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Enhanced Hole Transport in Ternary Blend Polymer Solar Cells

Koshiro Midori,’® Tomohiro Fukuhara,®® Yasunari Tamai,®®! Hyung Do Kim,® and Hideo Ohkita*?

Abstract: Recently, ternary blend polymer solar cells have attracted
great attention to improve a short-circuit current density (Jsc)
effectively because complementary absorption bands can harvest the

solar light over a wide wavelength range from visible to near-IR region.

Interestingly, some ternary blend solar cells have shown
improvements not only in Jsc but also in a fill factor (FF). Previously,
we also reported that a ternary blend solar cell based on a low-
bandgap polymer PTB7-Th, a wide-bandgap polymer PDCBT, and a
fullerene derivative PCBM exhibited a FF higher than that of their
binary analogues. Herein, we study charge transport in PTB7-
Th/PDCBT/PCBM ternary blend film to address the origin of the
improvement in FF. As a result, we found that hole polarons are
located in PTB7-Th domains and their mobility is enhanced in the
ternary blend film.

Introduction

Polymer solar cells have made rapid progress in the last two
decades.’™® Currently, a power conversion efficiency has
exceeded 15%?*! for single junction solar cells and 17%% for
tandem solar cells. These remarkable improvements are partly
due to an efficient light-harvesting over a wide wavelength range
from visible to near-IR region. It has been difficult to achieve such
a wide-range light harvesting by using conventional polymer solar
cells based on binary blends of a conjugated polymer and a
fullerene derivative, because most organic materials have limited
absorption bandwidths typically as narrow as 200 nm at most and
fullerene derivatives have negligible absorption bands in the
visible region. On the other hand, ternary blend polymer solar
cells can harvest the solar light over a wide wavelength range
from visible to near-IR region because of complementary
absorption bands and therefore have attracted great attention as
a simple approach to improving the short-circuit current density
(Jsc) effectively.t3-16

Afill factor (FF) is a measure of charge transport in solar cells.
For most ternary blend polymer solar cells, FF is comparable to
or lower than that of binary blend counterparts because the third
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material is likely to hinder charge transport.}-?? Interestingly,
however, recent studies have shown that some ternary blend
polymer solar cells exhibit a distinctly larger FF than binary blend
solar cells.2* We also have reported the improvement in FF for
a ternary blend polymer solar cell based on poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’ldithiophene-co-3-
fluorothieno[3,4-b]thiophene-2-carboxylate] (PTB7-Th), poly[5,5'-
bis(2-butyloctyl)-(2,2’-bithiophene)-4,4’-dicarboxylate-alt-5,5’-
2,2’-bithiophene] (PDCBT), and [6,6]-phenyl-Ces;:-butyric acid
methyl ester (PCBM) as shown in Figure 1.2 As a result, we
found that the optimized active layer is as thick as 280 nm for
PTB7-Th/PDCBT/PCBM ternary blend solar cell while it is as thin
as 130 nm for PTB7-Th/PCBM binary blend solar cell.

Herein, we study hole transport in the PTB7-Th/PDCBT/PCBM
ternary blend to address the origin of the improvement in FF. First,
we measured transient absorption of ternary blend film to discuss
the location of hole polarons in ternary blends. Next, we
estimated hole mobility in ternary and binary blend films by
measuring space-charge limited current (SCLC). Finally, we
discuss the relationship between the improved charge transport
and ordering of polymer chains on the basis of the absorption
spectra of ternary blend film.

a) b)

Figure 1. Chemical structures of materials employed in this study: a) PTB7-Th,
b) PDCBT, and c) PCBM.

Results and Discussion

Figure 2 shows the absorption spectra of PTB7-Th, PDCBT,
and PCBM neat films. As shown in the figure, PCBM has a large
absorption band at around 350 nm in the UV region, a wide-
bandgap polymer PDCBT has an absorption band at around 550
nm in the visible region, and a low-bandgap polymer PTB7-Th has
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an absorption band at around 700 nm in the near-IR region. In
other words, each absorption band complementally covers the
wide wavelength range from 300 to 800 nm. Consequently,
PTB7-Th/PDCBT/PCBM ternary blend polymer solar cells
exhibited an improved Jsc as large as ~20 mA cm™2. Interestingly,
as summarized in Table 1,?° FF was also improved from 0.52 for
PTB7-Th/PCBM binary blend device to 0.60 for PTB7-
Th/PDCBT/PCBM ternary blend device with a thick active layer.
The photovoltaic characteristics are shown in Figure S1 (see the
Supporting Information). A recent study has also shown similar
improvements both in Jsc and FF for PTB7-Th/PDCBT/PCBM
ternary blend polymer solar cells.?®

Absorbance (a.u.)

