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研究成果の概要（和文）：π共役拡張芳香族化合物は有機半導体や色素などとして期待されるが、芳香族の拡張
とともに溶媒に溶けにくくなるため合成や有機電子材料としての活用が制限される。我々は独自の前駆体法を用
いて、これまで合成が困難とされた高次アセンなどの合成法を開発し、世界で初めてノナセン（ベンゼン環が９
つ直列した物質）の電子構造を明らかにした。また有機半導体材料を簡便な塗布プロセスで結晶薄膜として、高
い電荷移動度を実現する方法を見出した。さらにポルフィリン(2.1.2.1)をユニットとしてポルフィリンナノベ
ルトの合成にも成功した。これらは有機エレクトロニクス材料をはじめとする新しい機能性材料の開発につなが
る成果である。

研究成果の概要（英文）：The pi-conjugated extended aromatic compounds are expected as organic 
semiconductors and dyes, but they become difficult to dissolve in solvents as the aromatics are 
extended. We have developed precursor approach to synthesize such extended aromatic compounds and 
were successful to prepare heptacene and nonacene on Au(111) substrate under ultra high vacuum using
 photoprecursors and clarify the electronic structure of nonacene for the first time in the world. 
We found a method to realize high charge mobility by using organic semiconductor materials as 
crystalline thin films in a simple coating process.We were also successful to prepare porphyrin(2.1.
2.1) cyclic trimer, porphyrion nanobelt. These are the results that lead to the development of new 
functional materials including organic electronic materials.

研究分野：有機・ハイブリッド材料

キーワード： 機能材料　　有機半導体　薄膜構造制御　光反応

  ４版

令和

研究成果の学術的意義や社会的意義
新しい材料の開発は、その化合物の性質を明らかにすることで、基礎学理に貢献するだけでなく、新しい応用の
可能性を広げ、それまで誰も考えなかったような新しい技術の発展につながる。今回我々は、ノナセンの電子構
造を実験的に世界で初めて明らかにしたが、これは理論的に予測されていたものの、実証されていなかった画期
的な成果である。ノナセンは近年注目されているグラフェンナノリボンの基本単位構造であり、今後のカーボン
ナノ材料の科学に大きく貢献するものである。さらに、有機半導体結晶薄膜の成膜プロセスの開発は、低分子有
機半導体材料の実用化に大きく貢献するものである。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９、ＣＫ－１９（共通） 

