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A boron subphthalocyanine chloride (SubPc) is a bipolar molecule and is used in hetero-junction

organic solar cells. Here, we investigated the carrier injection dynamics from the donor a-sexithio-

phene (6T) or acceptor C60 layers to the bipolar SubPc layer by means of the femtosecond time-

resolved spectroscopy. We observed gradual increase of the SubPc– (SubPcþ) species within �300

ps. The increases are interpreted in terms of the exciton diffusion within the 6T (C60) layer and subse-

quent electron (hole) injection at the interface. In 6T/SubPc heterojunction, the electron injection is

observed even at 80 K. The robust electron injection is ascribed to the efficient charge separation

within the 6T layer under photo exciation at 400 nm. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4914918]

Organic solar cells (OSCs) are potential alternatives to

the conventional inorganic solar cells due to their low-cost

processing and compatibility with flexible substrates. The

active layers of OSCs usually consist of donor (D) and

acceptor (A) materials. The photocarriers, i.e., the donor holes

and the acceptor electrons, are created at the D/A interface

by exciton dissociation. The development of low-band gap

donor polymers, e.g., poly-[[4,8-bis[(2-ethylhexyl)oxy]benzo

[1,2–b:4,5–b0] dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhex-

yl)carbonyl]thieno[3,4–b] thiophenediyl]] (PTB7),1,2 increases

the power conversion efficiency (PCE) of OSCs in the last

decade. On the other hand, the fullerene molecules and their

derivatives, i.e., [6,6]-phenyl C61-butyric acid methyl ester

(PCBM) and [6,6]-phenyl C71-butyric acid methyl ester

(PC71BM), have been the dominant acceptor materials in

OSCs due to their good electron-accepting ability and high

electron mobility. Recently, bipolar molecules, e.g., boron

subphthalocyanine chloride (SubPc) and its homologue boron

subnaphthalocyanine chloride (SubNc), are found to be alter-

natives to the fullerene in heterojunction OSCs.3–8 Reflecting

the bipolar nature,8 SubPc can be used even as a donor mate-

rial in heterojunction OSCs with C60 as an acceptor.9,10

Especially, the bipolar nature of SubPc and SubNc enables

cascade heterojunction OCSs,3,5–7 whose PCEs reach to

8.4%.3 However, the carrier injection dynamics in the hetero-

junction OSCs with bipolar molecule remains unclear.

The femtosecond time-resolved spectroscopy is a

powerful tool to reveal the charge formation dynamics in

OSCs in femtosecond to picosecond time domain.11–22

Careful analyses of the photoinduced absorptions (PIAs)

clarify the relative numbers of excitons and carriers. For

example, Hwang et al.11 investigated the charge dynamics in

poly-(3-hexylthiophene) (P3HT)/PCBM blend film and pro-

posed a two-step process for charge generation, i.e., forma-

tion of the interfacial CT states (�250 fs) followed by the

carrier formation (¼4 ps). In PTB7/PC71BM blend film,19

the spectroscopy revealed the decrease in the exciton number

and the increase in carrier number within 0.3 ps. This indi-

cates a fast conversion process from exciton to carrier. A

similar exciton-carrier conversion process is reported in

small molecular bulk heterojunction OSC, 2,5-di-(2-ethyl-

hexyl)-3,6-bis-(500-n-hexy-[2,20,50,200]terthiophen-5-yl)-pyr-

rolo[3,4-c]pyrrolo-1,4-dione (SMDPPEH)/PC71BM, within

�1 ps.20

In this letter, we investigated the carrier injection dynam-

ics from the donor a-sexithiophene (6T) or acceptor C60 layers

to the SubPc layer by means of the femtosecond time-

resolved spectroscopy. We spectroscopically observed gradual

increase of the SubPc� (SubPcþ) species within �300 ps. We

ascribed the slow carrier injection to the migration of the 6T

(C60) exciton within the 6T (C60) layer.

