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ABSTRACT: Organic solar cells based on poly(3-hexylthiophene) and [6,6]-
phenyl-Cg;-butyric acid methyl ester were fabricated with electrodeposited TiO,,
electron extraction layers S—180 nm thick. Electrodeposition under ambient
conditions is an attractive, facile and viable approach to prepare metal oxide
interfacial layers. The TiO, films obtained displayed a linear relationship
between thickness and deposition time when fabricated under ambient
conditions using an aqueous air stable peroxotitanium precursor. The precursor
solution was prepared from titanium isopropoxide using a chelate process, which
allowed water to be used as solvent due to considerably decreased sensitivity of
the precursor solution towards hydrolysis. Highly conformal TiO, films, typically
observed with vacuum deposition techniques, were obtained on the indium tin
oxide substrate upon electrogeneration of OH™ ions using H,0, additive.
Conversely, significantly rougher films with spherical growths were obtained
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using NO;™ additives. Low temperature annealing at 200 °C in air was found to greatly improve purity and O stoichiometry of
the TiO, films, enabling efficient devices incorporating the electrodeposited TiO, to be made. Using MoO, as the hole extraction
layer, the maximum power conversion efficiency obtained was 3.8% (V.. = 610 mV; J,. = 10.6 mA/cm?* FF = 59%) under
simulated 100 mW/cm? (AM1.5G) solar irradiation, whereas an efficiency of 3.4% was achieved with fully solution processed
interfacial layers comprising the electrodeposited TiO, films and a surfactant-modified PEDOT:PSS hole extraction layer.
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B INTRODUCTION

Organic photovoltaics (OPVs) represent an important class of
solar technology that utilizes conjugated organic molecules to
capture and convert solar energy into electricity.' Current
interest in OPV research is strong due to the commercialization
potential of this technology as a low cost alternative to
mainstream solar cell technologies. Portable electronics
featuring lightweight and flexible OPVs have been demon-
strated in recent years using scalable cost effective techni-
ques.” >

Charge selective interfacial layers are critical components in
OPVs that provide an intermediary energy step between the
bulk heterojunction (BHJ) and a metallic contact, so that a
charge selective pathway to the external circuit for one of the
two charge carriers in the photoactive layer is formed.’™®
Typically, the transparent tin-doped indium oxide (ITO)
substrate is modified with a hole extraction layer (HEL) so
that ITO assumes the role of the anode where holes are
extracted (Figure 1). By depositing an electron extraction layer
(EEL) on ITO, however, the substrate is modified into the
device cathode, resulting in a reversed current flow and a device
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architecture known as the inverted OPV (iOPV) (Figure 1).
iOPVs exhibit distinct improvements in lifetime over conven-
tional OPVs because (1) low work function metals that oxidize
readily, such as Ca typically used in metalizing conventional
OPVs, are avoided and (2) the acidic poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) HEL is not in direct contact with ITO, thus
preventing PEDOT:PSS-induced etching that is known to be
detrimental to device lifetime.”” "

Metal oxide interfacial layers are robust films with the
desirable optoelectronic properties and ambient stability
required for fabrication of efficient and stable iOPVs. Although
both vacuum and wet deposition processes for metal oxide EEL
have been reported in literature, the latter stands out because
metal oxides, such as TiO,, are readily formed through sol—gel
or nanoparticle approaches."”>”>® Electrodeposition is an
attractive route for facile and potentially scalable fabrication
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Figure 1. Schematic representations of the conventional (left) and inverted (right) OPV device structures.