１．研究開始当初の背景 

 有機半導体や近赤外吸収発光色素として応用が期待される π 共役拡張化合物の多くは、酸化

に対し不安定であり、また通常の溶媒に難溶である。我々が展開する『前駆体法』は、光、熱、

酸などの外部刺激で脱離可能な置換基を導入した、可溶性前駆体を、溶液・薄膜・固体・結晶状

態で外部刺激により構造変化させ、それに伴い結晶性・溶解度・電気伝導度・吸収・発光などの

物理的性質を変化させる手法である。最終段階でこれら反応が定量的に進行するため、難溶・不

安定な π共役拡張機能性材料の高純度合成が可能である。また薄膜・固体中でも定量的に反応す

るため、溶液プロセスによる結晶性薄膜のナノ構造制御や積層が可能である。 

 我々は前駆体法を用いて、潜在性発光材料の開発とメカニズムの解明、難溶・不安定あるいは

近赤外に吸収発光を有する π共役拡張化合物の合成、分子性ナノグラフェンの合成、ペンタセン

ダイマーの合成などを報告してきた。また有機デバイスへの応用として、ジケトン前駆体から作

製したペンタセン有機薄膜トランジスタで、アモルファスシリコンに匹敵する 0.86 cm2/Vs の電

荷移動度を実現し、塗布時に高沸点溶媒を添加することが薄膜構造制御に有効であることを見

出した。さらに CREST(H22-27 年度)では、光変換後の溶解度の減少と結晶性の増大を利用して

塗布と光照射を繰り返すことによる低分子積層薄膜の作製を実現し、有機薄膜太陽電池のバル

クヘテロ層を p 層と n 層で挟み込むサンドイッチ構造の優位性を証明した。本手法では化合物

の置換基の構造と数、塗布や構造変換時の条件により薄膜ナノ構造制御が可能である。一方熱変

換前駆体法では BPにジケトピロロピロールを導入することで光捕集能を大幅に向上し、PC61BM

との組み合わせたバルクヘテロ型太陽電池で、5.2%の光電変換効率を達成した。 

 これらの研究を通じて、前駆体法が難溶性・結晶性・不安定な π拡張芳香族化合物の合成や、

スイッチングなどの機能発現、溶液塗布プロセスによる有機薄膜構造制御と有機電子デバイス

への応用に優れた手法として、さらに発展可能な様々な可能性を秘めていると考えた。 

 

２．研究の目的 

 本研究では、以下の３点を目的に研究を推進した。 

1) 有機薄膜トランジスタ・太陽電池を志向した塗布型低分子有機半導体材料や近赤外吸収発光

色素の開発 

2) 溶液プロセスによる有機薄膜ナノ構造制御と、高性能有機薄膜電子デバイス作製法の確立 

3) 分子性ナノグラフェン合成・ナノリボンボトムアップ合成・ナノ構造体の構築などを志向し

た新しい前駆体法の開発 

 

３．研究の方法 

1) 光及び熱変換型前駆体を用いた新たな電子・色素材料の開発 

 テトラチアフルバレン(TTF)はもっとも有名な有機電子材料の一つであり、π拡張型としては、

ベンゾ TTF、ナフト TTF、アンスラ TTF がすでに優れた有機半導体として報告された。我々も

これまで π共役拡張テトラチアフルバレン(TTF)の合成に取り組んでおり、前駆体法を利用して、

テトラセン TTF の合成を試みた。さらに、イミド構造を導入した π共役拡張 TTF の合成と、FET

電荷移動度の評価を行った。 

2) 薄膜構造制御による高性能有機薄膜電子デバイス作製法の確立   

 これまでの光変換前駆体を用いた有機薄膜太陽電池の p 層には結晶性と透明性が高い分子が、

バルクヘテロ層には光吸収能と相溶性が高い分子が適していることを見出した。そこでさらに

性能を向上させるために成膜プロセスを見直した。 



 有機薄膜トランジスタ(OTFT)の電荷移動度は、薄膜の結晶構造やモルフォロジーに左右され、

バルクヘテロ型有機薄膜太陽電池（BHJ OPV）の電荷分離効率は p 型材料と n 型材料の相溶性

に大きく依存する。今回我々は、p 型材料としてテトラベンゾポルフィリンに着目し、OTFT の

薄膜構造制御における置換基の効果の検討、バルクヘテロ型 OPV の活性層の相溶性における、

ドナー－アクセプター連結系の効果を検討した。また、有機薄膜トランジスタにおいて、溶液プ

ロセスによる成膜方法を工夫することにより、置換基、成膜方法、薄膜結晶構造、電荷移動度の

相関を検討した。 

3) 分子性ナノグラフェンや超高真空下高次アセンの合成への展開 

 前駆体法では、外部刺激により分子の構造を変換させることができるため、超高真空下金基板

上で光照射や加熱を行うことで、通常の合成条件では単離できない不安定な化合物の電子構造

を研究することが可能である。そこで、走査型トンネル顕微鏡(STM)や非接触原子間力顕微鏡(nc-

AFM)と組み合わせることで高次アセンの電子構造を明らかにした。またポルフィリン類縁体を

利用した、ポルフィリンナノベルトの合成に成功した。 

 

