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The femto-second time-resolved spectroscopy was performed on the heterojunction (HJ) solar cell
which consists of prototypical low-band gap donor (D), poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-

b:4,5-b']

dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]

thiophenediyl]]

(PTB7), and the C;, acceptor (A). We spectroscopically determined the absolute number of donor
exciton (np.), acceptor exciton (na.), and carrier (np, ) per an absorbed photon against the delay
time (). At 300K, we found that the decay time (Tgecay = 3.5 ps) of A* is much longer than the car-
rier formation time (o = 1.1 ps), indicating that the late A* component does not contribute to the
carrier formation process. The elongated t¢m, (=1.5 ps) at 80K is ascribed to the exciton migration
process, not to the exciton dissociation process. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4932375]

Organic solar cells (OSCs) with bulk heterojunction
(BHJ)'% are promising energy conversion devices with flexi-
bility and low-cost production process, e.g., the roll-to-roll
process. The BHJ active layer, which is usually sandwiched
between an indium tin oxide (ITO) transparent anode and an
Al cathode, consists of phase-separated nano domains of the
donor (D) polymers and acceptor (A) molecules. The OSC
realizes the light-to-electric energy conversion by the combi-
nation of the carrier formation and the transfer processes. In
the carrier formation process, the photo-irradiation creates
the excitons within the nano domains. The excitons migrate
to the D/A interface and are dissociated into electron and
hole across the interface. In the carrier transfer process, the
electron and hole transfer to the cathode and anode, respec-
tively. This is in a sharp contrast with the inorganic solar
cells (ISCs), in which the photo-irradiation directly creates
the free carriers within the active layer.

The development of low-band gap donor polymers, e.g.,
PTB7, increases the power conversion efficiency (PCE) of
OSCs in the last decade.>* The increase in the PCE stimulates
extensive spectroscopic investigations of the low-band gap
blend films.>™ Recently, several experiments'®™"® revealed
nanostructure of the BHJ active layer. The scanning transmis-
sion x-ray microscopy (STXM) around the carbon K-edge
revealed fullerene mixing within the polymer—rich do-
main.'®"? In addition, by means of atomic force microscopy
(AFM) coupled with plasma-ashing technique, Hedley et al.*
found that the polymer matrix (100-200nm) of PTB7/
PC;,BM blend film consists of a large number of small fuller-
ene spheres (2060 nm). Such a nano-scale domain structure
is essential for the efficient carrier formation process, because
the exciton migration distance is very short (~3 nm).

Y Author to whom correspondence should be addressed. Electronic mail:
moritomo.yutaka.gf@u.tsukuba.ac.jp

0003-6951/2015/107(13)/133903/4/$30.00

107, 133903-1

The complexity of the BHJ domain structure, however,
has prevented a true understanding of the charge formation
process. In this sense, a planer heterojunction (HJ) solar cell
with well-defined D/A interface is appropriate for detailed
investigation on the carrier formation dynamics. Devizis
et al.'® probed the electric field against the delay time (7) in
the HJ solar cell which consists of 2,2,3,3-tetrafluoropropa-
nol of trimethine cyanide dye with PF; (Cy3-P) and Cegy.
They proposed that a weakly bound electron-hole pair at the
D/A interface plays a dominant role in the carrier formation
process. Takahashi er al.'” investigated carrier injection dy-
namics in the HJ solar cell with bipolar molecule. We note
that spectroscopic investigation of the HJ solar cell is further
effective to separate the exciton migration and dissociation
processes, because it consists of bulky A and D domains.

In this letter, we spectroscopically determined the abso-
lute number of donor exciton (np.), acceptor exciton (7a,),
and carrier (npy) per an absorbed photon against ¢ in PTB7/
C;0 HJ solar cell. In these analyses, we determined the coef-
ficient between the photoinduced absorption (PIA) and exci-
ton (carrier) number by the differential (electrochemical
differential) spectra of neat film. The temporal evolution of
the species indicates that the exciton migration is disadvanta-
geous for the exciton dissociation at the D/A interface. We
observed that the exciton migration, not the exciton dissocia-
tion, elongates the carrier formation time (Tfor,) from 1.1 ps
at 300K to 1.5 ps at SOK.

