IEESAPPLIED MATERIALS

INTERFACES

Research Article

www.acsami.org

Simple O, Plasma-Processed V,0; as an Anode Buffer Layer for High-
Performance Polymer Solar Cells

Xichang Bao, Qlanqlan Zhu,* Ting Wang, Jing Guo," Chunpeng Yang, Donghong Yu,” Sl Ning Wang,T
Weichao Chen, and Rengiang Yang*’ -

TCAS Key Laboratory of Bio-based Materials, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of
Sciences, Qingdao 266101, China

J:College of Materials Science and Engineering, Qingdao University of Science and Technology, Qingdao 266042, China
§Department of Chemistry and Bioscience, Aalborg University, DK-9220 Aalborg, Denmark

ISino-Danish Centre for Education and Research (SDC), Niels Jenses Vej 2, DK-8000 Aarhus, Denmark

L State Key Laboratory of Luminescent Materials and Devices, South China University of Technology, Guangzhou 510641, China

© Supporting Information

ABSTRACT: A simple O, plasma processing method for preparation of a 3
vanadium oxide (V,0;5) anode buffer layer on indium tin oxide (ITO)-coated glass 0
for polymer solar cells (PSCs) is reported. The V,O; layer with high transmittance
and good electrical and interfacial properties was prepared by spin coating a
vanadium(V) triisopropoxide oxide alcohol solution on ITO and then O, plasma
treatment for 10 min [V,05 (O, plasma)]. PSCs based on P3HT:PC4BM and
PBDTTT-C:PC,,BM using V,05 (O, plasma) as an anode buffer layer show high
power conversion efficiencies (PCEs) of 4.47 and 7.54%, respectively, under the
illumination of AM 1.5G (100 mW/cm?). Compared to that of the control device
with PBDTTT-C:PC,;BM as the active layer and PEDOT:PSS (PCE of 6.52%) and
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thermally annealed V,05 (PCE of 6.27%) as the anode buffer layer, the PCE was A8 0': '())ESDOE";SS =
improved by 15.6 and 20.2%, respectively, after the introduction of a V,0;5 (O, T oy

plasma) anode buffer layer. The improved PCE is ascribed to the greatly improved

fill factor and enhanced short-circuit current density of the devices, which benefited from the change in the work function of
V,0;, a surface with many dangling bonds for better interfacial contact, and the excellent charge transport property of the V,0O;
(O, plasma) layer. The results indicate that an O, plasma-processed V,Oj film is an efficient and economical anode buffer layer
for high-performance PSCs. It also provides an attractive choice for low-cost fabrication of organic electronics.
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1. INTRODUCTION

Over the past few decades, polymer solar cells (PSCs) have
attracted a great deal of attention because of their low cost, light
weight, and ease of use for large-area manufacturing on flexible
substrates.'* Recently, there have been great advances in
PSCs, and the power conversion eﬂic1enc1es (PCES) of bulk
heterojunction (BHJ) PSCs are >9%>° and >10%’ for single-
junction and tandem structures, respectively. However, as
shown by the research focused on considerate tailoring of the
molecular structures of active materials® "' and optimization of
the active layer morphology,'' ™" the suitable interfaces
between the two contact electrodes and the photoactive layer

PEDOT:PSS could induce the degradation of the stability of
the PSCs."*™'* The device performance and stability can be
improved through introduction of other air-stable interfacial
materials. In recent years, conductlve conjugated polymers,'>'¢
graphene oxide, 718 NiAc," transition metal oxides (MoQ,,
NiO, WO3, ReO,, and V,0;),°™>° and developing a new
rnethod3 have attracted attention. Among the transition metal
oxides, especially, V,0; is an effective anode buffer layer in
PSCs.”>~** It is a very promising material because of its suitable
optical and electrical properties, high work function, ambient
stability, and ability to minimize the contact resistance. Most of
the previous works have focused on vacuum thermally

are very important for the improvement of the efficiency and
long-term stability of the solar cells. The effective interfacial
layer can form ohmic contacts, which can effectively collect and
transport charges at the interfaces. For conventional devices
with indium tin oxide (ITO) as the anode, polyethylenediox-
ythiophene:polystyrenesulfonate (PEDOT:PSS) is the most
widely used anode buffer layer in organic solar cells. However,
the strong acidic nature and hygroscopic properties of

