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Abstract: A promising fabrication method of electron transporting interlayers for solution-
processed optoelectronic devices by electrophoretic deposition (EPD) of colloidal zinc oxide
(ZnO) nanocrystals was demonstrated. A low voltage of 3-5 V and a short deposition time of
40 s at room temperature were found to be sufficient to generate dense and uniform ZnO thin
films. The EPD ZnO nanocrystal films were applied as ETLs for inverted organic solar cell
and polymer light emitting diodes (PLEDs). By optimizing the EPD processing of ZnO
nanocrystal electron transporting layers (ETLs), inverted organic solar cells based on [3,4-b]-
thiophene/benzodithiophene (PTB7): [6-6]-phenyl-C71-butyric acid methyl ester (PC;;BM)
and poly(3-hexylthiophene) (P3HT): [6-6]-phenyl-Cg1-butyric acid methyl ester (PCs;BM)
with an average PCE of 8.4 % and 4.0% were fabricated. In combination with the PLEDs and
flexible devices results, we conclude that the EPD processed ZnO nanocrystal thin films can

serve as high quality ETLs for solution-processed optoelectronic devices.
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Introduction

Solution-processed optoelectronic devices such as bulk-heterojunction (BHJ) solar cells,
polymer light emitting diodes (PLEDs) and quantum dot light emitting diodes (QLEDs) offer
low fabrication cost, large device area and physical flexibility due to the possibility of
employing high throughput printing and coating techniques and the compatibility with plastic
substrates.'® Recently, low work function transition metal oxides including zinc oxide (ZnO)
and titanium oxide (TiOx) were introduced to modify the cathode as electron transporting
layers (ETLs).”" In addition, kinds of high work function metal oxides, such as molybdenum
oxide (MoOQy), tungsten oxide (WOy), vanadium oxide (VOy) and nickel oxide (NiOy) were
employed as electron and hole transporting layers (HTLs) to modify the anodes of the
solution-processed devices.'''® The use of metal oxide charge transporting layers (CTLs) led
to devices with efficient charge extraction/injection characteristics and improved stability.

Employment of colloidal oxide nanocrystals, which decouples the synthesis of oxide
crystals and the deposition of oxide thin films, is an attractive strategy for the fabrication of
CTLs.""? Advances in the synthetic chemistry of oxide nanocrystals enable fine tailoring of
the band structures and electronic properties, which facilitate optimizing their electrical and
interfacial properties of the CTLs.”>" In addition, colloidal nanocrystals can be readily
integrated into devices by a variety of solution-based techniques owing to the excellent
solution dispersibility.*'>°

Among various solution-based techniques, electrophoretic deposition (EPD), a
straightforward and versatile technique, may be one of the most promising approaches for
future large-scale production of oxide nanocrystal thin films as CTLs for solution-processed
devices. EPD offers unique combinations of cost effectiveness, long-range consistency in film
thickness and surface morphology, size-scalability, high deposition rates, and site-

selectivity.’’” Automated EPD processes have been widely used in industry for applying
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coatings to electronics components, automobile parts and many other industrial products,
shaping free-standing projects, the processing of advanced ceramic materials, and ezc. Efforts
of applying EPD for the fabrication of quantum dot sensitized solar cells, i.e. EPD of CdSe
nanorods onto TiO, films, were reported.*”*' The Bulovi¢'s group demonstrated the assembly
of CdSe/ZnS quantum dots as emissive layers for QLEDs by EPD.* In contrast to spin
coating, the most popular technique to deposit nanocrystal thin films in laboratory, EPD
allows more efficient use of the starting nanocrystal solutions because majority of the
nanocrystal solution is spun off the substrate and is wasted in the spin coating procedures.
Herein we use EPD processed ZnO nanocrystal films as an example to demonstrate that EPD
processed metal oxide nanocrystal thin films are highly desirable and beneficial for future

industrial production of CTLs for solution-processed optoelectronic devices.
Experimental methods