４．研究成果 

1) 光及び熱変換型前駆体を用いた新たな電子・色素材料の開発 

テトラセン縮環 TTF の熱前駆体の合成に成功し、熱分析法により、２分子のイソプレンが脱離

していることを確認したが、溶液プロセスによる FET 素子の作製と電荷移動度の評価は成功し

なかった（論文 3）。一方、電子求引性のイミド基を導入したナフタレン TTF ジイミド(Cn-DNTTF-

Im: Cn = C4、C6、C8、C10、C12 )を合成し、ボトムゲートトップコンタクト FET を作製評価し

た(論文 7)。その結果、ブチル基(C4)、ヘキシル基(C6)でホール移動度が観測され、蒸着中の基板

温度を最適化することで、0.3 cm2 V-1s-1のホール移動度を実現した。 

  
Figure 1. Cn-DNTTF-Im の合成と OFET 特性 

2) 薄膜構造制御による高性能有機薄膜電子デバイス作製法の確立  

光前駆体法を用いて、p 層、中間(i)層、n 層に適材適所の材料を用いた塗布積層型有機薄膜太陽 

 
Figure 2. (a)光前駆体法の概念；(b)本研究で用いた p 型材料とその前駆体；(c) p–i–n 型太陽電池の構造 
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cation radical. The counter anion, SbCl6
ˇ , is located over one

of the dithiapentene rings. Because of the alternate structure
of Ph-DNTTF-ImC++ and SbCl6

ˇ , the SbCl6
ˇ on the other side is

close to the other dithiapentene ring (point-symmetric move-
ment). The bond lengths of Ph-DNTTF-Im and Ph-DNTTF-ImC++ ,
that is the CˇC bond length at the centre of the molecules,
are 1.35(1) ä (typical double bond) in the case of the neutral
molecule and 1.38(2) ä in the case of the cation radical. The
C Š bond lengths of TTF moiety of Ph-DNTTF-ImC++ are shorter
than those of Ph-DNTTF-Im (Figures S2 and S4). This is a typi-
cal characteristic of the TTF radical cations.[26] The bond lengths
of Ph-DNTTF-Im and its radical cation are summarized in Fig-
ure S2 d and S4 d.

In order to exploit the stability of the radical cation struc-
ture, the OFET performance of DNTTF-Im was investigated. In-
stead of 2,6-diisopropylphenyl groups, normal alkyl groups
were introduced in order to achieve the strong packing be-
tween DNTTF-Im frameworks. Given that solely C4- and C6-
DNTTF-Im were satisfactorily purified by sublimation, further
experiments were performed using these two derivatives. The
thermal stability of C4- and C6-DNTTF-Im was assessed by
thermogravimetric analysis (Figure S9). Both derivatives were
stable up to around 300 8C and a weight loss was observed at
310 8C for C4-DNTTF-Im and 299 8C for C6-DNTTF-Im due to
decomposition.

The HOMO energy levels of thin films of C4-DNTTF-Im and
C6-DNTTF-Im were derived from ionisation energies. These
were determined by the onset of photoelectron spectra ob-
tained by a photoelectron spectrometer operating in air. The
ionisation energies were 5.76 and 5.74 eV for the C4-DNTTF-
Im and C6-DNTTF-Im, respectively (Figure S10 and Table S4).
The Egap was obtained by analysing the edge of the absorption
spectra. The C4-DNTTF-Im and C6-DNTTF-Im films exhibited
an Egap of 2.40 and 2.39 eV, respectively (Figure S12). The
LUMO energy levels were estimated combining the HOMO
energy levels and Egap. LUMO energy values of C4-DNTTF-Im
and C6-DNTTF-Im were 3.36 and 3.35 eV, respectively. Hence, a
marginal difference between the two DNTTFs investigated was
observed.

The carrier-transport characteristics of the C4- and C6-
DNTTF-Im thin films were evaluated in bottom-gate-top-con-
tact OFETs. The active layer (50 nm) was prepared on octade-
cyltrichlorosilane (OTS)-treated Si/SiO2. Molybdenum trioxide
(MoO3) (7 nm) followed by gold electrode (50 nm) was deposit-

ed on the active layer with channel length and width of 50 mm
and 1 mm, respectively. When C6-DNTTF-Im was deposited on
the substrate at 25 8C, the maximum hole mobility (mh) attained
was 3.7 î 10ˇ3 cm2 Vˇ1 sˇ1 and the on/off ratio was 2.3 î 104 (Fig-
ure S12 and Table 1). Increasing the substrate temperature to

