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However, OSC flexibility” is still limited by the use of ITO, which

ABSTRACT: Organic solar cells have been regarded as a is bendable but not completely flexible nor stretchable like
promising electrical energy source. Transparent and CNTs.

conductive carbon nanotube film offers an alternative to The objective of this study was to develop the best
commonly used ITO in photovoltaics with superior methodology for ITO-free SWCNT-utilized efficient OSC
flexibility. This communication reports carbon nanotube- fabrication. First, a CNT electrode was prepared by direct and

based indium-free organic solar cells and their flexible
application. Direct and dry deposited carbon nanotube
film doped with MoO, functions as an electron-blocking

dry deposition of SWCNTSs grown by the floating catalyst i.e.,
aerosol chemical vapor deposition technique.® Compared with

i X other solution-based processes,” our process used no surfactant

;lrlan;par%nt electrodg, and. ;;cs PIjEe rfor;n;nce 1;henha_mc1ed and induced less defects. Moreover, electrical performance of the

ricl ilr yb overcoatmﬁ vt i DOI : Sﬁ" ) }el‘ sing el; films produced by this method was higher than that of other

el Erlsen e .e organllc solar ce 01n E 1.s wor CNT films including flexible ITO. Second, MoO; doping, which

shows a power conversion efficiency of 6.04%. This value was originally proposed by Bao et al,® was employed and
Y ployed an

is 83% of the leading ITO-based device performance imized f h a4 h ble in ai
(7.48%). Flexible application shows 3.91% efficiency and is ogtlm_lzel 0; ot ef reported dop ;Lnts fhat are uﬁs ta i. - a}Jlr,
capable of withstanding a severe cyclic flex test. chemica ,S’ thermal stress, and humidity.™ T lr,d’ or the

photoactive layer, the low band gap polymer, thieno[3,4-b]
thiophene/benzodithiophene (PTB7)” was used for its high
performance among organic photoactive materials. In addition,
PTB?7 does not require thermal annealing. This enabled us to use
flexible substrates."

The present SWCNT OSCs showed a PCE of 6.04% with the
PTB7:PC,,BM photoactive layer. In addition, flexible OSCs on
polyimide (PI) and polyethylene terephthalate (PET) films gave
PCEs of 3.43% and 3.91%, respectively. We anticipate that the
methodology presented here will help pave the way toward
carbon-based flexible solar cells.

We first investigated thickness dependence of the SWCNT
films on photovoltaic property of SWCNT-OSCs by varying the
deposition time of the SWCNT production. We obtained three
thicknesses that gave 65%, 80%, and 90% transparency at 550
nm."! The atomic force (AFM) microscopy showed that all the
SWCNT films have similar root-mean-square roughness of 8 to

arbon nanotubes (CNT) and graphene have emerged as
materials for next-generation electrodes in organic solar

cells (OSCs), offering a possible alternative to indium tin oxide
(ITO)-based OSCs." CNTs and graphene have excellent
mechanical flexibility and are composed entirely of highly
abundant carbon. Single-walled CNTs (SWCNTs) have
advantages in terms of stretchability,”> ease of synthesis, and
suitability for direct roll-to-roll deposition onto substrates, which
translate into lower costs. SWCNTs as transparent conductive
films in photovoltaics have been the subject of active research.’
For the researches in OSCs, they have attracted a great deal of
attention as solution-processable and flexible light-harvesting
devices that have the potential to meet the world’s energy needs.
The efficiency of OSCs has increased tremendously with the
development of low band gap polymers,* which enable
absorption of longer wavelengths of the solar spectrum leading
to larger short-circuit current (Jsc). As the result, power Received: April 10, 2015
conversion efficiency (PCE) has reached as high as 10%. Published: June 19, 2015
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10 nm (Figure S2). For the device fabrication, we used poly(3-
hexylthiophene) (P3HT) as a donor because it is a benchmark
material in the field of OSCs, and most CNT OSCs reported to
date have also used this material.** Therefore, valid comparisons
could be made. Using this material, OSCs were fabricated on
SWCNT films with different thicknesses (transparency). Fast
growth method'® was adopted for high performance without
solvent annealing. MoO; was used here as an electron-blocking
layer, and it was not subjected to thermal annealing. Three
devices with various thicknesses of SWCNT films showed similar
PCEs of under 1% (Table S1). The similarity of the PCEs is due
to the trade-off between Jgc and fill factor (FF), which are closely
related to the transparency and the conductivity, respectively.
The overall performances were poor and doping was called for.