Synthesis of ZnO nanocrystals. Colloidal ZnO nanocrystals were synthesized according to
literature methods.*>** All the chemical materials were purchased from Sigma-Aldrich and
used as received. Typically, zinc acetate (Zn(Ac),, 819 mg, 4.46 mmol) was dissolved using

42 ml methanol in a three-necked flask. After heated to 60 “C under water bath, 250 pl of

water was added into the solution. Methanol solution (23 ml) containing 7.72 mmol of
potassium hydroxide (KOH, purity 85% +) was dropped into the flask within 8-10 min. The
reacted solution was kept at 60 “C for 2.5 h. After washed by methanol for three times, the

obtained ZnO nanocrystals were dissolved in a mixed solvent of chloroform and methanol (6
ml, 3:1 by volume) and filtered through 0.22 pm PTFE filters. The diameter of the
nanocrystals was determined by dynamic light scattering measurements (Malvern, Nano-
7Z590). The concentration of the resulting nanocrystal solution was measured by inductively
coupled plasma atomic absorption spectrophotometer (ICP-AAS, Thermo Electron SOLAAR

M6) to be 25 mg/ml.
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EPD processed ZnO films. To conduct the EPD experiments, the ZnO nanocrystal solution
was diluted to about 0.2 mg/ml by a mixed solvent of methanol and chloroform (4:1 by
volume). A small amount of butylamine (40 pl) was introduced as capping ligands into 50ml
diluted nanocrystal solution. Two ITO-coated glass substrates (4x1.5 cm” in size) parallel to
each other with a gap of 5 cm were mounted into the diluted nanocrystal solution. The ITO
substrates were cleaned by ultra-sonication in acetone, deionized water and ethanol,
respectively and then treated by UV-ozone for 15min. A direct current (DC) voltage of 3-5 V
was applied on the ITO electrodes for a desirable period. The spin-coated ZnO films were
deposited by spin-coating the ZnO nanocrystal solution at 4000 rpm for 60 s. The resulted

spin-coated and EPD ZnO thin films were transferred into a glove box and annealed at 150 °C

for an hour to obtain full dense films. The obtained ZnO thin films were characterized by UV-
visible absorption spectrum (Shimadzu UV 3600), atomic force microscopy (AFM, Veeco
MultiMode V) and scanning electron microscopy (SEM, Hitachi SU70).

Device fabrication and characterization. For the poly(3-hexylthiophene) (P3HT): [6-6]-
phenyl-Cg;-butyric acid methyl ester (PC¢;BM) solar cells, a solution of P3HT: PC¢ BM
(1:0.8 by weight, 15 mg/ml) in 1, 2-dichlorobenzene was prepared by stirring for 12 h at
40 °C. The blended solution was spin cast onto an EPD processed ZnO thin film at 700 rpm
for 18 s. After the solvent slowly evaporated, the resulting active layer, ca. 180 nm in
thickness, was annealed at 110 °C for 12 min in glove box. For the [3,4-b]-
thiophene/benzodithiophene (PTB7): [6-6]-phenyl-C71-butyric acid methyl ester (PC;BM)
devices, the active layer (~80 nm) was prepared by spin-coating a mixed solvent of
chlorobenzene/1,8-diiodoctane (97:3 % by volume) solution (1:1.5 by weight, 10 mg/ml) at
1000 rpm for 1min. Thin films of MoOy (6 nm) and Al (100 nm) were deposited by thermal
evaporation at a base pressure of 6 x107 Torr. The active area of the devices, as defined by

the overlapping of the aluminum and ITO electrodes, was 18.0 mm®. Devices using spin-
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coated ZnO nanocrystal thin films as electron-transporting interlayers with the same area were
also fabricated under the same procedure as references. J-V characteristics were measured
using Keithley 2400 source measure unit. Solar cell performance was characterized without
encapsulation under ambient conditions using Newport Oriel xenon lamp (300 W) with an
AM 1.5 filter. The light intensity was calibrated to 100 mW/cm2 using a Newport standard
silicon solar cell 91150.

