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ABSTRACT: We report polymer solar cells (PSCs) based on poly(3-hexylthiophene (P3HT) and [6,6]-phenyl-Cg;-butyric acid methyl
ester (PCBM) using water-soluble nickel acetate (Ni(CH;COO),, NiAc) instead of acidic poly(3,4-ethylenedioxythiophene) : poly(styr-
enesulfonate) (PEDOT : PSS) as hole collection layer (HCL) between the indium tin oxide (ITO) electrode and photoactive layer. The
NiAc layer can effectively decrease R, and increase R, and shows effective hole collection property. Under the illumination of
AM1.5G, 100 mW/cm?, the short-circuit current density (Ji.) of the NiAc based device (ITO/NiAc/P3HT : PCBM/Ca/Al) reach 11.36
mA/cm?, which is increased by 11% in comparison with that (10.19 mA/cm?) of PEDOT : PSS based device (ITO/PEDOT : PSS/
P3HT : PCBM/Ca/Al). The power conversion efficiency of the NiAc based devices reach 3.76%, which is comparable to that (3.77%)
of the device with PEDOT : PSS HCL under the same experimental conditions. Moreover, NiAc based PSCs show superior long-term
stability than PEDOT : PSS based PSCs. Our work gives a new option for HCL selection in designing more stable PSCs. © 2012 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Polymer solar cells (PSCs), a promising approach to inexpensive
solar energy conversion, have drawn great attention in recent
years due to the advantages of low cost, light weight, mechanical
flexibility, and amenability to manufacture by large-area reel-to-
reel coating processes.'™ Since the bulk heterojunction (BHJ)
concept was reported in 1995, great efforts have been made to
improve the power conversion efficiency (PCE) of the PSCs using
new donor and acceptor photovoltaic materials and new device
structures, and recently the PCE has reached 7-8%.°"°

In the BHJ-PSC devices, one of the important interfaces is that
between the transparent indium tin oxide (ITO) electrode and
the photoactive layer, where an interfacial modification layer
can both enhance the electric field across the active layer and
aid in charge extraction at the contact. Usually, PSC devices use
an organic hole collection layer (HCL), poly(3,4-ethylenedioxy-
thiophene) : poly(styrenesulfonate) (PEDOT : PSS), to modu-
late the interface. The PEDOT : PSS layer serves as a high work-
function contact for hole collection. However, the PEDOT : PSS
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layer is coated from the highly acidic (pH ~ 1) PEDOT : PSS
aqueous suspension that corrodes ITO at elevated temperatures
and can also diffuse water into active layer, which degrades de-
vice performance and causes the problems with respect to mor-
phology uniformity''™"> and chemical stability.'*"

To solve the degradation problem of PEDOT : PSS on ITO,
there is an increased interest in developing PSCs with p-type-
like metal oxides (such as NiO,'® MoOs,” V,0s,” and WO;'®
with wide band gap, high work function, and good hole con-
ductivity) as the anode modification layer. However, these tran-
sition metal oxides are deposited by vacuum based deposition
techniques, which is incompatible with solution processing tech-
nique in PSCs. Therefore, a solution-processable anode modifi-
cation layer with low-temperature annealing is in great demand
for high-performance PSCs, and the reports about using solu-
tion processed transmit metal oxide worked as HCL in PSCs are
very limited."*?

In this work, we use water-soluble neutral nickel acetate
(Ni(CH3COO),, NiAc) instead of the acidic PEDOT : PSS as
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HCL between the ITO electrode and poly(3-hexylthiophene :
[6,6]-phenyl-Cg;-butyric acid methyl ester (P3HT : PCBM)
photoactive layer. The thermal annealed NiAc layer is highly
transparent in the visible range and shows effective hole collec-
tion property. Under the illumination of AM1.5G, 100 mW/
cm?, the short-circuit current density (Ji.) of the NiAc based
device (ITO/NiAc/ P3HT : PCBM/Ca/Al) reach 11.36 mA/cm?,
which is increased by 11% in comparison with that (10.19 mA/
cm?) of PEDOT : PSS based device (ITO/PEDOT : PSS/P3HT :
PCBM/Ca/Al). The PCE of the NiAc based device reach 3.76%,
which is comparable to that (3.77%) of the device with PEDOT :
PSS HCL under the same experimental conditions.