MoO; was subjected to thermal annealing on SWCNT for the
doping. In previous work, bottom MoO; under spray-coated
CNTs was thermally annealed at 450—500 °C for more than 3 h
in Ar.® However, in this work, we annealed MoO; on top of the
aerosol SWCNT films at 300 °C for 3 hin N,, considering the use
of flexible PI substrates, which have a glass transition temperature
(T,) of 320 °C. Utilizing this thermally driven hole doping from
MoOj; to SWCNT, the device gave a PCE of 1.91%, which is
nearly twice the improvement from the nonannealed device
(Table S3, devices A and B; Figure 2a). Corresponding J—V
curves are shown in Figure S3. Both increase in Js and decrease
in Rg were observed, and these are indications of improved
transmittance and conductivity of SWCNTs. High shunt
resistance (Rgy) even after the thermal annealing indicates that
thermally annealed MoOj; can still function as an electron-
blocking layer.

We further investigated the doping effect. Doping was visually
confirmed by color change of MoOj; from transparent green to
deep blue (Figure S4). It is caused by oxygen deficiency, which
induces electron traps that increase absorbance in the deep-blue
wavelengths region.'> MoO; was changed to MoQ,, where x is
less than 3. UV—vis spectra show MoO;-thermally doped
SWCNT films having higher transmittance compared with the
pristine SWCNT films (Figure 1ab). Furthermore, thin 90%-
and 80%-SWCNT films displayed an absorption curve with
higher transparency at 400—500 nm but less transparency at
long-wavelength region due to the absorption by MoO,, (Figures
1b and S4). Thus, we hypothesize that P3HT, which absorbs
shorter wavelengths of light, is compatible with the 90%
transparent SWCNT electrode, while PTB7, which absorbs
longer wavelengths of light, is more compatible with the 65%
transparent SWCNT electrode.

Doping effect was further confirmed by absorption spectra of
SWCNT films on quartz substrates (Figure 1c). Clear peaks for
transitions of E;}, E,,, and M,; in SWCNT indicate the high
quality of aerosol chemical vapor deposition (CVD) synthesis.
Those peaks were slightly suppressed when MoO; was deposited
on SWCNT, and almost completely suppressed when it is
followed by 2 h of thermal annealing as an indication of
successful doping. In addition, decrease in resistivity of the
SWCNT films after thermal doping provided further evidence of
doping (Table S2).

Work functions were measured by photoelectron yield
spectroscopy. We found that the thermal doping narrowed the
gap between the Fermi levels of SWCNT and MoOj;. Pristine
SWCNT films on glass exhibited a work function of 4.86 eV.
After thermal annealing with MoOj, its work function increased
to 5.4 eV (Figure 2c). The work function of MoO; is reported to
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Figure 1. Optical property of SWCNT films with different thicknesses.
(a) UV—vis transmittance for pristine SWCNTs films. (b) UV—vis
transmittance for SWCNT films after depositing MoOj; and thermally
annealing at 300 °C for 2 h in N, with indications of the highest
absorption wavelength of PBHT and PTB7. (c) Absorbance in infrared
region for SWCNT film pristine (red), with MoO; on top (green), and
after annealing for 2 h (blue).
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Figure 2. SWCNT OSC configurations of (a) P3HT-based cells (glass/
SWCNT/MoO,/P3HT:mix-PCBM/LiF/Al) and (b) the most opti-
mized device that gave high efficiency (glass or flexible substrate/
MoO,/SWCNT/MoO,/PEDOT:PSS/PTB7:PC,,BM/LiF/Al). (c)
Energy band alignment diagram of SWCNT OSCs.

be 6.75 eV,'* and the annealing decreased its work function to
6.00 eV.
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Table 1. Photovoltaic Performance for the Optimized SWCNT-MoO, OSCs”

substrate anode donor Voc (V)
glass ITO/MoO; P3HT 0.60
glass Mo0O,/90%-SWCNT/MoO,/PEDOT:PSS 0.59
glass ITO/MoO; PTB7 0.74
glass Mo0O,/65%-SWCNT/MoO,/PEDOT:PSS 0.72
PI Mo0O,/65%-SWCNT/MoO,/PEDOT:PSS 0.69
PI after 10-time cyclic flex test 0.70
glass 65%-SWCNT/MoO,/PEDOT:PSS PTB7 0.70
PET 65%-SWCNT/MoO,/PEDOT:PSS 0.69
PET after 10-time cyclic flex test 0.69

Jsc (mA cm™) FF Ry (Qcm?) Ry (Qcm?)  PCE,,, (%)
9.42 0.50 23.5 1.56 x 10* 2.83
8.84 0.46 116 7.05 X 10° 243
15.5 0.64 31.1 1.18 x 107 7.31
13.7 0.61 51.6 1.22 x 10* 6.04
11.3 0.44 454 1.15 X 10° 343
11.1 0.27 588 3.85 x 10* 2.10
12.7 0.58 94.5 4.00 x 10* 527
12.6 045 160 2.06 X 10° 391
12.3 0.45 222 2.83 X 10° 3.82

“MoO; and MoO, represent as-deposited MoO; and thermal annealed, respectively; 90%-, 80%-, and 65%-SWCNT denotes 90%, 80%, and 65%

transparent SWCNT films.