PLED devices were fabricated by spin-coating a solution of poly(9,9'-dioctylfluorene-co-
benzothiadiazole) (F8BT) (12 mg/mL) in chlorobenzene to obtain thin films (80 nm). Bi-layer
top electrodes of MoOy/Al (20/100 nm) were deposited by thermal evaporation under a base

pressure of 6 X 107 Torr. The device area was 3.24 mm® defined by the overlapping area of

the ITO and top electrodes. For the PLED testing we used a Keithley 2400 electrometer for J-
V characteristics and a fiber integration sphere (FOIS-1) couple with a QE-6500 spectrometer
for light output measurements, as shown in Scheme S1.15 Note that the ITO glass substrate
was in close contact with the input port of the integration sphere. The area of the PLED
device was considerably smaller than that of the input port (9.5 mm in diameter) so that the
PLED-to-integration sphere coupling factor was 1.

Results and discussion

The EPD experiments were conducted using butylamine capped ZnO nanocrystals. Fig. la
shows the schematic of the EPD process. Typically, a low DC voltage of 3-5 V, which
corresponds to an electric field of 0.6-1 V/cm, was applied to the ITO electrodes at room
temperature under ambient conditions. Electrophoretic mobility measurements showed that
the ZnO nanocrystals used in our experiments were positively charged and therefore only
deposited onto the cathodes. The average diameter of the ZnO nanocrystals, determined by
dynamic light scattering measurements, was around 5 nm. Fig. Slb reveals the UV-Vis
absorption spectrum of the nanocrystal solution with butylamine ligands. The use of

butylamine as capping ligands significantly improves the colloidal stability, leading to clear
6
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solutions that can be stored under ambient conditions for several months. In contrast, a ligand-
free ZnO nanocrystal solution generally became opalescent in a few days after preparation
due to nanoparticles agglomeration (see Fig. Slc). Therefore the capping ligands of
butylamine are critical for practical applications. In addition, the introduction of butylamine
dramatically increases the conductivity of the nanocrystal solutions by over one order of
magnitude, from 6.8x107 to 9.8x10% mS/cm, partially due to the ionization of butylamine in
the methanol containing solvent.*> The influences of the addition of butylamine on the EPD
processes and the resulting ZnO films will be discussed below.

Based on our current setup for the EPD experiments, a short deposition time of 40-200 s is
sufficient to obtain high quality thin films with controllable thickness. A thin film deposited at
5 V for 120 s was used as an example to reveal the optical and morphological features of the
EPD processed ZnO interlayers. Fig. 1b shows the top and cross-sectional views of the ZnO
thin film, suggesting a uniform thickness of around 50 nm and the pinhole free feature. As
illustrated by the transmittance spectra and the digital image shown in Fig. 1c, the EPD
processed ZnO thin film is highly transparent in the visible region. The thickness of the ZnO
nanocrystal films is readily tuned from 10+5 to 70+5 nm by controlling the processing
parameters, e.g. the deposition time and the potential applied to the electrodes (Fig. 1d). The
homogeneous surfaces of the thin films were also supported by the AFM measurements (Fig.
le). The height profile of the AFM image indicates that the root mean square (RMS) surface
height of the ZnO films was about 4.5 nm. The phase image exhibits almost no variations and
there is no significant contrast in the optical image with a relative lower magnification (Fig
S2), implying the uniform surface features of the EPD processed ZnO thin film.