-4 ACS Publications  © 2015 American Chemical Society

evaporated V,0O; as the anode buffer layer used in conventional
or inverted devices.>>™*®* However, the vacuum thermal
evaporation technique could have some drawbacks for
applications in organic solar cells, such as cost and
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incompatibility with the easy processing of PSCs. There are
some reports using solution-processed V,Oj; as an anode buffer
layer to improve device performance. Huang et al. reported that
solution-processed V,O; for PSCs as the anode buffer layer by
using V,05 powder suspended in 2-propanol.>* Unfortunately,
the device shows poor performance because the film exists as
small islands. Recently, vanadium(V) triisopropoxide oxide was
proven to be a good precursor for solution-processed V,Oj as
an anode buffer layer in PSCs.* 7> The reported V,0 was
obtained by the precursor reacted with water or hydrolysis
under ambient conditions for a long time. However, the devices
show a relatively low fill factor (FF of ~60%) because of the
poor interfacial contact.

To improve the interfacial properties and simplify the
preparation process of V,0s, a simple O, plasma processing
method was introduced. The smooth V,0; layer was prepared
by spin coating a vanadium(V) triisopropoxide oxide alcohol
solution and then treated with O, plasma [V,05 (O, plasma)].
The precursor can be decomposed to V,0O5 by O, plasma
without the need for hydrolysis with moisture. The surface
contains a large quantity of dangling bonds, which could
facilitate the formation of an excellent interfacial contact.
Hence, the FF was greatly improved when using V,0;5 (O,
plasma) as the anode buffer layer in the poly(3-hexylth-
iophene):[6,6]-phenyl-C61-butyric acid methyl ester
(P3HT:PC4BM, 73.55%)-based and poly(4,8-bis-alkyloxy-
benzo[1,2-b:4,5-b’]dithiophene-alt-alkylcarbonyl-thieno[3,4-b]-
thiophene):[6,6]-phenyl-C71-butyric acid methyl ester
(PBDTTT-C:PC,,BM, 67.33%)-based solar cells. In compar-
ison with the control device using PBDTTT-C:PC,;BM as the
active layer and PEDOT:PSS (PCE of 6.52%) and thermally
annealed V,0; (PCE of 6.27%) as anode buffer layers, the PCE
was improved by 15.6 and 20.2%, respectively, via the
introduction of O, plasma-processed V,Oj5 as the anode buffer
layer (PCE of 7.54%).

2. EXPERIMENTAL SECTION

2.1. Materials. ITO-coated glass with a sheet resistance of 15 Q/sq
was obtained from Shenzhen Display Corp. Vanadium(V) triisoprop-
oxide oxide was purchased from Alfa Aesar. PEDOT:PSS (Clevious P
VP Al 4083) was obtained from H. C. Stark. P3HT and PBDTTT-C
were bought from Lumtec and Solarmer, respectively. PC¢;BM and
PC,,BM were supplied by American Dye Sources (ADS). 1,8-
Diiodooctane (DIO) was supplied by Sigma-Aldrich. All commercial
materials were used directly.

