
Dynamic Article LinksC<Journal of
Materials Chemistry

Cite this: J. Mater. Chem., 2011, 21, 11084

www.rsc.org/materials COMMUNICATION

D
ow

nl
oa

de
d 

by
 H

K
 U

ni
ve

rs
ity

 o
f 

Sc
ie

nc
e 

an
d 

T
ec

hn
ol

og
y 

on
 0

7/
05

/2
01

3 
08

:4
3:

27
. 

Pu
bl

is
he

d 
on

 0
1 

Ju
ly

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1J
M

12
23

9H
View Article Online / Journal Homepage / Table of Contents for this issue
Vertically standing, highly ordered, and dimension and morphology
controllable TiO2 nanotube arrays via template-assisted atomic layer
deposition†

Lee Kheng Tan,ab Xiaogang Liuab and Han Gao*a

Received 20th May 2011, Accepted 16th June 2011

DOI: 10.1039/c1jm12239h
We demonstrate that TiO2 nanotube arrays (TNTAs) prepared by

template-assisted atomic layer deposition (ALD) has successfully

yielded vertically standing, highly ordered, and dimension and

morphology controllable TNTAs on substrates. The prepared

TNTAs are ideal photoanode structures in solid-state dye sensitized

solar cells (DSSCs) for enhanced solar energy conversion efficiency.
Titanium dioxide (TiO2) nanotubes in a vertically aligned orientation

is a promising configuration for dye-sensitized solar cells (DSSCs).1,2

The tubular nanostructure provides a high surface area that enables

efficient absorption of dye molecules on both external and internal

surfaces. In addition, highly ordered 1D TiO2 nanotube arrays

(TNTAs) are known to exhibit a lower charge carrier recombination

rate as compared to randomly aligned nanotube structures.3

While there are many approaches to synthesize 1D TNTAs, self-

organized TNTAs are promising as they can be easily prepared using

Ti sheets through an electrochemical anodization process.2–5 Schmuki

and co-workers first reported the dye sensitization of TNTAs fabri-

cated from direct anodization of Ti sheets.2 However, since the Ti

substrate is opaque, there is a loss of the incident solar energy as the

illumination is performed through the counter electrode. Other

literatures reported on the formation of disordered ‘‘nanograss’’

structures on the top morphology6,7 or collapsed and bundling of

these self-organized nanotubes.8,9 Till present, there are still various

fabrication challenges10–17 for TNTA-based solar cells, including

controlled growth of TNTAs with precise dimensions, near perfect

ordered TNTAs on substrates, and morphology controlled growth

with an increased surface area. As such, a versatile technique to

fabricate TNTAs with orientation arrangement, dimension and

morphology variations can be realized by using a porous anodic

alumina (PAA) template and atomic layer deposition (ALD)

technique.
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In this work, we prepare vertically standing, highly ordered, and

dimension and morphology controllable TNTAs on ITO glass

substrates via PAA template-assisted ALD (experimental details in

ESI†). We demonstrate TNTAs with near perfect ordered, tunable

dimensions and morphology using three different types of PAA

templates as shown in Fig. 1. a) Near-perfect ordered PAA

template by step and flash imprint lithography (SFIL)-based

method.18 b) Dimension and morphology controlled PAA template

by controlled anodization yielding 1D single branched and c) 3D

multi-tiered branched template.19 These templates were conformally

deposited and filled layer by layer with TiO2 films at atomic-level

control using the ALD technique.20,21 ALD film growth also

provides less grain boundaries which can potentially reduce charge

trapping and enhance charge transport as photoanode struc-

tures.22,23 Upon releasing the TNTAs from the template, vertically

standing TNTAs that are perpendicularly aligned to the substrates

can be prepared by CO2 critical point drying. The drying process

by CO2 and ethanol prevents capillary forces that are created

during the air drying process. TNTAs from the air drying process

can cluster together and also form cracks which can decrease

electron transport through the cylindrical morphology to the elec-

tron-collecting substrates. These TNTAs are anatase when annealed

in air at 400 �C for 1 h (XRD data in ESI†). Finally, we charac-

terize the pore filling of the prepared TNTA-based solid-state dye-

sensitized solar cells (DSSCs) using solid-state hole transport

materials.24–26 We have qualitatively and quantitatively compared

the infiltration of dye (D102) and hole-conducting material (spiro-

OMeTAD) between vertically well-aligned TNTAs and TNTAs

that have bundled on the substrates.