Inverted organic solar cells were fabricated, demonstrating the availability of EPD ZnO
films as ETLs for solution-processed optoelectronic devices. The device structure was shown

in Fig. 2a. A model system of P3HT: PC¢ BM was used to study the correlation of the

EPD processes and the OPV devices based on the resulting ZnO nanocrystal films. The
7
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experimental parameters, including capping ligands and deposition time, as well as the
performances of the devices are listed in Tab. S1. We found that the capping ligands of
butylamine were critical for the EPD processes. Without the addition of butylamine, the
deposition current during the EPD process was approximately one order of magnitude lower
compared with that conducted with the butylamine capped ZnO nanocrystals (Fig. S3a). The
lower deposition current implied a significantly reduced deposition rate of the ZnO
nanocrystals onto the ITO substrates. If a same deposition time (120 s, experiments 1 and 2 in
Tab. S1) was applied, an incomplete covering of the ZnO nanocrystals was identified, as
evidenced by a discontinuous phase image from the AFM measurements on the corresponding
nanocrystal thin films (see Fig. S3b in Supporting Information). The incomplete covering of
the ZnO nanocrystals led to devices exhibiting poor PCEs and larger reverse saturated dark
current (Fig. S3c and S3d in Supporting Information). Once a complete covering of ZnO
nanocrystals was achieved, the thickness of the ZnO nanocrystal thin films did not
significantly affect the efficiencies of the devices. For the experiments conducted at the
identical voltage (5 V, experiments 1 and 3-5 in Tab. S1), uniform ZnO nanocrystal films
with thicknesses ranging from 1545 to 70+5 nm were achieved by varying the deposition time
from 40 to 200 s. The standard deviation figures (Fig. S4) of the device parameters show that
for continuous ZnO nanocrystal films, a thickness of ~15 nm is sufficient to improve the
contact properties of the ITO substrates. However, further increasing the deposition time to
300 s (experiment 6, Tab. S1) resulted in poor film morphologies including large clumps and
particulates on the surfaces and degradation of the obtained devices. (Fig S4c) We noted that
a few groups reported EPD processing of ZnO nanocrystals films before.** However,
compared with the ZnO nanocrystal films obtained in our work, the films in those studies
were in the micron-range, which were not suitable for ETLs applications. Our results also
reveal the importance of optimizing the EPD processes, which are critical to achieve high

quality CTLs and high performances devices.
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The current density versus voltage (J-V) curves of the optimized devices using EPD
processed ZnO ETLs and the reference devices based on spin-coated ZnO thin films with an
identical thickness of 40 nm are shown in Fig. 2b. A decent average PCE of 4.0 % was
achieved for P3HT: PC¢BM devices with EPD processed ZnO ETLs. The parameters of open
circuit voltage (Voc), short circuit current (Jsc) and fill factor (FF) are all comparable to the
reference devices with spin-coated ZnO ETLs, as shown in Tab. 1. We compared the ZnO
nanocrystal ETLs fabricated by EPD or spin-coating. The AFM image and the transmittance
spectrum of the spin-coated ZnO films are shown in Figure S5. The results show that the
RMS of surface height (4.2 nm) and the transparency of the EPD processed ZnO films are
comparable to those of the spin-coated ZnO films. We note that spin coating is a rapid film-
forming process while EPD is a much gentler and slower deposition method. EPD may lead to
ZnO films with more energetically favorable packing of nanocrystals and thereby better
performance of the solar cells with EPD processed ZnO ETLs.

We suggest that the EPD approach is ideal for flexible electronics applications, owing to
two key advantages of this technique: room temperature deposition and no restriction on the
shape and nature of the substrates. EPD of ZnO nanocrystals onto the ITO/polyethylene-
naphthalate (PEN) substrates were conducted and flexible inverted P3HT: PC¢;BM solar cells
were fabricated (Fig. 2¢). An impressive average PCE of 3.7% was achieved, demonstrating
the compatibility of the EPD processes with flexible substrates.