150 8C during the deposition stage increased the magnitude of
mh to 3.1 î 10ˇ2 cm2 Vˇ1 sˇ1. Further increase of the mh to 3.0 î
10ˇ1 cm2 Vˇ1 sˇ1 was attained when the temperature of the
substrate was 200 8C. The on/off ratio was also increased with
the increase of the temperature: 6.1 î 105 at 150 8C and 1.1 î
106 at 200 8C. Applying the optimum conditions used for the
synthesis of C6-DNTTF-Im, an FET device from C4-DNTTF-Im
was also developed. The optimum mh value obtained was 2.3 î
10ˇ1 cm2 Vˇ1 sˇ1 and the on/off ratio was 9.2 î 105 (Figure 6).

These properties were comparable with those of the C6-
DNTTF-Im OFET.

The effect of substrate temperature during sublimation on
film morphology was investigated by X-ray diffraction (XRD) of
the films prepared on OTS-treated Si/SiO2 substrates (Figure 7
and S13). At 25 8C, the C6-DNTTF-Im film exhibited broad
peaks at 2.9, 15.6, and 26.98. At 150 8C, the peak at 2.98 was
sharp and the peaks at 15.6 and 26.98 were weaker. At 200 8C,
these trends were further promoted: the peak at 3.28 was
sharp and the peaks at 15.6 and 26.98 were weaker. The peaks
at 2.9, 15.6, and 26.98 correspond to 27.5, 5.7 and 3.3 ä, re-
spectively. The optimized C6-DNTTF-Im had long- and short-
axis lengths of 31.4 and 4.9 ä, respectively (Figure S14). X-ray
single crystal structure of C4-DBTTF-Im showed columnar p-

Figure 5. X-ray crystal structure of Ph-DNTTF-Im· ++ : a) top view and b) side
view. Thermal ellipsoids were scaled to 50 % probability.

Table 1. Summary of OFET characteristics of C4- and C6-DNTTF-Im.

Cn-DNTTF-
Im

Tsub
[a]

[8C]
mh (max)
[cm2 Vˇ1 sˇ1]

mh
[b](average)

[cm2 Vˇ1 sˇ1]
Vth
[c]

[V]

on/off
ratio

C6- 25 3.7 î 10ˇ3 3.3 î 10ˇ3 ˇ43 2.3 î 104

150 3.1 î 10ˇ2 2.5 î 10ˇ2 ˇ40 6.1 î 105

200 3.0 î 10-ˇ1 1.7 î 10ˇ1 ˇ47 1.1 î 106

C4- 200 2.3 î 10-ˇ1 1.5 î 10ˇ1 ˇ45 9.2 î 105

[a] Temperature of substrates during the vacuum deposition. [b] Average
of 5 devices. [c] Vth is threshold voltage.

Figure 6. a) Output curves and b) transfer curves of bottom-gate-top-contact
OTFT of C4-DNTTFIm thin film fabricated by sublimation at 200 8C.
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higher photovoltaic efficiency as compared to the p:n-blend
monolayer system (i.e., standard bulk-heterojunction (BHJ)
system) owing to the combination of efficient charge-carrier
generation in the i-layer and swi charge-carrier extraction
through the p- and n-layers. Indeed, the p–i–n devices prepared
via the photoprecursor approach afforded up tomore than three
times higher power-conversion efficiencies (PCEs) as compared
to the corresponding BHJ devices. This signicant improve-
ment manifests the importance of controlling the vertical
composition prole in the active layer, which is oen hard to
achieve with conventional solution processes.