of metal oxide films. It enables metal oxide films of various
properties to be prepared. In this regard, three main approaches
have been reported in literature:>’ ' (1) electrochemical
oxidation/reduction of a precursor to yield the oxide, (2)
electrophoretic deposition (colloidal oxide particles homoge-
nously dispersed in a liquid migrate and deposit onto an
electrode under the influence of an applied electric field), and
(3) electroprecipitation of the oxide due to a local change in
pH at the working electrode caused by electrochemically
generated H" or OH™ ions. These approaches have been used
successfully to fabricate relatively thick and porous TiO, films
for various applications.*>>® Thin and dense TiO, films (<200
nm) obtained by electrodeposition for OPV application,
however, have not been reported. In the case of Ti(IV)
compounds, electrodeposition by reduction of a precursor
containing Ti in a higher oxidation state is unsuitable as such
precursors are highly unstable whereas porosity of electro-
pherotic deposited films are incompatible with the low
thickness requirements of OPV interfacial layers. Therefore,
electroprecipitation is preferred for TiO, EEL fabrication in this
study.

Herein, we report the cathodic electroprecipitation of TiO,
EEL at ambient conditions using an aqueous, air stable
peroxotitanium oxalate precursor. The precursor solution was
prepared from titanium isopropoxide using a chelate process,
which in contrast to the established sol—gel approach, allowed
water to be used as solvent due to considerably decreased
sensitivity of the precursor solution towards hydrolysis (it
should be noted that any oxygen containing ligand such as
citrates, tartrates, ascorbates, nitrates, sulphates, etc. are suitable
capping agents). The synthesis route involves raising pH at the
ITO working electrode with electrogenerated hydroxyl ions
(OH") that liberate the oxalate ligands and precipitate TiO,.
Unlike SO,*~ ligands previously reported,?” the oxalate
ligands used here can be effectively removed at low temperature
(200 °C) to ensure process compatibility with flexible plastic
substrates such as polyethylene naphthalate (PEN) and
polyethylene terephthalate (PET). It was shown that the
TiO, EEL could be made highly conformal to the substrate
morphology when hydrogen peroxide (H,0,) was used as the
additive for OH™ electrogeneration. Conversely, significantly
rougher films with spherical growths were obtained using NO;~
additives across various thicknesses, suggesting that the choice
of additive has a significant impact on film morphology. Device
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results based on the poly(3-hexylthiophene) (P3HT) donor
and [6,6]-phenyl-Cg; butyric acid methyl ester (PCBM), MoO,
HEL as well as PEDOT:PSS HEL are discussed.

B EXPERIMENTAL SECTION

Materials. All chemicals were used as purchased without further
purification. Anhydrous titanium isopropoxide (Ti(iOPr),), PCBM,
ortho-dichlorobenzene (0-DCB), and Al were purchased from Sigma
Aldrich. Oxalic acid (H,C,0,), H,0,, ammonium hydroxide
(NH,OH), and P3HT were obtained from Alfa Aesar, Merck, Fluka
and Rieke Metals, respectively.

Precursor Synthesis. The 10 mM peroxotitanium oxalate
precursor was prepared by dissolving an appropriate amount of
Ti(iOPr), in a strong aqueous solution of H,C,0, and ultrasonicated
until all precipitates formed by hydrolysis of Ti(iOPr), in water were
completely dissolved. The pH of the precursor solution was adjusted
by adding NH,OH drop wise. In optimizing the pH of the precursor,
little or no deposition with significantly long deposition times were
observed when pH was less than 4.5 (presumably because electro-
generated OH~ ions would be rapidly neutralized) whereas
spontaneous precipitation occurred when pH was greater than 4.5
(depending on the pH, this may be instantaneous or take a few days).
An optimum pH of 4.5 was thus defined in this study. Equimolar H,0,
was subsequently added to obtain an orange-yellow peroxotitanium
oxalate solution. Finally, excess H,O, or NaNOj; was added as additive
at a mole ratio of 1:2 with respect to Ti(iOPr), concentrations, to
allow electrogeneration of OH™. This precursor was found suitable for
use up to S days when stored in a shaded and cool environment. It
should be noted that any amorphous TiO, source may be used in place
of Ti(iOPr),. Preparation of the precursor can be described as
follows:*"3®