First, we fabricated 6T/SubPc (SubPc/C60) heterojunc-

tion cells in the following configuration: indium tin oxide

(ITO)/poly-(3,4-ethylenedioxythiophene) (PEDOT): poly-

(styrenesulfonate) (PSS) (40 nm)/active layer/1,3,5-Tri(1-

phenyl-1H-benzo[d]imidazol-2-yl)phenyl (TPBi) (8 nm)/

Mg:Ag. The patterned ITO (conductivity: 10 X/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 was spin-coated onto the ITO and dried at

110 �C for 10 min on a hot plate in air. Then, the active

layers, 6T (25 nm)/SubPc (25 nm) or SubPc (25 nm)/C60

(25 nm) bilayer, were deposited by vacuum evaporation.

Finally, TPBi and Mg:Ag were deposited onto the active

layer by conventional thermal evaporation at a chamber pres-

sure lower than 5 � 10�4 Pa, which provided the devices

with an active area of 5 � 2 mm2.

Figure 1 shows the J-V curves of (a) 6T/SubPc and (b)

SubPc/C60 heterojunction devices. The current density-

voltage (J-V) curves were measured using an ADCMT 6244

DC voltage current source/monitor under AM 1.5 solar-

simulated light irradiation of 100 mW cm�2 (OTENTO-

SUN III, Bunkou-keiki Co., Ltd.). The incident-photon-to-

current conversion efficiency (IPCE) spectrum was measured

using a SM-250 system (Bunkou-keiki Co., Ltd.). The

a)Authors to whom correspondence should be addressed. Electronic addresses:
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6T/SubPc device exhibits an open circuit voltage (Voc) of

1.00 V, a short circuit current (Jsc) of 2.33 mA cm�2, a fill

factor (F.F.) of 0.58, and a PCE of 1.35%. The SubPc/C60 de-

vice exhibits a Voc of 0.49 V, a Jsc of 2.15 mA cm�2, a F.F.

of 0.39, and a PCE of 0.41%. Thus, we confirmed that SubPc

acts as a bipolaor material in heterojunction devices.

For the time-resolved experiment, we fabricated 6T, C60,

and SubPc neat films and 6T/SubPc and SubPc/C60 bilayer

films. The three neat films were fabricated by vacuum evapo-

ration on quartz substrates. The thicknesses of the three films

were 25 nm. The 6T/SubPc bilayer film was fabricated by vac-

uum evaporation of SubPc (25 nm) on 6T film (25 nm), while

the SubPc/C60 bilayer film was fabricated by vacuum evapora-

tion of C60 (25 nm) on SubPc film (25 nm). The atomic force

microscope (AFM) image of the 6T film consists of

�500� 300 nm2 grains of 6T microcrystals while that of

SubPc film consists of much smaller grains (<100 nm).

The time-resolved spectroscopy was carried out in a

pump-probe configuration. Details were described in litera-

ture.19 The pump pulse at 400 nm was generated as the sec-

ond harmonics of a regenerative amplified Ti:sapphire laser

in a b-BaB2O4 (BBO) crystal. The pulse width and repetition

rate were 100 fs and 1000 Hz, respectively. The pump pulse

selectively excites the 6T and C60 layers, since the SubPc

has a window at 400 nm [Fig. 1(c)]. A white probe pulse

(450–1600 nm) was generated by self-phase modulation in a

sapphire plate and was focused on the sample with the pump

pulse. The spot sizes of the pump and probe pulses were

4.5–5.0 and 2.0–2.5 mm in diameter, respectively. The spec-

tra of the transmitted probe pulse were detected using a 72-

ch Si photodiode array (450–900 nm) attached at the exit of a

30 cm imaging spectrometer. The differential absorption

spectrum (DOD) is expressed as �log Ion

Ioff

� �
, where Ion and

Ioff are the transmission spectra under the pump-on and

pump-off conditions, respectively.