Multilayer structures such as p–i–n are also attractive in
other aspects. For instance, different layers can be indepen-
dently optimized depending on their required functions;
specically, swi and selective transport of photogenerated
charge carriers for the p- and n-layers, or efficient photo-
absorption and charge-carrier generation for the i-layer.2

Organic semiconductors can take full advantage of this benet
because of their highly diverse and tunable nature. Another
advantage is the high freedom in optimizing thin-lm optics. As
the thickness of each sublayer can be altered on demand, the
active-layer structure may be tuned such that photons are
selectively and effectively absorbed at the right position in order
to make maximum use of incident sunlight.17

By taking into account these benets, as well as the
compatibility with wet processing and the mildness of the post-
deposition photoreaction, we expect that the photoprecursor
approach may serve as an effective means for preparing effi-
cient, large-area and exible OPVs. Towards this goal, the
present work signicantly extends the scope of the photo-
precursor approach from the previous proof-of-concept report.13

The following describes synthesis and photoreactivity of two
new DK-type derivatives of small-molecule organic semi-
conductors PhBADT and AtD, which are specically chosen/
designed for the p- and i-layers in p–i–n-type OPVs, respec-
tively (Fig. 1b and c). We also compared different types of active
layers in order to conrm the previously suggested advantages
accompanying the control over the vertical composition prole
in the active layer.13,17–21 Overall, this contribution illustrates the

effectiveness of the photoprecursor approach toward achieving
well-performing OPVs having the right material in the right
place.

Results and discussion
Molecular design and synthesis

The p-layer in p–i–n-type OPVs should have high transparency
and hole-transport capability. Herein, PhBADT is the material
of choice for the p-layer, because it is transparent in a wide
range of the visible region.22 PhBADT is also known to form
three dimensionally extended p–p contacts in the solid state,
which is favourable in achieving effective hole-transport
paths.23 Furthermore, PhBADT is scarcely soluble, while the
corresponding DK-type photoprecursor PhBADTDK is well
soluble. This is highly important in the context of constructing
multilayer structures via the photoprecursor approach.
PhBADTDK is accessible in three steps from PhBADT as shown
in Scheme 1a. The conversion of PhBADTDK to PhBADT has
been spectroscopically conrmed both in solution and in the
thin-lm state (Fig. S1, ESI†).

On the other hand, the i-layer should efficiently absorb the
sunlight and generate charge carriers. AtD, a conjugate of
anthrathiophene (At) and dithienyldiketopyrrolopyrrole
(DTDPP), is newly designed to t the needs for the photovoltaic
process and the wet processing via the photoprecursor
approach. DFT calculations have shown that the DTDPP unit is
the main contributor to both the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of AtD (see the next section and Fig. S3†). Therefore, the
conguration of AtD does not follow the commonly employed
“weak donor/strong acceptor” design in which the donor unit is
a main contributor to the HOMO, while the acceptor unit
(DTDPP is among the common examples) to the LUMO.24

Rather, the central DTDPP group in AtD serves as a primary dye
unit ensuring high light absorptivity, while the two At units
serve as a modulator of the frontier-orbital energy levels
through p-extension. The At units are also the points of intro-
ducing the photo-reactive DK group. Having two DK units

Fig. 1 (a) General scheme of the photo-induced decarbonylative aromatization employed in the photoprecursor approach; (b) chemical
structures of the newly synthesized DK-type photoprecursors PhBADTDK and AtDDK, and their photoreaction products PhBADT and AtD; (c)
schematic illustration of the p–i–n-type OPV evaluated in this work.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 6614–6621 | 6615
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電池の構築を行った(Figure 2)。これまでの手法にさらに溶媒アニーリングを行うことで JSC と FF

を改良し、4.8%の PCE を 5.9％に向上させることに成功した(Table 1)。アニーリングによりバル

クヘテロ層のラフネスが増加しており、グラインサイズの増加が電荷輸送の効率を向上させた

と考えられる(論文 5)。 

 

Table 1. 本論文の材料を用いて作成した各太陽電池の性能の比較 

 