PTB7/C;o HJ solar cell was fabricated with a structure
of ITO/poly-(3,4-ethylenedioxythiophene) (PEDOT): poly-
(styrenesulfonate) (PSS) (40 nm)/PTB7 (18 nm)/C7q (25 nm)/
bathocuproine (BCP) (5 nm)/MgAg. The patterned ITO (con-
ductivity: 10/sq) glass was pre-cleaned in an ultrasonic bath
of acetone and ethanol and then treated in an ultraviolet-
ozone chamber. A thin layer of PEDOT:PSS (40nm) was
spin-coated onto the ITO and dried at 110 °C for 10 min on a
hot plate in air. A neat PTB7 film was spin-coated from an

© 2015 AIP Publishing LLC
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FIG. 1. (a) Current density-voltage (/-V) curves of PTB7/PC;,BM HJ solar
cell. (b) Incident photon to current conversion efficiency (IPCE) spectra of
the device, together with the absorption coefficients (o) of PTB7 and C.

o-dichlorobenzene (0-DCB) solution. PTB7 was purchased
from Sigma-Aldrich and used as received. The AFM image
of the PTB7 film is flat and consists of small grains less than
100 nm. Then, Cy (25 nm) was deposited by vacuum evapo-
ration. Finally, BCP and MgAg were deposited onto the
active layer by conventional thermal evaporation at a cham-
ber pressure lower than 5 x 10 *Pa, which provided the
devices with an active area of 2 5 mm?.

Figure 1(a) shows current density-voltage (J-V) curves
of the PTB7/PC,,BM HI solar cell. The curves were meas-
ured using a voltage current source/monitor under AM 1.5
solar-simulated light irradiation of 100 mW/cm? (Bunkou-
keiki, OTENTO-SUN III). The HJ device exhibits an open
circuit voltage (V) of 0.68 V, a short circuit current (/) of
5.9mA/cm?, a fill factor (FF) of 0.68, and a PCE of 2.7%.
Figure 1(b) shows incident photon to current conversion effi-
ciency (IPCE) spectra of the devices, which was measured
using a SM-250 system (Bunkou-keiki).

For the time-resolved spectroscopy, PTB7/C;, bilayer
film was prepared on the quartz substrates. First, PTB7 neat
film (18 nm) was spin-coated on quartz substrate from an
0-DCB solution and was dried in an inert N, atmosphere.
Then, C79 (25nm) was deposited by vacuum evaporation.
We further prepare the PTB7 (100 nm) and C;, (25 nm) neat
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films. The time-resolved spectroscopy’ was carried out in a
pump-probe configuration at 300K and 80K. The film was
placed on a cold head of a cryostat, whose temperature was
controlled with a liquid nitrogen. The wavelength of the
pump pulse was 400 nm, which is expected to excite both D*
and A*. The pulse width and repetition rate are 100 fs and
1000 Hz, respectively. The excitation intensity (/) was 27 pJ/
cm?”. The spot sizes of the pump and probe pulses were 4.2
and 2.0 mm in diameter, respectively. The transmitted probe
spectra were detected using a 256 ch InGaAs photodiode
array (800—-1600 nm) attached to a 30 cm imaging spectrom-
eter. The differential absorption (AOD) spectra is expressed
as AOD = —log(llj—r“r), where [, and I, are the transmission
spectra under the “pump-on” and “pump-off” conditions,
respectively.

Figure 2(a) shows AOD spectra of the PTB7/C bilayer
film. The spectra shows a broad PIA centered at 1160 nm.
The PIA is originated from the photoinduced carriers (D") on
the donor polymer.”™® Actually, the spectral profile is similar
to that of the electrochemical differential absorption spectra
of the PTB7 neat film.?' In the early state (~1 ps), however,
we observed additional absorption components around
1500 nm. The additional components are reasonably ascribed
to the PIAs due to donor (D*) and acceptor (A*) excitons.
Figure 2(b) shows AOD spectra of the PTB7 neat film. We
observed a characteristic PIA due to D*. Actually, the spec-
tral profile is the same at least up to 10 ps. In the late stage
above 100 ps, the profile changes probably due to formation
of triplet exciton. Figure 2(c) shows AOD spectra of the Cq
neat film. We observed a flat and weak PIA due to A*.

