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研究成果の概要（和文）：垂直配向単層CNT膜を温度制御した水蒸気にさらし，単層CNTがハニカムセル状に凝集しマイ
クロ・ハニカム構造を持つ膜自己集合した．成長した単層CNTの膜厚と水蒸気処理の条件によって様々なハニカム構造
が得られる．この方法で作ったハニカム膜は，同じく炭素材料である透明伝導膜として使われているバッキペーパーよ
り伝導性も透明度が高いことを明らかにした．

セル内では単層CNTが水平にシリコン基板と良好に接触する構造が自己組織化的に形成されることが分かった．この自
己組織化ハニカム単層CNT膜をn型シリコン上に転写し，ヘテロ接合太陽電池を作成した．ドーピングなどを行わずに，
5%程度の光変換効率が得られた．

研究成果の概要（英文）：By exposing vertically aligned single-walled CNT films to the vapor of a temperatu
re-controlled water bath, the CNTs self-assembled into a micro-honeyomb structure. The obtained structure 
was dependent on the nanotube film thickness and the water vapor treatment parameters. We found that the h
oneycomb structure fabricated by this method exhibited higher transmittance and conductivity than another 
all-carbon material known as buckypaper. 

We found that the single-walled CNTs in the honeycomb cell self-assembled into a flat layer that makes goo
d contact with the underlying silicon substrate. We transferred the honeycomb onto an n-type silicon wafer
, forming a heterojunction solar cell. Without doping or other treatment, we found the light conversion ef
ficiency increased by approximately 5%.
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１．研究開始当初の背景 
	 Single-walled carbon nanotubes 
(SWNTs) feature outstanding electronic, 
optical, mechanical, and thermal proper-
ties, and hence are considered one of most 
promising materials for next-generation 
optical and electronic devices. Indeed, 
SWNTs have been exploited for photovol-
taic and photo-electrochemical cells en-
compassing all aspects. Currently, 
SWNT-Si solar cells with high power con-
version efficiency (PCE) have emergent 
technological impact. Randomly oriented 
SWNT films (so-called “buckypaper”) are 
most intensively investigated for this kind 
of solar cell. Efforts in improving the 
properties of randomly oriented SWNT 
films have improved the PCE and the fill 
factor (FF) substantially. However, these 
improvements have been realized by 
chemical modification of the buckypaper, 
resulting in poor stability. The gap be-
tween the superior properties of individual 
SWNTs and the mediocre performance of 
their micro/macroscale assembly is hin-
dering the realization of their full potential. 
Carefully designed SWNT morphologies 
provide an alternative to efficiently organ-
ize the charge generation, separation, and 
transport at solar-cell interfaces. 
	 Self-assembly is a high-yield, low-cost 
method that builds low-dimensional mate-
rials into 3D micro/macro architectures 
with various morphologies. Capillary forc-
es have been used to direct the 
self-assembling of patterned arrays of 
nanowires, nanopillars, and multi-walled 
carbon nanotubes (MWNTs) into hierar-

chical networks. However, because of the 
hydrophobicity and significantly smaller 
diameter of SWNTs, wetting vertically 
aligned SWNTs (VA-SWNTs) results in a 
high-density bulk with millimeter-scale 
cracks rather than the hierarchical honey-
comb-like network formed by MWNT ar-
rays. So far, such a honeycomb structure of 
SWNTs has been achieved only by 
film-casting anionic shortened SWNTs 
−cationic ammonium lipid conjugates in 
organic solution− of which the complicated 
solution preparation induces defects and 
degradation of SWNTs. 
 
２．研究の目的 
	 Our goal with this research is to develop 
a simple, gentle self-assembly method by 
which SWNTs can be utilized in solar cell 
applications without suffering chemically 
induced damage or undesired doping. 
 