 一方これまでに我々は、ベンゾポルフィリン(BP)－

C60のドナー－アクセプター連結系を用いてBHJ層の相

溶性の向上を目指してきたが（論文 9）、今回、BP と

PCBM のブレンド膜に BP-PCBM をドーパントとして

添加する効果を検証した(Figure 3)。5 wt%添加時にホー

ルと電子の移動度をそれぞれ 2~3 倍向上させ(Table 2)、

PCE を 1.5 倍向上することに成功した (論文 4)。 

 
Table 2. BP と PCBM のブレンド膜における BP-PCBM のドーパント効果 

 
 低分子有機半導体の電荷移動度は、単結晶

デバイスが最も高い値が期待できるが、実用

化を考えると、成膜性の高い材料が求められ

る。我々は優れた p 型材料である BP を熱前

駆体法で成膜すると、10-1 cm2V-1s-1オーダー

の電荷移動度は得られるものの、多結晶膜で

あるため、電荷移動度の向上には限界があ

る。我々は 5,15位にTIPS基を導入したTIPS-

BP を熱前駆体法により合成し、直接成膜す

る方法を詳細に検討した(Figure 4)。その結果、結晶析出速度をコントロールすることで、熱的に

安定な Brockwork motif と熱的に不安定な Columnar motif の作り分けに成功し、それぞれのホー

ル移動度は 1.1 と 0.027 cm2V-1s-1 であった(論文 8）。 

 

 

energy levels, there is no offset between the HOMOs of PhBADT
and AtD, and thus barrier-free extraction of holes from the i-
layer to the p-layer is expected. On the other hand, the
LUMO–LUMO offset between AtD and PC71BM has been esti-
mated to be 0.2 eV (!3.8 eV for AtD and !4.0 eV for PC71BM26),
which is around the smallest possible for ensuring efficient
electron transfer from the p-type material to the n-type material.
Thus, AtD is tuned to have ideal frontier-orbital energies as
a partner of PC71BM.24 Overall, these computational and
experimental results suggest that PhBADT, AtD, and PC71BM
constitute an optimal ternary system in terms of the molecular
electronic structure for constructing a p–i–n photovoltaic layer.

Photovoltaic performance

The p–i–n OPVs comprising PhBADT, AtD, and PC71BM were
fabricated via the photoprecursor approach as schematically
illustrated in Fig. 3. The p-layer was deposited by spin-coating of
PhBADTDK in chloroform followed by irradiation with a blue
LED (470 nm) to form PhBADT. The i-layer was deposited in
a similar manner with chloroform as the cast solvent, but from
a blend solution of AtDDK and PC71BM instead of PhBADTDK.
The ratio between AtDDK and PC71BM in the cast solution was
optimized to be 1 : 1 by weight (Table S1†) and kept the same

throughout this study. Lastly, PC71BM was spin-coated as
a chloroform solution to complete the p–i–n structure.

The thickness of each sublayer was controlled by changing
the concentration of cast solution, and the best photovoltaic
performance was obtained when p, i and n-layers were depos-
ited by using solutions of 1, 9 and 7 mg mL!1, respectively. The
ratio of the three components in the resulting thin lm was
roughly estimated to be about 1 : 3 : 10 through tting analysis
of absorption spectra (Fig. S6†). Note here that the exact
thickness of each sublayer is hard to dene in the present case
because dissolution and mixing cannot be fully avoided.
Nonetheless, the advantage of sequential deposition of different
materials over the one-time deposition of a mixture is obvious
as described below. We expect that higher control over the
sublayer thickness would be achieved by employing an n-type
material that can be completely “insolubilized” via the
precursor approach. Work along this line is underway in our
group,10 and the result will be reported elsewhere in due course.

Themaximum power conversion efficiency (PCE) achieved in
thus-prepared p–i–n-type active layer was 4.7% associated with
a short-circuit current density (JSC) of 10.6 mA cm!1, an open-
circuit voltage (VOC) of 0.89 V, and a ll factor (FF) of 49.8%
(Table 1, Entry 1). As compared to the previously reported proof-
of-concept system (PCE ¼ 2.9%, JSC ¼ 5.8 mA cm!1, VOC ¼

Table 1 Photovoltaic parametersa,b

Entry Active layer structurec JSC
d (mA cm!2) VOC

d (V) FFd (%) PCEd (%) PCEavee (%) RS
f (U cm2) RP

f (U cm2)