400 600 800
Wavelength / nm

Figure 2. Normalized absorption spectra of PTB7-Th (red line), PDCBT (green
line), and PCBM (blue line) neat films.

Table 1. Photovoltaic parameters of binary and ternary blend solar cells.

Devices Jsc (MA cm ~2) Voc (V) FF PCE (%)
binary? 18.0 0.799 0.520 7.48
ternary® 19.4 0.762 0.604 8.93

2 PTB7-Th/PCBM (1/1.5 w/w) binary blend solar cell
b PTB7-Th/PDCBT/PCBM (0.75/0.25/1.5 w/w) ternary blend solar cell

Reproduced with permission from Ref. 25. Copyright 2018 The Chemical
Society of Japan.

In order to assign hole polarons in PTB7-Th/PDCBT/PCBM
ternary blends, we measured transient absorption spectra of
binary and ternary blend films. Figure 3 shows the transient
absorption spectra of each binary blend film. For PTB7-Th/PCBM
blends, an absorption band was observed at around 1150 nm with
a broad shoulder at 800-1000 nm and a negative signal at around
700 nm. As reported previously, hole polarons of PTB7-Th
exhibited an absorption at around 1150 nm.?” We therefore
ascribed the absorption spectrum above 800 nm to PTB7-Th hole
polarons. The wavelength of the negative signal is consistent with

WILEY-VCH

the absorption of PTB7-Th as shown in Figure 2. We therefore
ascribed the negative signal to the ground-state photobleaching
of PTB7-Th. Note that a small absorption shoulder at around
1300 nm observed at an early time stage is assigned to triplet
excitons of PTB7-Th, which is formed by bimolecular charge
recombination as reported previously.?” For PDCBT/PCBM
blends, a broad absorption band was observed from 600 to 1000
nm with a peak at around 950 nm. This spectrum is similar to that
of P3HT hole polarons as reported previously.?®?° We therefore
ascribed this broad absorption to PDCBT hole polarons. Both
decays were well fitted with an empirical power-law given by the
equation 1.

nt)=—2 &)
(1+at)”

Here, n(t) is the charge density at a time t, no is the initial charge
density at a time t = 0, a and a and are kinetic parameters. This
power-law decay dynamics is characteristic of bimolecular charge
recombination in disordered materials with exponential energetic
tails.®>3! Thus, the power-law decay is also consistent with our
assignments of hole polarons observed for PTB7-Th/PCBM and
PDCBT/PCBM blend films.

0.1

600 800 1000 1200 1400
Wavelength / nm

Figure 3. Transient absorption spectra of each binary blend film: a) PTB7-
Th/PCBM (1/2 wiw) excited at 532 nm and b) PDCBT/PCBM (1/1 w/w) excited
at 500 nm. The delay time is about 1, 2, 5, and 10 s after the laser excitation
from top to bottom in each panel.

Figure 4 shows the transient absorption spectrum of PTB7-
Th/PDCBT/PCBM ternary blend film upon selective
photoexcitation of PDCBT. Considering the selective excitation,
transient absorption of PDCBT hole polarons would be observed
at around 950 nm. However, this is not the case. As shown in
the figure, the absorption spectrum was almost the same as that
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observed for PTB7-Th/PCBM rather than PDCBT/PCBM. We
estimated that more than 90% of hole polarons are located not in
PDCBT but in PTB7-Th domains in PTB7-Th/PDCBT/PCBM
ternary blend film on the basis of spectral simulation (see Figure
S2 in the Supporting Information). We therefore conclude that
PTB7-Th domains are hole transport channels and PTB7-Th hole
polarons serve as a hole carrier in PTB7-Th/PDCBT/PCBM
ternary blend film.

Normalized AOD

600 800 1000 1200 1400
Wavelength / nm

Figure 4. Transient absorption spectra of PTB7-Th/PDCBT/PCBM (1/1/3 wiw)
ternary blend (black line) and PTB7-Th/PCBM (1/2 w/w) binary blend (red line)
films excited at 532 nm. The delay time is about 5 ps after the laser excitation.