In order to reveal the carrier formation dynamics, we
decomposed the PIA (¢,) of the PTB7/Cy bilayer film
into the PIA components due to D (¢p. ), D* (¢p,), and A*
(¢pa,). We regarded the AOD spectra of the PTB7/Cyq
bilayer (average between 8 and 10 ps), the PTB7 neat (at 1
ps) and Cyy neat (at 1 ps) films as the basis functions,
®p4s $p., and ¢,,, respectively. We neglected the long-
living photo excited species such as triplet exciton, because
they cannot be directly photo created. We do not explicitly
include the PIA component due to acceptor electron (A7),
because it is included in the D" component and cannot be
separated. The spectral weights, i.e., Cpy, Cps, and Ca,, of
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the respective components were determined so that they min-
imize the trial function

F = Zi[(CD+¢D+ + CD*¢D* + CA*¢A*) - ("’)exp]z' (1)

Figure 3(a) shows a prototypical example of the spectral
decompositions at 300K. We clearly observed that the
400 nm excitation excites both D* and A*.

To spectroscopically evaluate the absolute numbers of
the carrier (np.), donor exciton (np,), and donor carrier
(na+) per an absorbed photon, we need the absolute intensity
of the PIAs per unit densities of DT, D*, and A*. By means
of the electrochemical differential spectroscopy,?’ the PIA
intensity per unit carrier density was determined to be
occarrier=O.Ol3nm2/carrier. Then, np, can be calculated by
Olphoton / Ocarriers Where Ophoton 18 the PIA intensity of the Dt
component per unit photon density. To determine the PIA
intensities per unit exciton densities, we assumed that one
absorbed photon creates one D* (A*) in the PTB7 (C;() neat
film. Then, the PIA intensity per unit density of D* (A*)
becomes lexciton = 0.020 (0.001) nm>/exciton with consider-
ing absorption index. Then, np. (na.) can be calculated by
Olphoton/ Oexcitons WHETe Ophoton 18 the PIA intensity of the D*
(A*) component per unit photon density.

In Fig. 3(c), we plotted thus obtained np., np., and na,
against ¢ at 300K. We plotted adjacent averages in 7a,

1
(@) PTB7/C7o HJ (©) 300 K
g
a 2
O £
E =)
- z
2
0 1000 1500 ‘
Wavelength (nm ) Delay Time ( ps)
2(b) PTB7/C;o HJ (d) 80K
[ Co+¢p+ .
—Cpxbpx = " HNp+
o [ Cartarat80K 2 o Tipr
o at09ps & s
£l =)
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Uf“’/ \,\qu] ()
01000 1500 0o 5 10
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FIG. 3. AOD spectra (open circles) of PTB7/C; bilayer film at (a) 300K
and (b) 80K, together with the spectral decomposition into PIAs due to D"
(Cp+¢py), D* (Cp.dp,), and A* (Ca.y,). Absolute number of carrier
(np4 ), donor exciton (np,), and acceptor exciton (#4.) per an absorbed pho-
ton against the delay time at (c¢) 300K and (d) 80 K. Adjacent averages were
plotted in na,. The solid curves in (c) and (d) are results of the least-squares
fittings with exponential functions.
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TABLE I. Characteristic times (Tform and Tgecay) and amplitudes (C) of
npy, Nps, and na,. The parameters were obtained by least- -squares fittings
with exponential function: Cx(1 —e ‘rorm) for npy and C x e = for np,
and np..

Species Temperature (K) Torm (PS) Tdecay (PS) C (1/photon)
D 300 1.1 .. 0.45
D" 80 1.5 .. 0.44
D* 300 .. 1.2 0.22
D* 80 .. 1.8 0.26
A* 300 .. 3.5 0.64
A* 80 .. 5.1 0.32

because the na,. values significantly scatter due to the small
coefficient (Glexciton = 0.001 nmz/exciton). The solid curves
are results of least-squares fittings with exponential func-
tions. The obtained characteristic times (Tform and Tgecay) and
amplitudes (C) for D, D*, and A* are listed in Table L.