1 p–i–n 10.6 0.89 49.8 4.7 4.3 # 0.3 16 424
2 BHJ 1.6 0.83 23.5 0.30 0.29 # 0.02 433 465
3 p–i 2.8 0.92 24.6 0.63 0.58 # 0.09 213 307
4 i–n 9.7 0.89 48.1 4.1 3.9 # 0.4 21 423
5 p–i–n (with SVA)g 12.7 0.88 52.6 5.9 5.5 # 0.3 11 411

a Measured under simulated AM1.5G illumination at 100 mW cm!2. b General device structure: [ITO/PEDOT:PSS (30 nm)/active layer/ETL-1/Al (80
nm)]. c Concentrations of cast solutions: PhBADTDK for p-layer, 1 mg mL!1; AtDDK:PC71BM (1 : 1) for i-layer, 9 mg mL!1; PC71BM for n-layer, 7 mg
mL!1. All these solutions are in chloroform. d Parameters of the best-performing cells. e Averages and standard deviations calculated from at least
four devices. f RS, series resistance; RP, parallel resistance. g Annealed with THF vapor for 120 s.

Fig. 3 Schematic description of the procedure for fabricating p–i–n-type OPVs through the photoprecursor approach. ETL-1 is a fullerene-
based solution-processable cathode buffer reported by Li et al.27
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compatible with both BP and PC61BM and helps improve the
lm structure. Aer the addition of 5 wt% BP–C60 to the i-layer,
the PCE of the resulting p–i–n device increased by up to50%
with respect to that of a control p–i–n device. The fabricated
lms were investigated in detail using atomic force microscopy
(AFM), uorescence microspectroscopy, two-dimensional
grazing-incident wide-angle X-ray diffraction (2D-GIWAXD)
measurements, and scanning electron microscopy (SEM).

Results and discussion
To begin with, the effect of BP–C60 as a morphological additive for
the internal BP:PC61BM layer in p–i–n devices was investigated.
The p–i–n devices were prepared as shown in Fig. 2 (see Experi-
mental for more details). The BP lm for the p-layer was prepared
on a (3,4-ethylenedioxythiophene):poly(4-styrenesulfonate)
(PEDOT:PSS)-coated indium-tin-oxide (ITO) substrate by the spin-
coating of CP followed by heating (thermal precursor approach).
In the same manner, i-layers containing BP:PC61BM with and
without BP–C60 were prepared on the BPlm by the spin-coating of
a CP:PC61BM solution with and without CP–C60 followed by heat-
ing. The obtained p–i-structure is labelled as Structure I. The n-
layer of PC61BM was deposited on Structure I by spin-coating

a PC61BM solution and subsequent thermal annealing. Finally,
the buffer and metal electrode were deposited on the n-layer to
form the p–i–n devices, which contained different amounts of BP–
C60. For microscopic observations of the BP structure on the p-
layer, Structure I was rinsed by using a drop of chloroform on
the substrate and subjecting it to spinning, then Structure II was
obtained. The photovoltaic performances of the various p–i–n
devices are listed in Table 1 and Fig. 3a. Aer the addition of BP–
C60 to the BP:PC61BM i-layer, the photovoltaic performance of the
p–i–n devices was signicantly enhanced.

For instance, the JSC, VOC, and FF values were improved with
an increase in the amount of the added BP–C60 from 0 to 3 and
5 wt%, leading to increases in the PCE from 1.58 to 2.10 and
2.38%, respectively. On the other hand, when more than 7 wt%
of BP–C60 was added, the PCE value decreased slightly, to 2.22
and 2.18% at 7 and 10 wt%, respectively. It should be noted that
the thickness of the i-layer barely changed, suggesting that the
presence of BP–C60 in the i-layer was responsible for the
observed changes in the device performance. To elucidate the
reason for the higher JSC values of the BP–C60-containing p–i–n
devices, their external quantum efficiency (EQE) spectra were
measured and compared with that of the control p–i–n device
(0 wt%), as shown in Fig. 3b. The BP–C60-containing devices
showed higher EQE values for wavelengths of 340 nm, 400–
500 nm, and 550–720 nm, even though the active layers in all
the devices had the same photoabsorption capability (see
Fig. S2, ESI†). Further, the p–i–n devices (3–10 wt%) show
improved EQE values within the photoabsorption range of the
BP:PC61BM blend as compared to that of the 0 wt% device. For
example, the best-performing p–i–n device(5 wt%) exhibited
quantum efficiencies that were 13%, 25%, and 30% higher than
those of the 0 wt% device at 340, 455, and 615 nm, respectively.
The charge transport ability of the lms was evaluated by space-
charge-limited current (SCLC) measurement, as shown in Table
1. Both of hole and electron mobilities (mh and me, respectively)
of active layers are two to three times improved by addition of
additives. These improvements can be attributed to the effective
carrier generation at the p–n interface area enlarged by addition
of BP–C60.