Ti(iOPr), + 4H,0 — Ti(OH), + 4PrOH(propanol)
Ti(OH), + 2H,C,0, — 2H" + TiO(C,0,);” + 3H,0

TiO(C,0,);” + H,0, — Ti(0,)(C,0,); (orange-red) + H,0

TiO, Electrodeposition and Device Fabrication. Potentiostatic
electrodeposition was performed at —1.2 V with ITO as working
electrode, a saturated calomel (SCE) reference electrode (Hanna
Instruments) and a Pt-foil counter electrode (MetroOhm) (Support-
ing Information, Figure S1). The ITO substrates (20 Q/sq, Xinyan
Technology Ltd) were cleaned by successive ultrasonication in
detergent, DI water, acetone and isopropyl alcohol for 20 min each,
dried with a N, air gun and treated with a 20 min UV—0Oj; treatment
before use.

By controlling the voltage pulse period, the thickness of the TiO,
film was found to vary linearly with deposition time. Films between §
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and 180 nm were prepared for this study (Figure 2). As-deposited
films were subsequently annealed at 200 °C in air for 30 min before
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Figure 2. TiO, films obtained showed a linear relationship with the
applied potential duration used in this study.

transferring into a N, atmosphere glovebox (O, and H,O < 1 ppm).
The active layer was prepared by spin coating a filtered solution (0.45
um Titan2 PTEE filter) consisting 1:0.8 (w/w) 22 mg mL™'
P3HT:PCBM blend dissolved in o-DCB. The P3HT:PCBM films
were then dried at 140 °C for 7 min and had a thickness of 200 nm.
The devices were completed by sequential thermal evaporation of
MoO; and Al at 0.2 A stand 1-3As7, respectively, in a chamber at
1-1.5 X 107° mbar without breaking vacuum. Alternatively,
PEDOT:PSS was spin coated on the active layer in place of
evaporated MoO,. The PEDOT:PSS solution was modified with 5%
(v/v) Capstone FS-31 fluorosurfactant to encourage wettability over
the hydrophobic active layer.*® A shadow mask was used to complete
four devices per substrate with areas of 0.11 cm® each. Devices were
encapsulated with UV-cured epoxy and glass in the glovebox before
testing.

Characterization. Photovoltaic tests were performed in air under a
calibrated solar simulator with an irradiation of 100 mW cm™ at air
mass 1.5 global (AM 1.5 G). Current density—voltage (J—V)
characteristics were measured using a Keithley 2420 source meter.
X-ray photoelectron spectroscopy (XPS) was performed using
monochromatized Al Ko at 1486.71 eV on a Kratos AXIS UltraDLD
system. The results were calibrated with reference to the Cls emission
peak (C—C) at 284.5 eV. Curvefitting was performed using a
combination of Gaussian and Lorentzian curves (Voigt type plot). An
atomic force microscope (AFM) operated in tapping mode was used
to measure film roughness.

B RESULTS AND DISCUSSION

Elemental Analysis. Titanium oxides have been reported
to precipitate from solutions of oxo- and geroxotitanium
complexes through the influence of OH™ ions.*” The necessity
of OH™ ions for successful oxide deposition was confirmed in
this study by the observation of metallic Ti when the
electrodeposition procedure was performed without an OH™
source. On the other hand, a white TiO, film was produced
when OH™ was locally generated at the ITO electrode by
cathodic reduction of H,0, or NO,™:*!~33#!