TNTAs were prepared by depositing ALDTiO2 onto an anodized

Al film on transparent conductive ITO substrates. The TNTAs were

released from the PAA template by firstly removing the TiO2 over-

layer on top of the template using reactive ion etching, and subse-

quently removing the whole template by wet chemical etching using 1

MKOH, followed byDI water rinsing and air-drying. During the air

drying process where water was removed, capillary forces between

the NTs were produced and resulted in the bundling of the NTs. This

capillary stress was found to be negligible for low aspect ratio NTs

and non-negligible for high aspect ratio NTs. Fig. 2A and 2B show

the top and cross-sectional view of TNTAs at a low aspect ratio of 3,

with a diameter of 65 nm, height of 200 nm, interpore spacing of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 TNTAs prepared by template-assisted ALD using 3 different types of PAA templates. (a) Near-perfect ordered PAA template from step and

flash imprint lithography. (b) Dimension andmorphology controlled PAA template by controlled anodization yielding 1D single branched template and

(c) 3D multi-tiered branched template.

Fig. 2 TNTAs prepared by template-assisted ALD. Top view (A) and

cross-sectional view (B) of SEM images show vertically standing TNTAs

which are air-dried. The TNTAs have a low aspect ratio of 3, diameter of

65 nm, height of 200 nm, interpore spacing of 110 nm and wall-thickness

of 20 nm. Top view (C) and cross-sectional view (D) of SEM images show

TNTAs which are air-dried and bundled together. The TNTAs have

a high aspect ratio of 30, diameter of 65 nm, height of 2 mm, interpore

spacing of 110 nm and wall-thickness of 20 nm. Top view (E) and cross-

sectional view (F) of SEM images show vertically standing TNTAs which

are dried by a CO2 critical point dryer. The TNTAs has a high aspect

ratio of 30, diameter of 65 nm, height of 2 mm, interpore spacing of

110 nm and wall-thickness of 20 nm.

This journal is ª The Royal Society of Chemistry 2011
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110 nm and wall-thickness of 20 nm. These TNTAs were air-dried

after etching and no bundling or clustering of the NTs was observed.

However, air-dried NTs clustered and bundled together at a higher

aspect ratio of 30, with a diameter of 65 nm, height of 2 mm, interpore

spacing of 110 nm and wall-thickness of 20 nm, as shown in the top

and cross-sectional view in Fig. 2C and 2D, respectively. Instead of

air drying the TNTAs, we employed a lower surface tension solvent,

such as ethanol, and a CO2 critical point dryer, to dry the TNTAs

after template removal. As observed in Fig. 2E and 2F, each of the

high aspect ratio NTs stand independently and firmly straight on the

ITO substrates after CO2 critical point drying. This method of drying

eliminates the formation of bundling in TNTAs since bundling can

lead to intertube contacts. With intertube contacts, there is lateral

charge transport between the NTs and the transport pathway is

longer with a 3D conducting pathway.27 As a result, the solar

conversion efficiency is lower for TNTAs with clusters of bundling as

compared with TNTAs that are independently vertically standing on

the substrates.

Near-perfect ordered and densely packed TNTAs fabricated from

highly ordered SFIL-based PAA templates are shown in Fig. 3A and

3B. Ordered nanoindentations are created on the Al surface to guide

the growth of the ordered PAA template during anodization. The

ordered nanoporous templates are in wafer sizes and can be tailored

for industrial scale mass fabrication. The growth of ordered and

uniform TNTAs on the ordered template is achieved by the
Fig. 3 Top view (A) and cross-sectional view (B) of SEM images show

near-perfect ordered and densely packed TNTAs prepared by a highly

ordered PAA template from a step and flash imprint lithography (SFIL)-

based method. The TNTAs are of a diameter of 100 nm, height of

300 nm, interpore spacing of 300 nm and wall-thickness of 15 nm.

J. Mater. Chem., 2011, 21, 11084–11087 | 11085
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conformal and precise film thickness coating of the ALD technique.

These near-perfect ordered TNTAs are of a diameter of 100 nm,

height of 300 nm, interpore spacing of 300 nm and wall-thickness of

15 nm. The dimensions such as diameter, height and interpore

spacing are well-controlled by the anodization conditions, and the

wall-thickness is precisely controlled by the ALD technique. Such

intrinsic properties of the highly ordered structure can lead to an

enhanced electron lifetime of DSSCs due to improved charge sepa-

ration and transport.