３．研究の方法 
	 VA-SWNTs were synthesized on Co/Mo 
dip-coated Si/SiO2 substrates using our 
conventional alcohol catalytic chemical 
vapor deposition (ACCVD) process. The 
high G/D ratio obtained by Raman spec-
troscopy demonstrates the SWNTs are of 
high quality. The average diameter of the 
VA-SWNTs is approximately 2 nm, and the 
film thickness is 5 ± 0.2 µm. After ACCVD 
synthesis, the VA-SWNTs were exposed to 
vapor from a hot water reservoir. After a 
fixed time, the substrate was turned over 
and dried in the ambient environment. 
Following this treatment the uniform 
VA-SWNT array had self-assembled into 

 
Figure 1: Water vapor treatment of the VA-SWNT array into a µ-HN. (a) Schematic of the process. (b) 
As-synthesized VA-SWNT with a uniform top surface. (c) Intermediate stage of the µ-HN formation. 
(d) Stable µ-HN formed after 30 iterations. 
 
 



hexagonal frames, and by repeating these 
steps for 20 to 30 iterations the VA-SWNT 
array evolved into a micro honeycomb 
network (µ-HN). This process is shown in 
Figure 1. 
 
４．研究成果 
 
The liquid−solid interaction induced by the 
condensation and subsequent evaporation 
of water is the tool used to engineer the 
morphology of VA-SWNTs into a 
self-assembled µ-HN. 
	 The µ-HN is a hierarchical hexagonal 3D 
network (Figure 2a) that consists of vertical 
SWNT walls and a randomly networked 
SWNT bottom. Each wall is a cross-linked 
high-density SWNT agglomeration (Figure 
2Figure 2b), and the bottom of each honey-
comb cell is a randomly oriented buckypa-
per that results from the collapse of SWNT 
alignment. The schematic of µ-HN is 
shown in Figure 2c. This is the most ener-
getically favorable outcome because it 
uniformly divides the region into cells 
having minimal perimeter, that is, allows 
the largest number of SWNTs to collapse. 
Varying the water reservoir temperature 
and vapor exposure time of water vapor 
treatment results in different morpholo-
gies. 
	 The self-assembled SWNT films can be 
transferred onto arbitrary substrates by a 
hot-water thermocapillary method. The 
SWNT-Si junction was formed after trans-
ferring the self- assembled SWNT film onto 
an n-type Si wafer (doping level ∼1015 cm-3), 
which has a 3 mm × 3 mm bare Si contact 
window in the center (Figure 3a). The cur-

rent density−voltage (J−V) characteristics 
of the SWNT-Si solar cells fabricated with 
µ-HN, collapsed HN, and porous HN were 
obtained under 100 mA/cm2 AM1.5G illu-
mination (Newport) and dark conditions, 
as shown in Figure 3b. The pristine µ-HN 
SWNT-Si solar cell exhibited a high, stable 
FF of 72%, with an ideality factor of 1.71 
over the 300−500 mV range (obtained from 
the slope of the quasi-linear part of the 
logarithmic scale J−V curve under dark 
conditions). To our knowledge, this ideality 
factor is the lowest reported thus far (i.e., 
closest to an ideal device). The PCE value 
of 5.91% was obtained immediately after 
the fabrication, and it gradually increased 
to 6.04% after 3 weeks under ambient con-
ditions (Figure 3b). 

 
Figure 2: (a) An individual honeycomb cell. (b) 
Magnified image of the hierarchical structure of 
µ-HN. (c) Schematic of the µ-HN, with inset 
showing the hierarchical assembly. 

 
Figure 3 (a) Schematic of SWNT-Si solar cell. (b) J–V characteristics of the solar cells fabricated with 
µ-HN, collapsed HN, and porous HN. Dashed and solid lines denote values obtained within 3 hours of 
fabrication (immediate) and after being exposed to ambient air for 3 weeks after fabrication. Inset 
shows the log scale J–V curve under dark conditions. 
 
 



In summary, we report a simple water va-
por treatment to engineer the structure of 
VA-SWNTs into a micro honeycomb net-
work (µ-HN). The hierarchical µ-HN con-
sists of dense walls and a buckypaper bot-
tom, which simultaneously increases the 
optical transmittance and decreases the 
sheet resistance. Employing the µ-HN in a 
SWNT-Si solar cell results in both high 
photoconversion efficiency and high fill 
factor. These results were obtained without 
any efforts made to optimize the SWNT 
chirality, diameter, or length. We believe 
the hierarchical µ-HN is very promising for 
applications of SWNT-Si solar cells. 
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