We thus discuss why hole polarons were predominantly
located in PTB7-Th domains even though PDCBT was selectively
excited. Here, we propose two possible explanations. The first
one is a Forster resonance energy transfer from PDCBT to PTB7-
Th. As shown in Figure 5, the PDCBT emission was significantly
quenched for PTB7-Th/PDCBT binary blend film in comparison
with that for PDCBT neat film. Instead, the PTB7-Th emission
was much enhanced for PTB7-Th/PDCBT blend film in
comparison with that for PTB7-Th neat film. These findings are
indicative of the energy transfer from PDCBT to PTB7-Th. From
the spectral overlap between the PDCBT emission and PTB7-Th
absorption spectra as shown in Figure S3, the Forster radius was
evaluated to be as large as 3.6 nm assuming randomly-oriented
point-dipoles. Here, photoluminescence quantum yield of PDCBT
was evaluated to be 0.03 relative to that of a perylenediimide
derivative.®> An effective refractive index was assumed to be
1.4.3% Such efficient long-range energy transfer from PDCBT to
PTB7-Th would be in competition with rapid charge generation at
an interface of PDCBT/PCBM. Indeed, a highly efficient energy
transfer has been reported for polymer/polymer blends.®"-3° Very
recently, a fast energy transfer from PDCBT to PTB7-Th has been
reported for PTB7-Th/PDCBT/PCBM ternary blend.?® The
second one is hole transfer from PDCBT to PTB7-Th domains as
reported for other blends.?®” As shown in Figure 6, the HOMO
energy level was evaluated to be —5.0 eV for PTB7-Th and -5.1
eV for PDCBT films by the photoelectron emission vyield
spectroscopy. This suggests that hole polarons are
thermodynamically more stable in PTB7-Th rather than in PDCBT

WILEY-VCH

domains. Assuming the Boltzmann distribution, the population of
hole polarons are about 50 times larger in PTB7-Th than in
PDCBT domains. In other words, 98% of hole polarons are
spontaneously located in PTB7-Th domains with a shallower
HOMO level at a thermal equilibrium.

PL Intensity

800 1000
Wavelength / nm

600 1200

Figure 5. Photoluminescence spectra of PTB7-Th/PDCBT (1/4 w/w) binary
blend (purple line), PDCBT neat (green line), and PTB7-Th neat (red line). The
PL intensity was corrected for variation in the absorption at an excitation
wavelength of 520 nm.

48 5 52 54 56
Photon Energy / eV

Figure 6. Photoelectron emission yield spectra of PTB7-Th (red triangles) and
PDCBT (green inverted triangles) neat films.

We next evaluated the hole mobility of polymer neat and blend
films by measuring SCLC for hole only devices with a layered
structure of ITO/PEDOT:PSS/polymer/Au. The hole mobility is

given by the Mott—Gurney equation*!
2

J ) 2
= — E ﬂ _—
0
g " "L

where g is the permittivity of vacuum, & is the relative dielectric
constant of the material (& = 3), p is the charge carrier mobility,
and L is the active layer thickness. As summarized in Table 2,
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the hole mobility in binary blend films was comparable to or larger
than that in neat films. Interestingly, the hole mobility was as large
as 6.3 x 10* cm? V! s for PTB7-Th/PDCBT/PCBM ternary
blend film even though the volume fraction of PTB7-Th was
reduced to 30% compared to that of neat film. As shownin Figure
7, trap filling region was observed from 0.1 to 1 V for both PTB7-
Th and PDCBT neat films but not observed for ternary blend film.
This finding is consistent with the improved hole mobility in ternary
blend film, suggesting that PTB7-Th chains diluted in other
materials exhibit improved hole transport properties. Similar
improvements have been reported for blends of a semiconducting
polymer that is mixed with a high-bandgap polymer.3*! In these
diluted blends, the charge transport was improved or comparable
to that in neat films. Thus, such dilution would be versatile
approach to improving charge transport.

103
102
10t

10t 10°
Voltage / V

Figure 7. Log-log plots of current density against voltage measured for a)
PTB7-Th neat fiim, b) PDCBT neat film, and c) PTB7-Th/PDCBT/PCBM
(0.75/0.25/1.5 wiw) ternary blend film. The broken lines represent a fitting curve
with the Mott—Gurney equation. The dotted lines represent a fitting curve with
a slope of unity.

Table 2. Hole mobility in each film.