We also applied the optimized EPD processed ZnO ETLs to the inverted organic solar cells
using blends of PTB7: PC7;BM. The J-V curves under illumination and dark are shown in Fig.
3a, b. The devices based on EPD ZnO interlayers exhibited an average PCE of 8.4 % and a
champion PCE of 8.6% with a Jsc of 16.05 mA cm'z, a Voc of 0.74 V and a high FF of 0.73,
which was similar with the device based on spin-coated ZnO ETLs. The detailed device
characteristics are summarized in Tab. 2. The external quantum efficiency (EQE) spectra for

the solar cells are illustrated in Fig. 3c. Integrating the EQE data gives a short circuit current
9
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of 15.59 and 15.93 mA cm™ for devices based on EPD and spin coated ZnO film, which is
about ~3 % difference from the values measured. These results show that the EPD deposited
ZnO nanocrystal ETLs are favorable candidates for high efficiency organic solar cells.

Upon successful efforts on the inverted organic solar cells, we further applied the EPD
processed ZnO nanocrystal thin films to inverted PLED devices using F8BT as the emitter.
The device structure and the characteristics of current density versus voltage (J-V) and
luminance versus voltage are shown in Fig. 4. The inset in Fig. 4b shows the plots of EQE
versus voltage. The devices based on EPD processed ZnO ETLs exhibited a brightness of
67144 cd/m? at 7 V and a maximum EQE value of 1.02 %. Both the efficiency and brightness
of the devices using EPD processed ZnO thin films were slightly improved in comparison
with the devices based on spin-coated ZnO films. The results indicate that the EPD ZnO films

are also favorable candidates as ETLs for PLEDs.
Conclusions

In short, we demonstrated the fabrication of ETLs for solution-processed optoelectronic
devices by EPD of colloidal ZnO nanocrystals. The EPD processes were conducted at room
temperature under ambient conditions. The use of butylamine ligands was critical in terms of
improving the colloidal stability of the nanocrystal solutions and regulating the EPD
processes. We found that a low DC potential of 3-5 V and a short deposition time of 40-200 s
is sufficient to generate compacted and uniform ZnO thin films with excellent visible
transparency and controllable thickness. Optimizing the EPD processing of ZnO nanocrystal
ETLs led to inverted organic solar cells based on PTB7: PC7;BM and P3HT: PC¢BM with an
average PCE of 8.4 % and 4.0%, respectively. We also demonstrate that the EPD ZnO
nanocrystal ETLs are compatible with flexible substrates. In combination with the PLED
results, we conclude that the EPD processed ZnO nanocrystal thin films, which are

compatible with flexible substrates, can serve as high quality ETLs for solution-processed

10
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optoelectronic devices. The EPD approach may be extended to the deposition of other oxide
nanocrystal thin films and the fabrication of CTLs. Considering the advantages of EPD
processes, the low applied voltage and short deposition time used in our experiments and the
advances on the synthetic chemistry of colloidal oxide nanocrystals, our study provides a
promising method to fabricate oxide CTLs for solution-processed optoelectronic devices at
industrial scale.
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Fig. 1 a) Schematic of the electrophoretic deposition process of ZnO nanocrystal films. b)
Top view and the cross-sectional (inset) SEM image of the annealed EPD processed ZnO film.
c¢) Transmittance spectra of the EPD ZnO nanocrystal film on ITO/glass substrate and the
ITO/glass substrate. The inset shows a digital picture of the EPD ZnO nanocrystal film. d)
The obtained film thickness versus deposition time of the EPD processes at different applied

voltages. e) 3D height profile and the corresponding phase image of the EPD processed ZnO
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nanocrystal film deposited at 5 V for 120 s.
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Fig. 2 a) Device structure of the inverted organic solar cell. b) J-V characteristics of the
inverted P3HT: PCgBM solar cells based on EPD ZnO nanocrystal film on ITO/glass
substrates and the control device based on spin coated ZnO interlayer on the ITO/glass

substrate, respectively. c) J-V curve of flexible ITO/ PEN device. Inset: photograph of the

plastic solar cell based on EPD ZnO film.
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17



RSC Advances

(b)

=
o
i
ud.

1031

10"
10°1
1074
1074

10°4

<
1074

Current density (mA/cm?)

10°

—&— Spin coated ZnO film

——EPD ZnO0 film

(m}
o
a
QO

g1()5/-\

—=— Spin coated ZnO fim
—e—EPD 0O fim

H H H
Voltage (V)
T T

Luminance (cd/m?