EXPERIMENTAL

Materials

Patterned ITO glass with a sheet resistance of 10 €/sq was pur-
chased from China Southern Glass Holding, Co., Ltd. (China).
Nickel acetate tetrahydrate (Ni(CH3COO),-4H,0, 99.999% purity)
was purchased from Alfa Aesar. P3HT (Molecular weight (M,,):
45-60 K via gel permeation chromatography (GPC), Regioregular-
ity: 91-94% via NMR) was purchased from Rieke Metals (USA).
PCsoBM (99.5% purity) was purchased from Nano-C (USA).
PEDOT : PSS (Clevious P VP Al 4083) was purchased from H. C.
Stark Company (Germany). All these commercially available mate-
rials were used as received without further purification.

Device Fabrication

Device A was fabricated with the structure of glass/ITO/P3HT :
PCBM/Ca/Al. Device B was fabricated with the structure of
glass/ITO/ PEDOT : PSS/P3HT : PCBM/Ca/Al. Both devices are
control devices. Device C was fabricated with the structure of
glass/ITO/NiAc/P3HT : PCBM/Ca/Al. The ITO glass was cleaned
by sequential ultrasonic treatment in detergent, deionized water,
acetone, and isopropanol. The precleaned ITO substrate was
treated in an ultraviolet-ozone chamber (Ultraviolet Ozone
Cleaner, Jelight Company) for 20 min. PEDOT : PSS aqueous so-
lution was filtered through a 0.45-pum filter and spin coated at
2000 rpm for 60 s on the ITO electrode. Subsequently, the
PEDOT : PSS film was baked at 150°C for 10 min in air. The
thickness of PEDOT : PSS was around 30 nm. NiAc buffer layer
was prepared by spin coating (1000-4000 rpm) a 1.5 mg/mL
nickel acetate tetrahydrate aqueous solution on the precleaned
ITO substrate and then baked at 150°C for 10 min to remove
water of hydration in air. Subsequently, the substrate was trans-
ferred to a nitrogen-filled glove-box, and the photosensitive blend
layer was prepared by spin coating (600-1000 rpm) the 1,2-
dichlorobenzene solution of P3HT and PCBM (1 : 1 w/w, poly-
mer concentration of 20 mg/mL) on the modified ITO electrode
for 30 s, and then dried in covered glass Petri dishes for slow
growth the active layer. Finally, the substrate was transferred to a
vacuum chamber and a 10 nm of Ca and 100 nm of Al was ther-
mally deposited on the photoactive layer under a base pressure of
5 x 107 Pa. The active area of the device is about 4 mm?>.

Device Characterization

The current density—voltage (J-V) measurement of the devices
was conducted on a computer-controlled Keithley 236 Source
Measure Unit (SMU). Device characterization was done in a
glove-box under simulated AM1.5G irradiation (100 mW/cm?)
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Figure 1. Thermogravimetric and DTA of nickel acetate tetrahydrate.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

using a xenon-lamp-based solar simulator (from Newport). The
incident photon to converted current efficiency (IPCE) was
measured using a Stanford Research Systems model SR830 digi-
tal signal processing (DSP) lock-in amplifier coupled with a
WDG3 monochromator and 500 W xenon lamp. The light in-
tensity at each wavelength was calibrated with a standard single-
crystal Si photovoltaic cell. All the measurements were per-
formed under ambient atmosphere at room temperature.

Instrumentation

Thermogravimetric analysis (TGA) and differential thermal analy-
sis (DTA) was conducted on a Perkin-Elmer 7 thermogravimetric
analyzer with a heating rate of 20°C/min under ambient atmos-
phere. The transmittance spectra were recorded using an HP8453
UV-vis spectrometer. The surface morphologies and phase
changes of the modification layer on ITO and the active layers
were analyzed using a VEECO DICP-II atomic force microscope
operated in the tapping mode. The thickness of the film involved
in the device was measured by Ambios Technology XP-2 surface
profilometer. Cyclic voltammogram curves were recorded on a
Zahner IM6e electrochemical workstation with a scan speed of
100 mV/s, using glassy carbon disks as the working electrode
(area ca. 0.25 cm?), a Pt wire as the counter electrode, and a Ag/
Ag" as reference electrode in 0.1M tetrabutylammonium hexa-
fluorophosphate (BusNPF) acetonitrile solution. A 1.5 mg/mL
nickel acetate tetrahydrate aqueous solution was dropped on the
working electrode and then baked at 150°C for 10 min in air.