To investigate the microscopic surface morphology of the i-
layer, the Structure I of the various samples was investigated
using AFM, as shown in Fig. 4a–e. Several grains can be seen on
the lm in all the AFM images. These grains are attributable to

Fig. 2 Procedure of device fabrication (* amount of BP–C60 added
was 0–10 wt%).

Table 1 Photovoltaic parameters of p–i–n devicesa and hole and electron carrier mobilities (mh and me) measured by SCLC technique

BP–C60/wt%
i-layer
thickness/nm PCEb/% (PCEavec/%)

JSC
b/

mA cm!2 VOC
b/V FFb

Rs
b/

U cm2
Rsh

b,d/
U cm2

mh/10!4 cm2 V!1 s!1

(active-layer
thickness/nm)

me/10!4 cm2 V!1 s!1

(active-layer
thickness/nm)

0 65 1.58 (1.4 " 0.1) 5.93 0.50 0.53 7 383 1.0 (109) 0.9 (103)
3 63 2.10 (2.02 " 0.06) 6.29 0.56 0.60 10 795 2.0 (145) 2.1 (140)
5 67 2.38 (2.30 " 0.08) 6.76 0.58 0.61 9 795 2.3 (138) 2.9 (129)
7 60 2.22 (2.12 " 0.08) 6.91 0.56 0.58 9 600 1.6 (140) 2.7 (138)
10 64 2.18 (2.10 " 0.06) 6.65 0.57 0.58 9 769 2.0 (130) 1.4 (148)

a Obtained under AM1.5G illumination at 100 mW cm!2. b Parameters of the best-performing cells. c Averages and standard deviations of four
devices. d Rs: series resistance; Rsh: shunt resistance.
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Figure 3. BP-C60 をドーパントとして加え

た BHJ 太陽電池の性能と薄膜構造 

 

 
Figure 4. TIPS-BP の薄膜結晶構造と電荷移動度の相関 



3) 分子性ナノグラフェンやボトムアップナノリボンの合成への展開 
ヘプタセンとノナセンの光前駆体の合成

に成功した(論文 1, 6)。これらの前駆体をス

イス Fasel 教授らのと共同研究により超高

真空下、Au(111)基板上で 470 nm の可視光

を照射するとヘプタセンおよびノナセンに

変換された（Figure 5）。さらに、ペンタセン

からノナセンまでの HOMO と LUMO の値

を実験的に見積もり、ヘプタセンやノナセ

ンは Au(111)基板上では開殻一重項状態で

あることを実験的に証明した。ジケトン前

駆体は通常の条件では加熱に対しては安定

で光照射のみで変換するが、Au(111)上で

は、加熱やチップ操作によっても変換でき

ることも見出した。 

 近年、分子性ナノベルトやナノリングの

合成に注目が集まっているが、我々は、ポ

ルフィリン(2.1.2.1)が非芳香族の折れ曲が

った構造をしていることを利用して、ポル

フィリン(2.1.2.1)をユニットとした環状３

量体の合成に成功した(Figure 6)。この化合物は２分子のフラーレンと相互作用することを Hill’s 

plot により明らかにし、その最適化構造を計算により見積もった(論文 2)。 
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Figure 5. ヘプタセンとノナセンの前駆体からの変換
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Figure 6. ポルフィリンナノベルトの(a)分子構造、X 線

単結晶構造の（b）top view と（c）side view、(d)最適

化されたフラーレンとの複合体構造 
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