H,0, + 2¢” — 20H~
NO,™ + H,0 + 2¢~ — NO,” + 20H"

Precipitation of TiO, from the peroxotitanium precursor was
further supported by XPS Ti 2p core level scan (see Figure 3).
The spin-orbit split Ti 2p core level photoemission peaks
observed at 458.7 and 464.4 eV correspond to Ti*, and no
other oxidation states were observed.”~** The lack of change
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Figure 3. XPS Ti 2p core level spectrum of the as-deposited TiO, film

showing photoemission peaks at 458.7 and 464.4 eV corresponding to
Ti*".

in oxidation state of Ti during the electrodeposition process
further confirms precipitation as the dominant deposition
mechanism observed.”®

In aqueous synthesis approaches, TiO, has been reported to
coexist with various forms of hydroxides,33’37 which are
thermally unstable and can be decomposed to form the
oxide. To investigate this, XPS analysis was performed on the O
1s photoemission spectra of as-deposited as well as annealed
samples (Figure 4). The peaks located at ~529.8 and ~531.5

a) as-deposited
O raw data
cumulative fit

b) annealed

intensity [a.u.]

5:;4 5:;2 5:;0
binding energy [eV]

Figure 4. XPS O 1s core level scans of (a) as-deposited and (b)
annealed TiO, samples.

eV correspond to O*” and OH~ bonded to titanium.
Quantitative analysis of these peaks revealed a relatively high
Ti(OH),:TiO, ratio of 1:1.7 and significant O-vacancies (x =
1.56) in the as-deposited films. After annealing in air at 200 °C
for 30 min, Ti(OH), was observed to decompose partially to
TiO,, increasing the Ti(OH),:TiO, ratio to 1:5.9 and O-
stoichiometry to x = 1.9. This improved stoichiometry of the
TiO, EEL is desirable for device performance as excess O-
vacancies has been shown to suppress charge extraction in
OPV.* The maximum peak of Ti—OH was slightly, though
noticeably, shifted (decreased) after annealing. A similar shift
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(increase) was also observed for the Ti—O peak. A slight shift
in the binding energy peak of a given chemical species is
indicative of a change in its chemical environment. In this case,
annealing the sample had caused Ti—OH to dehydrate to form
Ti—O. One might imagine that the film starts off as
predominantly Ti(OH),, which then transforms to oxy-
hydroxides and oxides upon annealing. We propose the
decreasing —OH accompanied by increasing —O was
responsible for this change in chemical environment that
caused the slight shifts in peak position. Despite these small
shifts, we found the peak positions were still within the
reported values found in literature.*

To quantify the presence of the oxalate impurities, the C
contents of the TiO, films were analyzed and the results are
shown in Figure 5. Three distinct deconvoluted emission peaks

a) as-deposited C-C
QR

O raw data

cumulative fit
Cc-C
----C-0

b) annealed

intensity (a.u)

292 290 288 286 284 282
binding energy [eV]

Figure S. Results of C 1s core level XPS scan of (a) as-deposited and
(b) annealed TiO, samples.

were identified at 284.6, 286, and 288.5 eV corresponding to
signatures of the C—C reference peak, C—O, and C=0O
groups of the oxalate 11gand.46_48 It was firstly noted that
oxalate impurity contained in the as-deposited films was
moderately low at ~13%. This strongly suggests that a majority
of the oxalate ligands were released back into solution following
attack of the electropositive Ti atom by electronegative OH™
ions (Figure 6). Annealing the films further improved the

oxalate impurity content to ~5% by thermal decomposition,
thereby increasing purity of the final TiO, EEL.