RESULTS AND DISCUSSION

TGA of NiAc Precursor

The decomposition behavior of the precursor nickel acetate tet-
rahydrate (Ni(CH3COO),-4H,0) was studied by TGA and DTA
at a scan rate of 20°C/min, in the temperature range 20-550°C.
Figure 1 shows the TGA and DTA analysis of Ni(CH;.
C00),-4H,0 in air atmosphere. The TGA curve displays three
weight loss steps that are labeled as steps I-III. The first step (I)
at 87-160°C is accompanied by a weight loss of 30%. This step

@WILEY i ONLINE LIBRARY



Applied Polymer

(a)

Al
NiAc i
ITO
Glass |
L L
_Ni, 7\
H3CJI\O 0~ “CH, s
( ) NiAc P3HT PCBM
Anode HCL Donor Acceptor  Cathode
L 2.68eV o7y eV'{\ 2.9¢eV
H 3.90 eV Ca/Al
mo | - | pcBM
4.7¢ev |
bl RO & el
: H590eV

Figure 2. (a) Device structure of the PSCs. (b) Molecular structures of
P3HT, PCBM, and NiAc. (¢) The HOMO and LUMO energy levels of the
materials involved in the PSCs. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

represents the dehydration process of the salt tetrahydrate
(where 4H,0O = 29% of the molecular weight of [Ni(CHj.
C0O0),-4H,0]). A second weight loss step of about 33%
appeared at 280-380°C. The third, and last, step (III) takes
place in the temperature range 380-440°C and is accompanied
by a loss in weight of about 6%. The DTA curve shows three
peaks. The first peak is located at 114°C and is attributed to the
dehydration of the tetrahydrate salt. The second peak is located
at 334°C, which indicates that the decomposition of anhydrous
nickel acetate. The third peak located at 391°C corresponds to
step (IIT) in the TGA curve, which could be attributed to the
decomposition of some NiO to Ni metal. Our observations
from TGA and DTA are in good agreement with previous stud-
ies reported in literatures.”>* So in our case (annealing at
150°C for 10 min in air), the precursor should only release the
lattice water and could not transit to nickel oxide.

Structure Design of the PSCs

The sandwiched structure of glass/ITO/NiAc/P3HT : PCBM/Ca/
Al is used in fabrication of the PSCs, with ITO as positive
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electrode, NiAc as hole collection interface layer, P3HT : PCBM
as photoactive layer, and Ca/Al as negative electrode. The device
structure of PSC is given in Figure 2(a) and the molecular
structures of P3HT, PCBM, and NiAc are shown in Figure 2(b).

Figure 2(c) shows the energy levels of the materials involved in
the PSCs. The energy level of NiAc was determined by electro-
chemical cyclic voltammetry. The electronic energy levels of
P3HT?® and PCBM* were taken from literatures. When light
irradiates on the photoactive layer through ITO electrode, the
active layer will absorb photons to produce excitons, and the
excitons will diffuse toward and dissociate at the P3HT/PCBM
interface into electrons in the lowest unoccupied molecular or-
bital (LUMO) of the acceptor PCBM and holes in the highest
occupied molecular orbital (HOMO) of the donor P3HT. As
the HOMO level (-5.11 eV) of NiAc is 0.35 eV lower than that
of P3HT, holes can transport to ITO electrode through NiAc.
But the LUMO level (-2.68 eV) of NiAc is much higher than
that (=3.90 eV) of PCBM, so that it blocks the electron trans-
port from PCBM to the ITO electrode. Thus, from the view-
point of energy levels, the device could show high charge collec-
tion efficiencies on both electrodes.”®

The Transmittance of the Buffer Layer

The transmittance of the buffer layer on the ITO electrode is an
important parameter to affect the incident light from ITO side.
Figure 3 shows the optical transmittance spectra of NiAc and its
counterpart PEDOT : PSS on ITO coated glass. The integral of
transmittance from 300 to 900 nm for ITO/NiAc is 98.2% of
that for bare ITO, and 98.4% of that for ITO/PEDOT : PSS,
showing highly transparent. Moreover, the transmittance of
ITO/NiAc at the wavelength between 500 and 900 nm is a little
higher than that of ITO/PEDOT : PSS, which will benefit
increasing the photocurrent of device in the longer wavelength
range.