The PCE of doped SWCNT-based device was still lower than
the ITO-based device. Thus, we analyzed the morphology of
MoO, on SWCNT. The scanning electron microscopy (SEM)
images indicated that there are pinholes created on MoO, film
after the annealing (Figure SSd,e); the AFM r.m.s. roughness
value of 9.7 increased to 23.1 (Figure SSa,b). To find a solution to
this, we tested various configurations involving additional MoO;
and PEDOT:PSS. Use of extra MoO; on MoO,, decreased Jsc
(Table S3, devices C and D), which is attributable to a mismatch
in energy levels, whereas when PEDOT:PSS was overcoated on
MoO,, both V¢ and Jsc were enhanced (Table S3, device E;
Figure S6). We ascribe this to the hydrophilic nature of hydroxyl
groups on MoO, and the solution coating method, which allows
PEDOT:PSS to fill up the pinholes more effectively. Besides, the
acidic PEDOT:PSS can also function as a weak additional dopant
(Figure S5¢,f)."> With the optimized configuration, a PCE of
2.34% was achieved (Table S3, device G; Figure 2b). Moreover,
applying sandwich doping of MoO, above and below SWCNT
film enhanced the performance even further, giving a PCE of
2.43% (Table 1). This value is 86% of the corresponding ITO-
based OSC efficiency (2.83%; Table 1; Figure 3a).
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Figure 3. J—V curves of the two optimized SWCNT OSCs (red lines) in
comparison with reference ITO-based OSCs under light and dark
conditions. (a) P3HT:mix-PBM-based devices; (b) PTB7:PC,;BM-
based devices.

Another unique phenomenon of SWCNT-based OSCs is that
it was not compatible with Ca/Al cathode unlike its ITO
counterpart (Table $4).'® This is because Ca causes non-
spontaneous electron extraction as Eo et al. have demonstrated."”
Although LiF possesses the work function of 2.6 eV, which seems
not compatible with the energy levels of Al and PCBM, it is
extremely thin (0.7 nm). Thus, it can act as a protective layer
without interfering energetically.

Next, we tested the low band gap polymer PTB?7 for the first
time in CNT OSCs. The OSC device with the 65% transparent
SWCNT film gave a PCE of 6.04%, which is a record-high result
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(Figures 2b and 3b; Table 1; see also Figures 4 and S9). This is
83% of the ITO-based device efficiency (7.48%; Table 1). This
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Figure 4. Reported PCEs of CNT OSCs on glass (closed symbols) and
on flexible substrate (open symbols) (left) and a picture of the present
PET-based flexible SWCNT OSC (right).

result reveals that the low band gap polymer system is also
compatible with existing SWCNT-based electrodes.

Finally, flexible application was accomplished using both PI
and PET as substrates. PI's high T}, enabled thermal annealing of
MoOs,, but PET with T, of 80 °C could not be annealed. Initially,
the flexible OSCs gave PCEs of 3.78% (PI) and 3.91% (PET)
(Table 1). We ascribe the low performance in both the flexible
devices to the damage on MoOj during fabrication by looking at
the decrease in Rg. Additionally, the PI device’s low Jgc was
limited by the intrinsically low transparency of the film (Figure
S7). The PET-based device to which thermal annealing was not
applied gave a higher PCE than that of the PI-based device. After
subjecting the devices to 10 flexing cycles (radius of curvature: $
mm), the PET-based flexible OSC retained its performance,
while the PI-based flexible OSC significantly decreased the
performance (Figure S8; Table 1). This points toward the fact
that PI-based device is strongly affected by the high temperature
annealing.

In summary, this work showed a way for efficient and flexible
CNT-based OSCs with application of direct and dry deposited
SWCNT film in OSCs and demonstrated the dual functionality
of thermally annealed MoO,, on SWCNTs as both transparent
electrode and electron-blocking layer. Thus, the MoO,/SWCNT
worked as an electron-blocking transparent electrode. The PTB7
system was applied in CNT OSCs and produced a high PCE as
well as successfully exhibiting flexible application. Taken
together, our findings demonstrate that ITO-free flexible
SWCNT OSCs can be fabricated with high efficiency through
a remarkably facile and stable process. We anticipate that these
results will be useful in the further development of flexible
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carbon-based solar cells as well as other related organic
electronics.
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Experimental pictures, AFM and SEM images, UV—vis spectra,
data for conductivity measurements, J=V curves, IPCE, and
statistical analysis. The Supporting Information is available free
of charge on the ACS Publications website at DOI: 10.1021/
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