Structural Characterization: Morphology. In this study,
TiO, was successfully electroprecipitated using both H,O, and
NO,;~ additives. However, the resulting morphology was
observed to differ significantly, as revealed by AFM topology
measurements of the annealed TiO,, films. In the case of H,0O,
additives, the film was highly conformal and thus, the substrate
was found to have a strong influence on the TiO, film
morphology. Two substrates with different morphologies were
used to demonstrate the conformity of the H,0,-derived film.
Figure 7a,b shows the morphologies of the ITOs used in
structural characterization of the electrodeposited TiO, films
(hereafter referred to ITO-a and ITO-b, respectively). The
morphology of ITO-a was rice-like whereas ITO-b was defined
by plate-like structures and the substrate root-mean-square
(RMS) roughness values were 3.5 and 2.5 nm, respectively.
Figure 7¢,d shows those of H,0,-derived TiO, films deposited
on ITO-a and ITO-b, which closely resembled the
morphologies of the corresponding substrates. Consequently,
the TiO, films displayed surface roughness that corresponded
well with that of the underlying substrate—the RMS roughness
of TiO, films deposited on ITO-a and ITO-b were 3.4 and 1.5
nm, respectively. These images revealed the highly conformal
nature of the H,0,-derived TiO, films. On the other hand,
when NO;~ additives were used, the NO; -derived TiO, films
(deposited on ITO-b) were extremely rough and did not
resemble the substrate morphology. These results suggest that
additives have significant influence on the electrodeposited film
morphology and the impact of other additives not studied here
should be investigated separately. Because smooth interfacial
layers are important for achieving intimate electrical contact at
the BHJ/TiO, interface (low series resistance),'® only H,O,
additives were used to deposit TiO, EEL for device fabrication.

Device Performance. Table 1 tabulates the device
performance parameters of ITO/TiO,/P3HT:PCBM/MoO,/
Al iOPVs (Figure 8). The effectiveness of the electrodeposited
TiO, EEL was demonstrated using control devices without any
TiO, EEL. We observed poor photocurrent density (J,.) and
open circuit voltage (V,.) in these reference devices. Because
V.. is a strong indicator of bulk carrier lifetime, the low V__
observed without the TiO, EEL, in contrast to over 600 mV at
40 nm TiO, clearly indicated the effectiveness of the
electroprecipitated TiO, in passivating carrier recombination
(shunt loss) at the ITO electrode. At low TiO, thicknesses
(<10 nm), insufficient coverage of the TiO, EEL on ITO
dominated device performance, giving rise to shunt losses as

NOy "\o/"
H0 ¢ NOy ¢ 20——=NOy +20H : — ~_— —~__—
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H H
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Figure 6. Schematic representation showing the electrogeneration of OH™ from H,0, or NO;™ additives, molecular structure of the peroxotitanium
oxalate precursor and the precipitation mechanism of TiO, involving the attack of the electropositive Ti atom by OH™ ions, accompanied by release

of oxygen and the oxalate ligand back into solution.
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Figure 7. AFM images of (a, b) ITO substrates; (c, d) the corresponding electrodeposited TiO, films (50 nm) with H,0, additive and (e) TiO,
films with NO;~ additive (the height bar for a-d is given in the top right whereas that for image e is given in inset).

Table 1. Device Performance Parameters of ITO/TiO,/P3HT:PCBM/MoO, (5 nm)/Al iOPV Devices Presented against TiO,

Thickness”
TiO, thickness (nm) V,. (£20 mV) Jo (£0.4 mA cm™?)
0 330 2.1
S 350 6.8
10 535 8.7
20 578 10.4
40 610 10.6
100 591 10.5
120 580 104

“Shunt (Ry,) and series (R;) resistance values were extracted graphically.

FF (+£5%) n (£0.3%) Ry, (kQ cm?) R, (Q cm?)

315 0.22

32.7 0.78 0.4 14.2
36.2 17 0.6 21.8
47.3 2.8 0.9 10.5

59 3.8 1.4 8.4
532 33 1.9 15.7
50.4 3.0 22 17.9

--
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Figure 8. Measured J—V curve of ITO/TiO,/P3HT:PCBM/S nm
MoO,/Al iOPV devices.

revealed by low Ry, values (<1 kQ cm?). By gradually increasing
the TiO, EEL thickness, TiO, coverage over the ITO substrate
improved, giving rise to high Ry, values that stabilized at around
1.4-2.2 kQ cm® Correspondingly, R, decreased from 21.8 to
8.4 Q cm®. When the TiO, thickness approached 40 nm, we
observed dramatic improvements in V, J,, and FF up to a

2683

maximum of efficiency of 3.8%, V. of 610 mV, J,. of 10.6 mA
cm™?, and FF of 59%. Further increases in TiO, mainly affected
FF due to increasing R, The high ], observed could be
attributed to the high transmittance of the TiO, films recorded
(Supporting Information, Figure S2 and Table S1). These
results gave good indication of the capacity of the electro-
precipitated TiO, EEL in effectively enhancing all important
iOPV device parameters by minimizing shunt losses to yield
efficient iOPV devices.