Samples Hole mobility (cm? V-t s7)

WILEY-VCH
PTB7-Th 2.8x10*
PDCBT 1.3x10*
PTB7-Th/PCBM 2.4 %10
PDCBT/PCBM 2.7x10*
PTB7-Th/PDCBT/PCBM 6.3x 10

Finally, we discuss the origin of the increased hole mobility in
ternary blend film by comparing the absorption spectra of PTB7-
Th neat film with that of ternary blend film. For comparison, the
absorption spectra of PDCBT and PCBM were subtracted from
the absorption spectrum of PTB7-Th/PDCBT/PCBM ternary blend
film. The details of the spectral resolution are described in the
Supporting Information (Figure S4). As shown in Figure 8, the
ratio of the 0—-0 to 0—1 vibronic absorption bands of PTB7-Th Ao
o/Ao-1 was larger in the ternary blend than in the PTB7-Th neat
film. The increase in Ao-o/Ao-1 indicates that the backbone of
PTB7-Th becomes more ordered structures in ternary blend
film.4243 Such an improvement in ordering of polymer chains has
been reported for a crystalline polymer P3HT blended with
polystyrene.** We therefore conclude that the improvement in
hole transport is due to higher ordering of PTB7-Th chains in
ternary blend film.

Absorbance (a.u.)

600 700
Wavelength / nm

Figure 8. Absorption spectra of PTB7-Th in the neat film (red broken line) and
in the PTB7-Th/PDCBT/PCBM (0.75/0.25/1.5 w/w) ternary blend film (red solid
line). The PTB7-Th spectrum in ternary blend film was obtained by subtracting
PDCBT and PCBM absorption spectra from the original spectrum. The
absorption was normalized at the Ao-o transition peak.

Conclusions

The hole transport in PTB7-Th/PDCBT/PCBM ternary blend
film was studied to discuss the improvement in FF compared to
those for binary counterparts. For PTB7-Th/PDCBT/PCBM blend,
we found that hole polarons are located in PTB7-Th domains even
though PDCBT was selectively excited, because of energy
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transfer and/or hole transfer from PDCBT to PTB7-Th. The hole
mobility was increased in PTB7-Th/PDCBT/PCBM blend
compared to that of PTB7-Th/PCBM blend. More ordered
backbone of PTB7-Th leads to an efficient hole carrier transport.
Our work reveals hole transport property can be enhanced by
blending other materials, which is a key to more efficient ternary
blend solar cells.

Experimental Section

Sample Preparation. PTB7-Th and PDCBT were purchased from 1-
Material. PCBM was purchased from Frontier Carbon. Films were spin-
coated onto quartz substrates from a chlorobenzene solution with an
additive of 1,8-diiodooctane (DIO) (3 vol%) for PTB7-Th/PCBM and PTB7-
Th/PDCBT/PCBM blends. For hole-only devices, the structure of
glass/ITO/PEDOT:PSS/polymer/Au was used. PEDOT:PSS was spin-
coated onto ITO and thermally annealed at 140 °C for 10 min. The polymer
layers were prepared on the ITO/PEDOT:PSS substrate by spin-coating
from a chlorobenzene solution. The Au electrode was deposited on top of
the polymer layer by vacuum evaporation.

Absorption and Photoluminescence Spectroscopy. The absorption
spectra were measured with a spectrophotometer (Hitachi, U-4100). The
photoluminescence spectra were measured with a spectrophotometer
(Horiba Jobin Yvon, NanoLog).

Photoelectron Emission Yield Spectroscopy. The HOMO level of
donor polymers was measured with a photoelectron emission yield
spectrometer (Riken Keiki, AC-3E).

Transient Absorption Spectroscopy. In the microsecond transient
absorption measurement, a dye laser pumped by a nitrogen laser (Photon
Technology International, GL-301, GL-3300) or an Nd:YAG laser
(Elforlight, SPOT20-532) was used as an excitation source. A tungsten
lamp (Thermo-Oriel, 66997) was used as a probe light source. Details
have been described elsewhere.*

Space-Charge-Limited Current (SCLC). The SCLC measurements
were performed on the hole-only devices. The -current-voltage
characteristics were analyzed using the Mott—Gurney equation.
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transport: hole transport is enhanced
in PTB7-Th/PDCBT/PCBM ternary
blend film compared to that in binary
or neat original films. This is because
ordering of PTB7-Th chains is
improved in the ternary blend. As
such, the enhanced hole transport
gives an improved fill factor in the
ternary blend solar cell.

Page No. — Page No.

Enhanced Hole Transport in Ternary
Blend Polymer Solar Cells

Current Density / mA cm 2

igh @
Voltage /v FF
PTB7-Th/PDCBT/PCBM