2.2, V,0; and Device Fabrication. Several conventional PSCs
(devices A—E) were fabricated, and the device structures were as
follows: (A) ITO/V,04 (O, plasma, 14 nm)/P3HT:PC4BM (200
nm)/Ca (10 nm)/Al (100 nm), (B) ITO/V,O; (annealed, 14 nm)/
P3HT:PC4,BM (200 nm)/Ca (10 nm)/Al (100 nm), (C) ITO/
PEDOT:PSS (30 nm)/P3HT:PC¢;BM (200 nm)/Ca (10 nm)/Al
(100 nm), (D) ITO/V,0; (O, plasma, 14 nm)/PBDTTT-C:PC,,BM
(90 nm)/Ca (10 nm)/Al (100 nm), (E) ITO/V,04 (annealed, 14
nm)/PBDTTT-C:PC,;BM (90 nm)/Ca (10 nm)/Al (100 nm), and
(F) ITO/PEDOT:PSS (30 nm)/PBDTTT-C:PC,,BM (90 nm)/Ca
(10 nm)/Al (100 nm). ITO-coated glass was sequentially ultrasoni-
cally washed in detergent, deionized water, acetone, and 2-propanol
for 20 min each. Afterward, the precleaned ITO-coated glass was
exposed to oxygen plasma to remove organic contaminants and
increase the size of the wetting envelope. The V,0j; layer was obtained
by spin coating a vanadium(V) triisopropoxide oxide alcohol solution
[2% (v/v)] at 4000 rpm on precleaned ITO substrates and then
treated under O, plasma [V,0; (O, plasma)] for 10 min without the
need for hydrolysis with moisture or annealed at 150 °C for 30 min
[V,05 (annealed)]. PEDOT:PSS films were prepared by spin coating
its aqueous solution on ITO-coated glass at 4000 rpm for 30 s and
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then thermally annealed at 150 °C for 30 min. Subsequently, the
modified ITO-coated glass was moved to the glovebox. For
P3HT:PCyBM-based devices, the active layer was prepared by spin
coating the chlorobenzene solution of P3HT and PC¢BM [1:1 (w/
w), total concentration of 36 mg/ mL] on the modified ITO electrode
and then thermally annealed at 150 °C for 10 min on a hot plate. For
the PBDTTT-C:PC,BM-based solar cells, the active layer was
obtained by spin coating the dichlorobenzene solution of PBDTTT-
C and PC,;BM [1:1.5 (w/w), total concentration of 31 mg/mL] with
a 3% volume ratio of DIO additive on the modified ITO substrates.
Finally, the Ca (10 nm)/Al (100 nm) bilayer cathode was thermally
deposited. The device area was 0.1 cm* defined by a shadow mask.

2.3. Measurements. The grazing incidence X-ray diffraction
(GIXRD) result was achieved with a Bruker D8 ADVANCE
instrument. An ESCA Lab250i-XL electron spectrometer (Thermo,
150 W Al Ka radiation) was used to obtain X-ray photoelectron
spectroscopy (XPS) results. The transmission spectra of the films were
observed by a scanning spectrophotometer (Varian Cary 50 UV/vis).
Surface morphologies of the films were characterized by an Agilent
5400 atomic force microscope (AFM). The water contact angle results
were obtained on a homemade JY-82 contact angle system (China).
The deionized water was obtained from a Millipore ultrapure water
system. The thickness of the layer was determined with a Dektak 150
profilometer. Current density—voltage (J—V) curves were measured
with a Keithley 2420 source measurement unit under the illumination
of AM 1.5G (100 mW/cm?) with a Newport solar simulator.

3. RESULTS AND DISCUSSION

3.1. Characterization of the V,0; Layer. To determine
the purity and composition of the prepared anode buffer layers,
XPS measurements were taken. The samples were fabricated
through spin coating a vanadium(V) triisopropoxide oxide
alcohol solution [2% (v/v)] at 4000 rpm on the precleaned
silicon substrate and then treated as the devices were prepared.
The results are shown in Figure 1. The binding energies (BEs)
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Figure 1. XPS spectra of the V,0O; layer: (a) survey scan and (b) V 2p
and O 1s core-level spectra.

are corrected with C 1s (284.42 eV). As presented in Figure 1a,
there are characteristic peaks of V, O, C, and N elements in the
0—800 eV BE range. For the V,0q layer prepared with O,
plasma, the peaks are for V 2p at 517.32 eV, O 1s at 530.22 eV,
and N 1s at 401.42 eV. Interestingly, the peaks for the annealed
V,0; layer are the same as those for the V,O; layer prepared
with O, plasma. In Figure 1b, there are two vanadium peaks
that correspond to a doublet of V 2p;,, (~517.32 V) and V
2p1/, (~524.77 eV) for an O, plasma prepared layer and V
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2ps, (~517.42 V) and V 2p,, (~524.72 eV) for an annealed
V,0; film, in which one is the */, and the other the '/, spin—
orbit split component. The narrow V 2ps,, peaks (517.32 and
517.42 €V) for the two samples are very close to the reported
one for crystalline V,05 (517.2 eV).>” The O 1s core level of
XPS spectra has one strong peak at ~530.22 eV for both
samples, which can be assigned to the oxygen atoms in
stoichiometric V,0O5. The XPS results confirm that vanadium-
(V) triisopropoxide oxide is decomposed into V,O completely
after the O, plasma is processed or thermally annealed at 150
°C for 30 min.