The MoO, HEL used in the aforementioned devices were
thermally evaporated. Because it is attractive to solution process
the HEL as well, iOPV devices incorporating the electro-
deposited TiO, EEL were fabricated with spin coated
PEDOT:PSS HEL. The PEDOT:PSS HEL was modified with
5% vol FS-31 fluorosurfactant (PEDOT:PSS-FS31) to ensure
good wettability of the water-based PEDOT:PSS on the
hydrophobic BHJ layer. The device performances of the ITO/
40 nm TiO,/P3HT:PCBM/40 nm PEDOT:PSS-FS31/Ag
device are presented in Table 2. Considering overall device
performance, the ITO/TiO,/P3HT:PCBM/PEDOT:PSS-
FS31/Ag devices achieved comparable J,. and FF but lower
V,. than ITO/TiO,/P3HT:PCBM/MoO,/Al devices. Interest-
ingly, we observed significantly higher J,. and lower V,_ values
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Table 2. Device Performance Parameters of ITO/TiO, (40
nm)/P3HT:PCBM/PEDOT:PSS-FS31 (40 nm)/Ag Device
Incorporating Fully Solution Processed TiO, and
PEDOT:PSS Interfacial Layers

VOC JSC FF
device (mV) (mAcm™@) (%) 75 (%)
ITO/TiO,/P3HT:PCBM/ 558 10.1 60.4 3.40
PEDOT:PSS/Ag

using the electrodeposited TiO, than those reported by Lim et
al., who first reported the use of PEDOT:SS-FS31 with sol-gel
TiO,.* 1t is hypothesized that careful removal of the FS-31
surfactant is necessary to achieve high V. while further studies
to understand the advantage of using electrodeposited TiO, on
J,c are ongoing. Nevertheless, the results achieved here
demonstrated the versatility of the electrodeposited TiO,
EEL for various HEL.

B CONCLUSIONS

In summary, a low temperature electrodeposition process using
an aqueous, air stable peroxotitanium precursor was used to
prepare TiO, EEL for iOPVs. Thin TiO, films ranging from 5
to 180 nm were found to deposit readily on ITO substrates
upon electrogeneration of OH™ ions through appropriate
additives (H,O, and NO;”) that greatly influenced the
morphology of the TiO, films. It was found that H,O,
additives produced highly conformal TiO, films which, when
coated on low roughness substrates, produced extremely
smooth TiO, films. Conversely, significantly rougher films
with spherical growths were obtained using a NO;™ additive,
which suggests that the choice of additive has a significant
impact on film morphology. Elemental analysis of the as-
deposited films suggested that ligand substitution with OH™
groups to result in TiO, precipitation was the dominant
mechanism for film deposition. A low temperature heat
treatment in air was found to reduce oxalate ligand and
hydroxide impurities and improve the O stoichiometry of the
TiO, films. Efficient ITO/TiO,/P3HT:PCBM/Mo0O,/Al
devices incorporating the TiO, EEL and thermally evaporated
MoO, HEL were used to demonstrate the effectiveness of the
electrodeposited TiO, films in enhancing iOPV performance.
The compatibility of the electrodeposited TiO, EEL with
solution processed HEL was investigated as well using a
surfactant modified PEDOT:PSS HEL.
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Additional figures of electrode setup, optical transmittance
spectra and weight average transmittance of films. This material
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