100
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Figure 3. Optical transmittance spectra of PEDOT : PSS and NiAc modi-
fication layer after 150°C annealing for 10 min on ITO coated glass.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 4. AFM height images of (a) NiAc on ITO after 150°C annealing
for 10 min, (b) PEDOT : PSS on ITO after 150°C annealing for 10 min,
(c) P3BHT : PCBM (1 : 1 wt %) on ITO/NiAc substrate, and (d) P3HT :
PCBM (1 : 1 wt %) on ITO/PEDOT : PSS substrate. AFM phase images
of (¢) P3HT : PCBM (1 : 1 wt %) on ITO/NiAc substrate and (f) P3HT :
PCBM (1 : 1 wt %) on ITO/PEDOT : PSS substrate. The scan size is 5 x
5 ,umz. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

The Morphology of the Thin Films

The tapping mode atomic force microscopy (AFM) image at
the 5 x 5 um? scan size of NiAc interface layer on ITO after
150° annealing for 10 min was illustrated in Figure 4(a). The
root mean square (rms) roughness of the NiAc layer was 2.1
nm, which is comparable with that (1.8 nm) of PEDOT : PSS
on ITO substrate as shown in Figure 4(b). Figure 4(c) shows
the AFM image of the surface of the P3HT : PCBM (1 : 1 w/w)
active layer on ITO/NiAc substrate with a rms roughness of
13.1 nm, which is a little higher than that (10.9 nm) of P3HT :
PCBM on ITO/PEDOT : PSS substrate as shown in Figure 4(d).
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This might be ascribed to the higher surface energy of NiAc
layer than that of PEDOT : PSS layer.” On both NiAc and
PEDOT : PSS substrates, the P3HT : PCBM layer has much
larger roughness than that of the substrate. The increase in

10°

gt E Without buffer
10°F —e—PEDOT:PSS
—a— NiAc

Current density (mAlcmz)

45 10 05 00 05 10 15
Voltage (V)

—a— Without buffer
“2F | —e—PEDOTPSS
4~ NiAc

Current density (mAlcmZ)

0 01 02 03 04 05 06

Voltage (V)

100

—u— Without buffer
—eo—PEDOT:PSS

80F —a-nNiAc

60 -

40}

IPCE (%)

(c)

0 1 1 1
300 400 500 600 700
Wavelength (nm)

Figure 5. (a) Semilogarithmic J-V curves of the PSCs in the dark. (b) J—
V curves of the PSCs under the illumination of AM1.5G, 100 mW/cm?.
(c) IPCE spectra of the PSCs. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Table 1. Device Parameters of the PSCs with Different HCL in the Dark
and under 100 mW/cm? Illumination

Voo Jec FF PCE R, RS

Devices V) (mAlem?) (%) (%) kQcm?) (Qcm?)

Nobuffer (A 0.40 948 569 216 423 657

PEDOT : 0.59 10.19 62.7 3.77 93.6 4.2
PSS (B)

NiAc (C) 0.50 11.36 66.2 3.76 1778 3.1

*Parallel resistance (R,) and series resistance (Rs) for PSCs in the dark
are obtained at around O and 1 V, respectively.

roughness is attributed to P3HT self-organization and phase
separation of the blend as shown in Figure 4(e) and ().
P3HT chains self-organizing into ordered structure can signifi-
cantly enhance the hole mobility, and the aggregation of PCBM
molecules can form separate paths for electron transport.”

Comparative Studies of the PSCs with Different HCL

To investigate the NiAc HCL effect on the photovoltaic per-
formance of PSCs, we design three kinds of devices structures:
(A) ITO/P3HT : PCBM (240 nm)/Ca (10 nm)/Al (100 nm), (B)
ITO/PEDOT : PSS (30 nm)/ P3HT : PCBM (240 nm)/Ca (10
nm)/Al (100 nm), and (C) ITO/NiAc (12 nm)/ P3HT : PCBM
(240 nm)/Ca (10 nm)/Al (100 nm). For the current density—
voltage (J-V) curves measured with a computer-controlled
Keithley 236 SMU in the dark [Figure 5(a)], the rectification ra-
tio at =1.0 V of Device A and B is 2.2 x 10% and 6.9 x 10°,
respectively. Whereas that of NiAc based Device C reach 1.5 x
10%, two order higher than that of Device A without HCL, and
it is two times of that of Device B with PEDOT : PSS HCL. The
higher rectification ratio of the NiAc based Device C results
from the higher injection current at the positive voltage and
lower leakage current at the negative voltage.