The transmittance spectra of the V,0; films, PEDOT:PSS on
ITO-coated glass, and bare ITO-coated glass are shown in
Figure 2. For the control PEDOT:PSS-modified ITO-coated
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Figure 2. Optical transmittance of bare ITO-coated glass, the V,05
layer, and PEDOT:PSS-modified ITO-coated glass.

glass, the antireflective effect in the wavelength range of 330—
410 nm was ascribed to the smooth surface, which will be
discussed below. The smooth surface could reduce the level of
dispersion and extinction of light.** Furthermore, the obtained
V,0; films prepared by different methods also have good
transmittance in the visible range, and their transmittance
spectra are almost the same. The good transmittance is helpful
for obtaining high-performance PSCs.

3.2. Photovoltaic Performance of the PSCs. To
investigate the effect of the V,0g (O, plasma) as an anode
buffer layer on the photovoltaic performance of the PSCs,
several kinds of devices were fabricated as mentioned above.
Figure 3 illustrates the current density—voltage (J—V)
characteristics of the PSCs with different anode buffer layers
under the illumination of AM 1.5G (100 mW/cm?). The
optimized device performance and the average PCEs of 10
different devices are listed in Table 1. For P3HT:PCyBM-
based solar cells, device C with a traditional PEDOT:PSS anode
buffer layer gives a PCE of 3.92% with an open-circuit voltage
(Vo) of 0.64 V, a short-circuit current density (Joc) of 9.21
mA/cm?, and an FF of 66.17%. Device B with a V,04
(annealed) anode buffer layer gives a PCE of 3.64% with a
Voc of 0.62 V, a Joc of 920 mA/cm? and an FF of 64.15%.
This value is consistent with V,Oy4 as the anode buffer layer
prepared with vanadium(V) triisopropoxide oxide reported
elsewhere.*"** In comparison, the J. and best PCE of device A
with a V,04 (O, plasma) anode buffer layer are enhanced to

7615

2
o [ a P3HT:PC, BM based solar cells z 7
g 0 P
2 - /
g 2+ —&— Device A: V,0_ (O, plasma) ’
i 4 i —4A— Device B: VO, (Annealed) 7/
= i @ Device C: PEDOT:PSS
5 -6
'U L
)
S -8
g ’
-10 M
U n L 1 L 1 1 1 1 1 1 1 1 1 1
-0.1 0.0 0.1 02 03 04 05 06 0.7
Voltage (V)
3
”; 0 - b PBDTTT-C:PCﬂBM based solar cellsré%
o e
g 3 —0— Device D: V0O, (O, plasma)
; 6 —4— Device E: VO, (Annealed)
G o Device F: PEDOT:PSS
5 9}
s I
S-12 ~
g - =
ok 15
_l 8 | 1 1 1 1 1 1

-0.1 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
Voltage (V)

Figure 3. J—V curves of the PSCs with different anode buffer layers:
(a) P3HT:PC¢,BM and (b) PBDTTT-C:PC,,BM.

9.84 mA/cm” and 4.47%, respectively. Most importantly, the
FF has been remarkably improved to 73.55%, which is one of
the highest values of the P3HT:PCgBM-based devices.
Furthermore, P3HT:PC4BM solar cells with different thick-
nesses of the V,0g layer prepared by O, plasma were also
fabricated (Figure S1 and Table S1 of the Supporting
Information). All devices exhibit good performance with high
FF values of >70%.