The second and third panels of Fig. 2 show DmOD spec-

tra of the 6T, SubPc, and C60 neat films at 300 K. The 6T

neat film shows PIA due to exciton above 700 nm [second

panel of (a)]. The SubPc neat film shows the negative signal

at 600 nm, which is ascribed to the ground state bleaching

(GSB) [third panel of (a)]. The C60 neat film shows PIA due

to exciton above 500 nm [second panel of (b)].23 The bottom

panels of Fig. 2 show DmOD spectra of the 6T/SubPc and

SubPc/C60 bilayer films at 300 K. In (a) 6T/SubPc bilayer

film, the overall feature of the 1 ps spectrum, i.e., positive

signal at 500 nm and above 700 nm with a dip structure at

600 nm, is well understood by superposition of the 1 ps spec-

tra of the 6T and SubPc neat films. We emphasize that the

1000 ps spectrum shows an additional PIA at 622 nm (open

triangle). Similarly, the overall feature of the 1 ps spectrum

of (b) SubPc/C60 bilayer film is well understood by superpo-

sition of the 1 ps spectra of the SubPc and C60 neat films. We

observed an additional PIA at 615 nm (open triangle) in the

1000 ps spectrum.

In Fig. 3, we replotted the 1000 ps spectra against pho-

ton energy. We found that the overall feature of (a) 6T/

SubPc bilayer film, i.e., positive peak at 1.95 eV and 2.45 eV

with a dip structure at 2.05 eV, is similar to that of

SubNc�,24 except for the energy shift of þ0.2 eV [Figs. 3(a)

and 3(c)]. Therefore, we ascribed the additional PIA to the

SubPc� species, which are created by the electron injection

at the 6T/SubPc interface. Similarly, the overall feature of

(b) SubPc/C60 bilayer film is similar to that of SubNcþ,24

except for the energy shift of þ0.25 eV [Figs. 3(b) and 3(d)].

We ascribed the additional PIA to the SubPcþ species, which

are created by the hole injection at the SubPc/C60 interface.

Looking at the third panel of Fig. 2, we observed a long-

lived signal in the 1000 ps spectrum of the neat SubPc film.

The spectral shape is similar to those of SubPc� [Fig. 3(c)]

FIG. 1. J–V curves of (a) 6T/SubPc and (b) SubPc/C60 heterojunction devi-

ces. Insets show energy diagrams. (c) IPCE spectrum of the 6T/SubPc cell

together with absorption spectra of the 6T and SubPc neat films. (d) IPCE

spectrum of the SubPc/C60 cell together with absorption spectra of the

SubPc and C60 neat films.

FIG. 2. (a) DmOD spectra of 6T neat, SubPc neat, and 6T/SubPc bilayer

films. Top panel shows absorption spectrum of the 6T/SubPc bilayer film.

(b) DmOD spectra of C60 neat, SubPc neat, and SubPc/C60 bilayer films.

Top panel shows absorption spectrum of the SubPc/C60 bilayer film. The

downward arrows indicate the excitation wavelength. The open triangles indi-

cate additional PIAs. The dip structures at 800 nm are due to the notch filter.

123902-2 Takahashi et al. Appl. Phys. Lett. 106, 123902 (2015)
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and SubPcþ [Fig. 3(d)]. Then, the long-lived component

should be ascribed to the SubPc� and SubPcþ species. They

are probably photocreated in the SubPc layer, reflecting the

bipolar nature of SubPc.

The bottom panel of Fig. 4(a) shows time (t)-depend-

ence of the PIA signal due to SubPc� in the 6T/SubPc

bilayer film. The PIA intensity gradually increases with t.
The increase is roughly reproduced by an exponential func-

tion with rise time (s) of 312 ps, neglecting the weak signals

from the 6T and SubPc layers (upper panel). The bottom

panel of Fig. 4(b) shows t-dependence of the GSB signal of

SubPc. The t-dependence is well reproduced by sum of the

exponential function (s¼ 312 ps) and the signal (fSubPc(t)
/� et=7� 0.67e�t=1100) from the SubPc layer. Similar

t-dependences of the PIA and GSB signals are observed in

the SubPc/C60 bilayer film. The bottom panels of Fig. 5

show t-dependences of (a) PIA signal due to SubPcþ and (b)

GSB of SubPc in the SubPc/C60 bilayer film. As indicated by

solid curves, the t-dependences are reproduced by an expo-

nential function (s¼ 329 ps). We note that the signals from

the C60 and SubPc layers nearly cancel for �100 ps (upper

panels). The formation times (s� 300 ps) in our heterojunc-

tion devices are much longer than those in bulk heterojunc-

tion devices, e.g., 0.3 ps in PTB7/PC71BM19 and 1.3 ps in

SMDPPEH/PC71BM.20 We ascribed the slow carrier injec-

tion to the migration of the 6T (C60) exciton within the 6T

(C60) layer.