Our careful analysis revealed that Tgecay (=3.5 ps) of A*
is longer than 1,y (=1.1 ps). This indicates that the late A*
component (>1 ps) does not contribute to the carrier forma-
tion process. Consistently, the sum (=0.86 exciton/photon)
of the initial exciton number is larger than the final carrier
number (=0.44 carrier/photon). In other words, exciton dis-
sociation efficiency steeply decreases with ¢. This is probably
because late A* component has no excess energy'® enough
to separate into electron and hole across the D/A interface.
Such a hot exciton picture is theoretically supported.'®** On
the other hand, t4ecay (=1.2 ps) of D* is comparable with
Trorm (=1.1 ps), indicating that the exciton dissociation effi-
ciency remains high. This is probably because the excess
energy of D* is much higher than that of A* at 400nm
excitation.

Now, let us proceed to the temperature effects on the
carrier formation process. Figure 3(d) shows np., np,, and
na. against the delay time at 80 K. Torm and 7gecay €longate
at 80K: 1.5 ps (1.1 ps) for D, 1.8 ps (1.2 ps) for D*, and 5.1
ps (3.5 ps) for A* at 80K (300K). The exciton-to-carrier
conversion process can be divided into two processes, i.e.,
the exciton migration to the D/A interface and exciton disso-
ciation across the interface. We know that 7, of the PTB7/
PC,,BM BHJ solar cell is 0.2-0.3 ps,” which is the longer
limit of the exciton dissociation time, Then, in the PTB7/C5,
HIJ solar cell at 300K, the exciton migration time is longer
than 0.8-0.9 ps while the exciton dissociation time is shorter
than 0.2-0.3 ps. In other words, Tgy, of the HJ device is
dominated by the exciton migration process. Therefore, the
elongation of 7¢y, at 80K should be ascribed to the slow
exciton migration.

Finally, let us discuss the electron-hole recombination
process in the late stage. At the early state after the carrier
formation, the carriers are considered to be localized in the
vicinity of the D/A interface.'® Figures 4(a) and 4(b) show
the AOD spectra of PTB7/Cyq bilayer film at 300K and
80K, respectively. The observed red-shift of the PIA peak
is ascribed to energy relaxation of the carriers due to po-
laron formation or relaxation within density of state. At
300K, the energy relaxation of D' saturates at ~500 ps
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FIG. 4. AOD spectra of PTB7/C bilayer film at (a) 300K and (b) 80 K. (c)
Peak wavelength (Zcax) and (d) peak intensity (AODj.) against delay
time. The solid curves in (c) and (d) are merely the guide to the eyes.

[Fig. 4(c)]. The resultant mobile nature causes rapid
decease in AOD,.« [Fig. 4(d)] mediated by the electron-
hole recombination. We note that high excitation pulse
energy causes the high carrier density (Npa) at the D/A
interface. The high Npja is partly responsible for the rapid
decreases in AOD,,c,x, because the recombination probabil-
ity is proportional to N3,. Actually, the internal quantum
efficiency (¢q) of the regioregular poly(3-hexylthiophene)
(rr-P3HT)/PCBM BH]J solar cell steeply decreases with ex-
citation pulse energy.”’ At 80K, the energy relaxation
becomes steeper than that at 300 K [Fig. 4(c)]. Then, the re-
sultant carrier localization’® suppresses the electron-hole
recombination process [Fig. 4(d)].

In conclusion, we spectroscopically determined on the
absolute numbers of D', D*, and A* against ¢ in PTB7/Cy,
HJ solar cell and clarified the temperature effects on them.
The quantitative analyses enable us to separate the exciton
migration and dissociation processes. We found that exciton
migration is disadvantageous for the exciton dissociation at
the D/A interface. The observation is interpreted in terms of

Appl. Phys. Lett. 107, 133903 (2015)

the hot exciton picture. We further found that the exciton
migration, not the exciton dissociation, elongates T, form
1.1 psat 300K to 1.5 ps at 80 K.

This work was supported by Futaba Electronics
Memorial Foundation.
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