To further explore the general applicability of the V,04
anode buffer layer in the PSCs, another typical efficient low
bandgap polymer, PBDTTT-C, was used as a donor. The -V
curves of the PBDTTT-C:PC,,BM-based solar cells are shown
in Figure 3b, and their related device performance parameters
are also included in Table 1. The traditional control device F
with PEDOT:PSS as anode buffer layer exhibits a PCE of
6.52% with a Vo of 0.71 V, a Jc of 14.90 mA/cm?, and an FF
of 61.65%, which are consistent with those previously
reported.*”*® The device with a V,0 (O, plasma) anode
buffer layer shows a high PCE of 7.54% with a Vo of 0.70 V, a
Jsc of 16.03 mA/cm?, and an FF of 67.33%, and the average
PCE of 10 devices is 7.41%. The champion and average PCEs
both are one of the highest values for the PBDTTT-
C:PC,BM-based devices. In contrast, another control device
E with a V,0; (annealed) anode buffer layer was also prepared
and shows a PCE of 6.27% with a V of 0.70 V, a Jgc of 14.11
mA/cm?, and an FF of 63.26%. According to a previous report,
the work function of the solution-processed V,Og layer is 5.10
eV, which is lower (0.34 eV) than the highest occupied
molecular orbital (HOMO) of P3HT. The holes can be easily
transferred from the HOMO level of P3HT to the V,Oj layer
and collected with an ITO electrode.>**®> Furthermore, the
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Table 1. Device Performance of the PSCs with Different Anode Buffer Layers

device  hole transport layer active layer Voc (V) Jsc (mA/cm?)  FF (%) maximal PCE (%) average PCE (%) caled Jsc (mA/cm?)
A V,0, (O, plasma)  P3HT:PCyBM 0.62 9.84 7355 447 429 9.31
B V,0; (annealed) P3HT:PC,,BM 0.62 9.20 64.15 3.64 3.53 8.83
C PEDOT:PSS P3HT:PC(,BM 0.64 9.21 66.17 3.92 3.81 8.74
D  V,0 (O, plasma)  PBDTTT-C:PC,BM 070 16.03 6733 7.54 741 15.07
E V,0; (annealed) PBDTTT-C:PC,BM  0.70 14.11 63.26 627 5.96 1321
F PEDOT:PSS PBDTTT-C:PC,;BM 0.71 14.90 61.65 6.52 6.38 13.89

work function can be increased by O, treatment.*' Thus, the
device could exhibit improved performance. Moreover, the
improved PCE and FF of V,0O5 (O, plasma)-modified devices
could be due to improved charge transport properties of the
V, 0 layer and enhanced charge collection at the V,05—donor
interface.

Furthermore, the corresponding external quantum efficien-
cies (EQEs) of the solar cells with different anode buffer layers
were measured to verify the accuracy of the J—V results. The
spectra are shown in Figure S2 of the Supporting Information.
The EQE results agree well with the Jsc. Especially for
PBDTTT-C:PC,;BM solar cells, the maximal EQE reached
68.48% at 660 nm for the device with a V,0y (O, plasma)
anode buffer layer, and these cells show a much better
photoresponse in the broad range of 430—710 nm. Moreover,
the calculated Jic values determined via integration of the
spectral response of the solar cells are also shown in Table 1.
The Jqc values are consistent with the s values obtained from
the J—V curves. These results again indicate that the V,05 (O,
plasma) anode buffer layer is helpful for improving the device
performance.

Figure 4 shows the surface morphology of the bare ITO
substrate, control PEDOT:PSS, and V,0s-modified ITO-

0

Figure 4. Tapping-mode AFM height images of (a) bare ITO-coated
glass, (b) the V,05 (O, plasma) layer, (c) the V,0O5 (annealed) layer,
and (d) the control PEDOT:PSS layer. The scan size is S ym X S ym.

coated glass observed by tapping-mode atomic force micros-
copy. The root-mean-square (rms) value of the bare ITO-
coated glass was 4.04 nm. When modified by V,Oy films, the
surface became smooth, and the rms values were almost the
same (2.31 nm for the O, plasma film and 2.24 nm for the
annealed film), which are comparable with that of the
PEDOT:PSS-modified ITO-coated glass (1.68 nm). Moreover,
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the surface morphologies of P3HT:PC4BM active layers on
different anode buffer layers were measured as shown in Figure
S3 of the Supporting Information. The surfaces are very
smooth without obvious differences. The lack of significant
changes in surface morphology of active layers and different
anode buffer layer indicates that the rms value is not the
determinant factor in the variations of device performance.
However, from panels b and c of Figure 4, the V,0; (O,
plasma) layer shows an interface much clearer than that of the
V,0; (annealed) layer, which could be ascribed to the
reduction of residual organic contamination on the surface
after O, plasma treatment. This could increase the work
function of the V,Oj layer.*** Concomitantly, the PCE and FF
were improved for the devices fabricated on the top of V,04
(O, plasma). Furthermore, the surface of the V,0O5 (O, plasma)
layer could form many dangling bonds because of the
preparation process.** These dangling bonds are quite unstable,
and surface reconstruction occurs substantially, which would
form a better interfacial contact. To further confirm this
hypothesis, the surface energy of the V,Oj layer was studied by
contact angle measurements as shown in Figure 5. For

m.q

V205 (O plasma)

—~

- ‘.,‘.. .