We further investigated effects of the carrier injection

on the relaxation dynamics of the 6T and C60 excitons. The

dynamics of the 6T and C60 excitons were monitored at

759 nm and 529 nm, respectively. The relaxation curves

were analyzed with two exponential functions. The obtained

parameters are listed in Table I. The faster and slower com-

ponents are ascribed to the singlet and triplet excitons,

respectively. In the case of the 6T exciton, the lifetime (sfast)

of the singlet exciton is shorter in the 6T/SubPc bilayer film.

In the case of the C60 exciton, the lifetimes of the singlet

(sfast) and triplet (sslow) excitons are shorter in the SubPc/C60

bilayer film. The shorter lifetimes are ascribed to the addi-

tional relaxation channel, i.e., exciton dissociation due to

carrier injection to the SubPc layer.

Finally, let us discuss temperature effects on the carrier

injection. In Fig. 3, we plotted DmOD spectra at 80 K in (a)

6T/SubPc and (b) SubPc/C60 heterojunctions. In (a) 6T/

SubPc heterojunction, we clearly observed the PIA signal

due to SubPc�. Similar robust carrier formations are

observed in the bulk heterojunction OSCs, e.g., P3HT/

PCBM21 and PTB7/PC71BM.22 The robust carrier injection

is perhaps ascribed to the efficient charge separation within

the 6T layer under photo excitation at 400 nm.25–27 Actually,

we observed oscillatory structures in the neat 6T film around

FIG. 3. DmOD spectra (t¼ 1000 ps) of (a) 6T/SubPc and (b) SubPc/C60

bilayer films at 300 K and 80 K. DOD spectra of (c) SubNc� and (d)

SubNcþ (cited from Ref. 24).

FIG. 4. Temporal evolutions of DmOD at (a) 622 nm and (b) 601 nm in 6T

and SubPc neat films (upper) and 6T/SubPc bilayer film (bottom). The solid

curve in the upper penal of (b) is the result of the least-squares fitting with

two exponential functions: fSubPc(t) /� et=7� 0.67e�t=1100. The solid curve

in the bottom panel of (a) is the result of the least-square fitting with an ex-

ponential function. The solid curve in the bottom panel of (b) is the result of

the least-square fitting with sum of the exponential function and fSubPc(t).

FIG. 5. Temporal evolutions of DmOD at (a) 615 nm and (b) 587 nm in C60

and SubPc neat films (upper) and C60/SubPc bilayer film (bottom). The solid

curves in the bottom panels are results of the least-square fittings with an ex-

ponential function.

TABLE I. Relaxation times and amplitudes of the 6T and C60 excitons. The

parameters were obtained by least-squares fittings with exponential functions,

DmOD ¼ Cfast 	 e�
t

sfast þ Cslow 	 e�
t

sslow .

Exciton Film Cfast sfast (ps) Cslow sslow (ps)

6T 6T 0.26 19 0.29 1100

6T 6T/SubPc 0.45 14 0.34 1000

C60 C60 0.28 21 0.16 1360

C60 SubPc/C60 0.38 8 0.26 250

123902-3 Takahashi et al. Appl. Phys. Lett. 106, 123902 (2015)
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500 nm [Fig. 2(a)], which are ascribed to the 6Tþ – 6T�

pairs.25–27 The structures are discernible even at 1000 ps,

suggesting that the individual 6Tþ and 6T� are stable in the

6T layer. Then, some part of the 6T� species can reach the

D/A interface and inject electrons to the SubPc layer. We

emphasize that the electron injection from 6T� is free from

Coulombic attraction. In (b) SubPc/C60 heterojunction, how-

ever, the PIA signal due to SubPcþ is absent at 80 K. This is

probably because the photoinduced charge separation within

the C60 layer is not so efficient.

In conclusion, we spectroscopically observed electron

(hole) injection from the donor 6T (acceptor C60) layer to the

bipolar SubPc layer. The carrier injections are very slow

(s� 300 ps) in the heterojunction devices. We ascribed the

slow carrier injection to the migration of the 6T (C60) exciton

within the 6T (C60) layer.
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