Fig. 4 PLEDs using EPD ZnO nanocrystal films and spin-coated ZnO films as the ETLs. (a)

Device structure. (b) Curves of current density and luminance versus applied bias of two

T
2

-

3 4 5
Voltage (V)

6

devices. The inset shows the EQE curves as a function of the applied bias.

18

10°

Page 18 of 30



Page 19 of 30

RSC Advances

Tab. 1 Device performance parameters of inverted organic solar cells based on
P3HT:PCs;BM with the reference spin-casted ZnO films (SP-ZnO) and optimized EPD

processed ZnO films (EPD-ZnO) as the ETLs.

Voc Jsc FF  Best PCE Average
Device 5

(V) (mA cm™) (%) PCE (%)
P3HT:PC¢:BM on SP-ZnO 0.62 10.27 0.64 4.07 3.8+0.2
P3HT:PC¢;BM on EPD-ZnO 0.62 10.08 0.68 4.24 4.0+0.2
P3HT:PC¢BM on EPD-ZnO/PEN 0.62 9.54 0.67 3.96 3.7+0.2
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Tab. 2 Device performance parameters of inverted PTB7:PC7;;BM organic solar cells with

SP-ZnO and optimized EPD-ZnO films as the ETLs.

Voc Jsc FF Best PCE  Average PCE
Device 5

V) (mA cm™) (%) (%)
PTB7:PC71BM on SP-ZnO 0.74 16.39 0.71 8.57 8.3+0.2
PTB7:PC7BM on EPD-ZnO 0.74 16.05 0.73 8.66 8.4+02
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Tab. 3 Device parameters of the PLEDs based on F8BT using EPD-ZnO and spin-coated SP-

ZnO interlayers as ETLs.

Von Maximum Ly Maximum
ETLs s

V) (cdm™) EQE
SP-ZnO 2.2 55482 0.81
EPD-ZnO 2.2 67144 1.02
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Fig. S1 a) A typical TEM image of colloidal ZnO nanocrystals. b) Absorption spectrum of the
7ZnO nanocrystal solution. c¢) Digital pictures of the nanocrystal solution with (left) and

without butylamine ligand (right) stored under ambient conditions for 60 and 10 days,

respectively.
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Fig. S2 Optical image of 1 mm’ area EPD ZnO film obtained at 5V for 120 s.
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Fig. S3 a) Current density versus time during the EPD experiments of ZnO nanocrystal
solution. b) 3D AFM phase images of EPD processed ZnO nanocrystal films obtained from
the solution without ligand (left) and with butylamine as capping ligand (right) under the
same applied voltage, respectively. c¢) and d) J-V curves of inverted P3HT: PC4;BM solar
cells fabricated on EPD ZnO films (both with and without butylamine ligands) under

illumination and dark, respectively.
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Fig. S4 a) Standard deviation profiles for all device parameters of the inverted organic solar
cells based on the analysis of ten devices with EPD processed ZnO interlayers deposited from
different deposition time. b) and c¢) Optical images of EPD processed ZnO interlayers

obtained from different deposition time under 5 V applied voltage.
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Fig. SS Typical ZnO thin films obtained by spin-coating at 4000 rpm using a nanocrystal
solution with chloroform and methanol as the solvent. a) AFM image and b) transmittancce

spectrum on ITO substrate.

Tab. S1 Summary of processing parameters and the performance of inverted P3HT: PC4 BM

solar cells based on the EPD processed ZnO interlayers.

Butylamine Average PCE Best PCE
Experiment No. EPD parameters

Ligands (%) (%)
1 5V, 120s Yes 4.04 4.24
2 5V, 120s No 1.53 1.65
3 5V, 40s Yes 3.90 4.05
4 5V, 80s Yes 4.02 4.19
5 5V, 200s Yes 3.64 3.84
6 5V, 300s Yes 1.83 2.15
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