VaOs {Annealed) 44 830
> - _M — = "..a_.
PEDOTPSS ( 22:1%0 .

a2 2

Figure S. Measured water contact angle between a drop of deionized
water and the anode buffer layer. V,05 (O, plasma), V,0O; (annealed),
and PEDOT:PSS layers from top to bottom, respectively.

comparison, the contact angle of the PEDOT:PSS layer was
also measured, and the result is 22.17°. As shown in Figure S,
the contact angle for the V,0; (O, plasma) layer is only 20.62°;
however, the contact angle of the V,0; (annealed) layer is
increased to 44.83°. The results show that the V,0; (O,
plasma) layer exhibits better interface properties when the
active layer was spin coated onto it. We can conclude that the
better contact properties and many of the surface dangling
bonds are the main reasons for the improved performance of
the solar cell with the V,Og (O, plasma) layer as the anode
buffer layer.
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Furthermore, the electrical properties of the different anode
buffer layers as the optimized solar cells used were investigated
using a simple Ohm’s law with the shadow mask as the solar
cell preparation, and the results are shown in Figure 6; the
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g Glass substrate
= 0.00F
B
3 —=—V,0, (O, plasma)
-0.05 —— V0, (Annealed)
—4— PEDOT:PSS
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0.6 -04 -02 00 0.2 0.4 0.6
Voltage (V)

Figure 6. Current—voltage characteristics of different anode buffer
layers.

schematic structure of the measurement is included as the inset.
Interestingly, the I-V curve of the V,0; (O, plasma) layer
exhibits the greatest slope among the three anode buffer layers.
By contrast, the V,0; (annealed) layer shows the smallest slope
with the largest resistance. The resistances are 5.45, 6.52, and
7.15 Q for V,05 (O, plasma), PEDOT:PSS, and V,O;
(annealed), respectively. The better electrical transport
property of the V,05 (O, plasma) layer is another reason for
the improved solar cell performance.

4. CONCLUSION

In summary, annealing-free V,0j films were obtained by spin
coating a vanadium(V) triisopropoxide oxide alcohol solution
on the ITO-coated glass and treated with O, plasma for 10 min
[V,O5 (O, plasma)]. The V,0; layer shows good optical
transmittance and electrical properties. PSCs based on
P3HT:PC¢,BM and PBDTTT-C:PC,BM using a V,0;5 (O,
plasma) anode buffer layer show high PCEs of 4.47 and 7.54%,
respectively, under the illumination of AM 1.5G (100 mW/
cm?), which are increased by 14.0 and 15.6%, respectively, in
comparison with those of the devices with a conventional
PEDOT:PSS layer (3.92 and 6.52%, respectively). Compared
to that of the solar cell with a V,0; (annealed) anode buffer
layer and PBDTTT-C:PC,;BM as an active layer (PCE of
6.27%), the PCE was improved by 20.2% through greatly
improved values of FF and Jqc upon introduction of V,O4 (O,
plasma) as an anode buffer layer. The improved device
performance is ascribed to the modified surface with an
improved work function, the presence of many dangling bonds
for better interface contact, and the excellent electrical transport
property of V,0; (O, plasma). The results indicate that an O,
plasma-processed V,05 film is an efficient and economical
anode buffer layer for high-performance PSCs. It also provides
an attractive alternative for low-cost fabrication of organic
electronics.
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J—V curves of P3HT:PC¢BM solar cells with different V,04
(O, plasma) thicknesses, EQE curves of the PSCs with different
anode buffer layers, and AFM images of P3HT:PC4BM on
different buffer layers. This material is available free of charge
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