The increase in surface area of the donor–acceptor interface

through morphological change in the TNTAs can be realized by

employing a multi-tiered branched 3D PAA template on ITO glass

substrates. Fig. 4 shows the multi-tiered branched 3D TNTAs

synthesized from the 3DPAA template. Fig. 4A and 4B show the top

and cross-sectional views of two-tiered branched TNTAs on ITO

substrate, respectively. It can be clearly seen that the second-tier

nanotubes branch out from the preceding nanotube tier. The first tier

has a diameter of 270 nm, branching into four sub-pores of 110 nm in

the second tier. Similarly, Fig. 4C and 4D show the top and cross-

sectional views of three-tiered branched TNTAs. The first tier has

a diameter of 270 nm, branching into four sub-pores of 110 nm in the

second tier, and are further branched into another four sub-pores of

40 nm in the third tier. The wall-thickness is 15 nm and height is 3 mm

for all branched TNTAs. These 3D multi-tiered branched TNTAs

exhibit an increase in the absorptive surface area when compared

with 1D single branched TNTAs. As such, we can expect a substan-

tial increase in dye loading of the material which can enhance the

solar cell efficiency.

Complete wetting and filling of TNTA-basedDSSCs with dye and

hole-conducting material are critical factors for the solar efficiency.

We have qualitatively characterized the pore filling of TNTAs
Fig. 4 SEM images of multi-tiered branched 3D TNTAs synthesized

from 3D PAA templates. Top view (A) and cross-sectional (B) view of

two-tiered branched TNTAs, with the first tier having a diameter of 270

nm, branching into four sub-pores of 110 nm in the second tier. Top view

(C) and cross-sectional (D) view of three-tiered branched TNTAs, with

the first tier having a diameter of 270 nm, branching into four sub-pores

of 110 nm in the second tier and further branching into another four sub-

pores of 40 nm in the third tier. The wall-thickness is 15 nm and height is

3 mm for all branched TNTAs.

11086 | J. Mater. Chem., 2011, 21, 11084–11087
fabricated by our PAA template-assisted ALD method using cross-

section SEM as shown in Fig. 5A and 5B. The TNTAs were first

sensitized by immersion in 0.5 mM D102 dye overnight at room

temperature and spin coated with 18 wt.% of hole-conductor solution

2,20,7,70-tetrakis-(N,N-di-p-methoxyphenyl-amine)9,90spiro-bifluor-
ene (spiro-OMeTAD). As shown in Fig. 5A, the bundling of TNTAs

limits the infiltration of the dye and hole-conducting material as the

nanotubes are not ‘‘wetted’’ by the dye and hole-conducting mate-

rials. In contrast, Fig. 5B shows that the dye and hole-conducting

materials penetrated well into the pores of vertically standing TNTAs

as indicated by the ‘‘wetted’’ region on the image. These observations

were further verified and quantified by energy dispersive X-ray

(EDX) spectra as shown in Fig. 6A and 6B (wt.% and at.% data in

ESI†). The carbon peak in the EDX spectra is from both the dye and

hole-conductor molecules which infiltrated in the TNTAs. The

TNTAs bundled together on the substrates (Fig. 6A) show a lower

carbon signal at an atomic weight fraction of 4%, as compared to the

TNTAs that are vertically aligned on substrates at an atomic weight

fraction of 16% (Fig. 6B). This pore filling fraction of TNTAs by dye

and hole-conductor materials has a dominant influence on the solar

cell performance.

In summary, we have demonstrated an ALD-based technique for

the fabrication of vertically standing, highly ordered, and dimension

and morphology controllable TNTAs on substrates via various types

of PAA templates. Vertically standing TNTAs were dried by CO2
Fig. 5 Cross-sectional SEM views of TNTAs infiltrated with dye and

hole-conductor materials. (A) TNTAs that have bundled together on the

substrates are not infiltrated by dye and hole-conductor materials. (B)

TNTAs that are vertically standing on substrates are infiltrated by dye

and hole-conductor materials. The walls of the tubes can be seen to be

coated with a layer of solution. Location marked ‘‘X’’, where EDX data,

with a spot size of 0.5 mm, were taken.

Fig. 6 Energy dispersive X-ray analysis of TNTAs infiltrated with dye

and hole-conductor materials. (A) TNTAs that have bundled together on

the substrates have a lower carbon element content than (B) TNTAs that

are vertically standing on the substrates.

This journal is ª The Royal Society of Chemistry 2011
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critical point drying and highly ordered TNTAs were prepared by

using near-perfect PAA templates obtained via SFIL method. The

TNTAs with controlled dimension, and morphology were prepared

from 1D and 3D branched multi-tiered PAA templates. The infil-

tration of dye (D102) and hole-conducting material (spiro-OMe-

TAD) into the prepared TNTA-based DSSCs were qualitatively and

quantitatively characterized. Our approach may enable the devel-

opment of novel TNTA-based solid-state dye-sensitized solar cells

with improved performance. The TNTAs also provide a promising

material platform that can be functionalized with upconversion

nanoparticles for efficient energy harvesting.28
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