J-V curves of Devices A—C under the illumination of AM 1.5 G,
100 mW/cm? are shown in Figure 5(b), and the device perform-
ance parameters (average of 12 devices) are summarized in Table
I. For Device A without HCL, it shows a PCE of 2.16%, a short-

-
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Figure 6. J-V curves of the PSCs with different NiAc thicknesses in the
dark and under the illumination of AM1.5G, 100 mW/cm?. [Color figure

can be viewed in the online issue, which 1is available at

wileyonlinelibrary.com.]
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circuit current density (Ji.) of 9.48 mA/cm?, an open-circuit volt-
age (V,.) of 0.40 V, and a fill factor (FF) of 56.9%. In contrast,
the four parameters, V. J., FE and PCE, for Device C with
NiAc HCL are all enhanced to 0.50 V, 11.36 mA/cm?, 66.2%, and
3.76%, respectively. In comparison with Device B with PEDOT :
PSS HCL, both J,. and FF are increased, whereas the V. is
slightly decreased, and the overall PCE is almost the same. The
increased J,. of Device C could be ascribed to enhanced conduc-
tivity and the spatially redistributing of the light intensity inside
the device caused by NiAc modification layer in the device.”®'
The slightly increased FF of Device C could result from the
decrease in series resistance (R.) from 4.2 to 3.1 Q cm’ and
greatly increase in parallel resistance (R,) from 93.6 to 177.8
kQ cm® for PEDOT : PSS and NiAc modified device, respec-
tively.”* The slightly decreased V. of Device C could result from
the higher HOMO level (—5.11 eV) of NiAc than that (—5.30
eV) of PEDOT : PSS as shown in Figure 2(c).”> Another possibil-
ity for lower V,. of NiAc based device should attribute to the
surface energy difference between the NiAc layer and the PEDOT
: PSS layer as shown in Figure 4, which can affect the wettability
of the photoactive layer with the contact buffer layer.”

We compared the IPCE spectra of Devices A-C, as shown in
Figure 5(c). The IPCE results agree with the J. of the PSCs
mentioned earlier. The higher IPCE of Device C could also be
ascribed to enhanced transmittance of ITO/NiAc at the wave-
length over 500 nm (as shown in Figure 3) and the good crys-
tallized morphology of blend film as shown in Figure 4.

Effect of NiAc Layer Thickness on the Performance of the
PSCs

The current—voltage (J-V) characteristics for the PSCs with dif-
ferent NiAc thicknesses in the dark and under the illumination of
AM1.5G, 100 mW/cm?, are shown in Figure 6. Their photovol-
taic properties are summarized in Table II (average of 12 devi-
ces). It can be seen, there is a trade off between the parallel resist-
ance (R,) and series resistance (R;). Thicker NiAc layer can block
more leakage-current caused by pinhole or other defects, caus-
ing R, (from 45.3 to 177.8 kQ cm?) and FF enhancement. How-
ever, thicker NiAc will increase R, (from 3.1 to 15.7 Q cm?),
because the conductivity of NiAc is limited, and this will decrease
Joe.>* The optimal thickness of NiAc layer is about 10-15 nm.
The V,, Ji, FE and PCE for the best device with 12-nm NiAc
layer is 0.50 V, 11.36 mA/cmz, 66.2%, and 3.76%, respectively.

Table II. Device Parameters of PSCs with Different NiAc Thickness in the
Dark and under the 100 mW/cm? Illumination

NiAc Vg Jsc FF PCE Rp? RS
(hm) V) (mAlecm?) (%) (%)  (kQcm?) (Qcm?)
5 0.51 10.06 579 297 453 11.2
10 0.51 10.80 626 345 1134 4.5
12 0.50 11.36 66.2 3.76 177.8 3.1
18 046 11.01 60.0 3.04 1085 4.6
28 0.44 10.71 512 241 1.2 15.7

®Parallel resistance (R,) and series resistance (Rs) for PSCs in the dark
are obtained at around O and 1 V, respectively.
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Figure 7. Long-term stability of the PCE of PSCs based on either
PEDOT : PSS or NiAc HCLs. The devices have been stored in N, filled
glove-box. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

To investigate the effect of HCL on the long-term stability of
PSCs, we tested the PCE degradation of nonencapsulated devi-
ces based on PEDOT : PSS and NiAc over time in a nitrogen
filled glove-box. As shown in Figure 7, PCE of the PEDOT :
PSS modified cells decay ~12% of the original value after stor-
age in nitrogen for 500 h, whereas that of NiAc modified cells
only decay ~4% of the original value after storage in nitrogen
for the same time. These results indicate nonacidic NiAc HCL
can effectively improve the long-term stability of the PSCs.

CONCLUSIONS

In conclusion, we demonstrate stable PSCs based on P3HT :
PCBM using water-soluble neutral NiAc instead of acidic
PEDOT : PSS as HCL. The NiAc layer can effectively decrease
R, and increase R, and shows effective hole collection property.
Under the illumination of AM1.5G, 100 mW/cm?, the NiAc
based device shows a PCE of 3.76%, which is comparable to
that (3.77%) of the device with PEDOT : PSS HCL under the
same experimental conditions. This work gives a new option for
HCL selection in designing more stable PSCs.
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