of appropriate ZnOF NPs self-assembling as CBL optimizes the
heterojunction morphology of the active layer, which is better for the enhancement of
Jsc and FF. Upon annealing in good solvent of 0-DCB, the stacking of donor P3HT
chains helps to form the most favorable morphology of active layer with remarkable
phase separation, achieving the best PCE of 2.4% with V. of 0.49 V, Ji of 8.1
mA/cm’® and FF of 61.1%. It is noticed that the photovoltaic performance of the
device with a self-assemble CBL all display relatively low voltage and high
photocurrent, with comparison to the devices with additional CBL. The low voltage
results from the residue of additive ZnOF in the active layer (P3HT:PCBM blend),
which can change the built-in potential. This conclusion agrees well with the study by
Ning et al. [39]. According to the conduction band of ZnO NPs is -4.4 eV and that of
ZnOF NPs is -4.2 eV (Table 1), it indicates that ZnOF should provide higher V. and
built in potential than the non-functionalized ZnO NPs. However, the opposite
tendency is observed, which appears that residual ZnOF in the active layer is acting as
a recombination site affecting the transport properties of the system and reducing the
Voo of the device. A comprehensive effect of the built in voltage, work-function and

active layer composition on ¥, has been described previously by Garcia-Belmonte

16
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[40,41]. The high photocurrent comes from the order stacking of donor P3HT chains
and the formation of a self-assemble thin and complete CBL. A thick CBL may
decrease photocurrent, which has been reported by Mbule et al. [42]. Therefore, this
novel approach could realize fabricating both active layer and CBL through a single
step, which not only simplifies the fabrication procedure and reduces the
manufacturing cost of the polymer solar cells, but also increases PCE by reduction of

a Schottky barrier at the interface.

Conclusions

The spontaneous self-assembly of ZnOF NPs as the surface-segregated cathode buffer
layer driven by the low surface energy of fluoroalkyl chains was present in the
polymer solar cells based on P3HT:PCBM as active layer. The addition amount of
ZnOF NPs and the migration degree regulated by the film-formation process upon
annealing in different solvents, produce obvious effects on the stacking of P3HT
chains, the heterojunction morphology and the photovoltaic performance. Small
quantity of ZnOF NPs could not self-assemble as a continuous and dense layer on the
surface, but rather only isolated nanoclusters. Excess ZnOF NPs (up to 10 wt.%)
might suppress the stacking of P3HT due to the aggregation of residual ZnOF NPs
within the active layer. The addition of appropriate functionalized ZnOF NPs assists
the stacking of P3HT chains to form favorable heterojunction morphology of active
layer with remarkable phase separation, which has been confirmed by the obvious red
shift and raised intensity of the absorption peak related to P3HT:PCBM, as well as the
RMS variation from AFM characterization. Upon post-annealing, o-DCB as a good
solvent helps P3HT chains to stretch, consequently providing plenty space for the

segregation movement of ZnOF NPs to the surface. Meanwhile, P3HT chains could

17
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self-organize into ordered structure driven by the unobstructed migration of ZnOF
NPs. However acetone as poor solvent upon post-annealing renders polymer chains to
accumulate and form crystalline aggregates, which reduces the channels for ZnOF
NPs migrating to the surface. After optimization of the addition amount of ZnOF NPs
and annealing in good solvent of o-DCB, the PCE of the devices based on
P3HT:PCBM active layer enhances to 2.4% with open-circuit voltage (V) of 0.49 V,
short-circuit current density (J.) of 8.1 mA/cm?® and fill factor (FF) of 61%, with

comparison to the PCE of 1.2% for the device without any CBL.
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Scheme 1. Synthetic route of the functionalized ZnOF NPs and fabrication process of

the polymer solar cells with self-assembly ZnOF NPs as cathode buffer layer.
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Figure 1. FTIR spectra of TTFO, bare ZnO and ZnOF NPs.
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Figure 2. '"H NMR (400 MHz, CDCl;) of ZnO NPs, TTFO and ZnOF NPs.
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5400 nm

Figure 3. TEM images of (a) ZnO NPs and (b) ZnOF NPs, respectively. The insets

show the corresponding high-resolution TEM images.
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Figure 4. (a) Normalized absorbance spectra of P3HT:PCBM blend with different

content of ZnOF NPs without solvent annealing and (b) the enlarged view of partial.
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Figure 5. AFM height images of P3HT:PCBM blend with different content of ZnOF

NPs without solvent annealing. The image sizes are all 3 pm x 3 um.
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Figure 6. (a) Survey X-ray photoelectron spectra and (b) the coverage of C 1s, F 1s,

Zn 2p and O 1s on the surface of P3HT:PCBM:ZnOF (5 wt.%) on ITO substrate.
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Figure 7. UV-vis normalized absorbance spectra of P3HT:PCBM blend film: (a)

without or with ZnO NPs (5 wt.%), (c) without or with ZnOF NPs (5 wt.%), (b) and

(d) the corresponding drawings of partial enlargement.
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Figure 8. AFM height images of pure P3HT:PCBM and P3HT:PCBM blend mixed
with ZnOF NPs (5 wt.%) without annealing or upon annealing in different solvent

vapor. The image sizes were all 3 pm x 3 pm.
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Figure 9. (a) Ultraviolet photoelectron spectroscopy (UPS) spectra of ZnO and ZnOF

NPs, (b) the bandgaps of ZnO and ZnOF NPs, (c) energy-level diagram of the related

materials used for device fabrication and (d)J-V characteristics of devices’ structure:
ITO/PEDOT:PSS/P3HT:PCBM:(with or without adding ZnOF NPs)/Al and

ITO/PEDOT:PSS/P3HT:PCBM/additional (ZnOF or ZnO) layer/Al.
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Table 1. Energy levels of ZnO and ZnOF NPs.

Samples Ecutorr (€V)* Eonset (€V)°  HOMO (eV)®  LUMO (eV)"

ZnO NPs 15.56 0.56 -7.6 -4.4

ZnOF NPs 14.58 0.36 -7.0 -4.2

“The high binding-energy cutoff. ® The onset relative to the Fermi level (EF) of Au (at
0 eV), where the EF was determined from the Au substrate. ¢ Calculated according to
HOMO = hv - (Ecuofr - Eoneset), Where hv is the incident photon energy, hv = 21.22 eV.
4 Calculated from the HOMO level and optical band gap obtained from UV-vis

absorption spectra.
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Table 2. Photovoltaic performance of polymer solar cells based on different cathode
buffer layers forming by surface segregation of fluoroalkyl modified ZnO or

additional spin coating above active layer.

Different cathode Jse Voo FF PCE

buffer layers (mA/cmz) V) (%) (%)

blank (w/o, w/o annealing) 6.4+0.7 0.46+0.03 38.5+1.9  1.2+0.0
ZnOF (2.5%, w/o annealing)  6.5+0.2  0.46+0.02 42.7+0.7 1.3+0.4
ZnOF (5%, w/o annealing) 7.9£0.0 0.47+£0.01 48.0£3.3 1.8+0.1
ZnOF (10%, w/o annealing) 7.1+£0.2  0.48+0.01 40.0+3.1 1.3£0.1
ZnOF (5%, acetone annealing) 7.5£0.2  0.49+0.01 43.7+1.1 1.6+0.1
ZnOF (5%, o-DCB annealing)  8.1£0.1  0.49+0.00 61.1x1.4  2.4+0.1
ZnOF (additional layer) 6.8£0.3  0.53£0.01 56.2+£2.5  2.0%0.1

ZnO (additional layer) 6.7£0.3  0.55+0.01 59.2+1.9  2.240.1

All values represented averages from fifteen 0.04 cm” devices on a single chip. The
structure of devices: ITO/PEDOT:PSS/P3HT:PCBM:(with or without adding ZnOF

NPs)/Al and ITO/PEDOT:PSS/P3HT:PCBM/additional (ZnOF or ZnO) layer/Al.

36

Page 36 of 37



Page 37 of 37

RSC Advances

Highlights
Formation of Cathode Buffer Layer by Surface Segregation of Fluoroalkyl
Modified ZnO for Polymer Solar Cells
Licheng Tan, Zhijuan He, Yiwang Chen*
Cathode buffer layer by surface segregation of fluoroalkyl modified ZnO was present

in the polymer solar cells based on P3HT:PCBM.
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