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a b s t r a c t
This study investigates the growth behavior of atomic-layer-deposited (ALD) Al2O3 overlayers on porous TiO2
electrodes, which comprise an anatase nanoparticle layer and a rutile particle layer, for optimizing dyesensitized solar cells. The growth mode of the ALD Al2O3 overlayers changes from island growth to layer-by-layer
growth during the ﬁrst few ALD reaction cycles, and the growth mode transition is much more pronounced for
the anatase electrode layer. The transition is likely a result of the reduction in the contractive lattice strain of the
TiO2 nanoparticles. The lattice strain in the hydroxylated TiO2 nanoparticles is progressively reduced during the
ALD Al2O3 deposition, resulting in the growth mode transition.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Dye-sensitized solar cells (DSSCs) are potential candidates for thirdgeneration renewable energy sources, primarily because of their low
manufacturing costs and high cell efﬁciency (ca. 11%) [1,2]. The power
conversion efﬁciency (PCE) of DSSCs based on nanoporous TiO2
electrodes can be increased by 10–50% when Al2O3 overlayers are
deposited on the electrodes [3–5]. The improved performance of
DSSCs featuring Al2O3 overlayers is believed to result from reduction
in the charge recombination rate at the interface between the
dye and the TiO2 electrode. But the thickness of the uniform Al2O3
overlayer should be thin enough so that charge transfer through
the overlayer will not be hampered because the efﬁciency of the
charge transfer due to tunneling effect exponentially decays with
the thickness [6–8]. The increases in PCEs of dye-sensitized TiO2
solar cells have been explained by considering the interfacial energy
levels of the Al2O3 overlayers [9], i.e., the high recombination energy
barrier at the Al2O3–TiO2 interface, the large work function of the
Al2O3 overlayers, and the low energy barrier between the dye and
Al2O3. The Al2O3–TiO2 interface in DSSCs can be optimized using
various coating procedures; the sol–gel process, in particular, provides
the capability of inﬁltrating the porous structures, thereby ensuring
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good coverage of the surface of the nanoporous electrode. Because
the sol–gel process requires a sintering step, typically at 450–500 °C,
to ensure good quality, it has limited compatibility with lowtemperature fabrication processes, such as those employed to prepare
plastic-based ﬂexible DSSCs [10]. Although Haque et al. have deposited
low-temperature (100 °C) sol–gel Al2O3 layers onto ﬂexible DSSCs [11],
the improvement in performance was less pronounced than that
achieved using high-temperature sol–gel processes. In addition to the
temperature constraints of the typical sol–gel process, the thickness of
the sol–gel ﬁlms can be altered with a resolution down to only ca.
1 nm [12,13], which is too coarse for adjusting the optimal thickness
of the Al2O3 layers.
It is generally believed that, compared with sol–gel processes, atomic
layer deposition (ALD) can form an Al2O3–TiO2 heterostructure of better
interfacial properties because it offers high deposition conformability
[14], low deposition temperatures (down to 33 °C for Al2O3) [15], and
high resolution (ca. 0.1 nm for Al2O3) in controlling the ﬁlm thickness
[16,17]. Thus, as an alternative to sol–gel processing, ALD may provide
a signiﬁcant opportunity to enhance the PCEs of DSSCs by providing
Al2O3 overlayers on TiO2 electrodes. However, the ALD process may
not provide much of an advantage over high-temperature sol–gel
techniques because of the low coverage of ALD Al2O3 overlayers on
nanoporous TiO2 electrodes [9,18]. This situation arises from the
island-mode growth mechanism of the ALD Al2O3 overlayers,
which results in a low coverage of overlayers on nanoporous TiO2
electrodes. In this study, we investigated the growth mode and the
optimal thickness of the Al2O3 overlayer on the porous TiO2 electrode
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so that the PCE of DSSCs featuring the Al2O3/TiO2 electrode can be
further optimized.

and (2) the continuing Al2O3 growth. The ﬁrst stage is represented by
the following reactions:

2. Experimental details

Ti–OH þ AlðCH3 Þ3 →Ti–O–AlðCH3 Þ2 þ CH4

ð1Þ

Ti–O–AlðCH3 Þ2 þ 2H2 O→Ti–O–AlðOHÞ2 þ 2CH4

ð2Þ

The structure of the DSSCs is schematically shown in Fig. 1; the fabrication method has been described in detailed in previous works
[18]. The TiO2 electrodes had a diameter of 6 mm and comprised two
screen-printed layers: a 12 μm-thick nanoporous layer at the bottom
formed from anatase TiO2 nanoparticles (ca. 20 nm) and a 4 μm-thick
porous layer at the top formed from rutile TiO2 particles having sizes
in the range 200–400 nm. The smaller TiO2 nanoparticles were prepared
using a previously reported method [19]. The larger rutile TiO2 particles
were purchased from DuPont (Ti-Pure R-706).
Atomic layers of Al2O3 were deposited on the TiO2 electrodes at
150 °C, using a Cambridge NanoTech Savannah 100 ALD system
with trimethylaluminum (TMA) and H2O as the precursors. The ALD
process comprised a given number of identical cycles, each involving
the following six steps: (i) dosing with H2O for 0.05 s; (ii) soaking in
the H2O dose for 2 min; (iii) evacuating for 5 min; (iv) dosing with
TMA by opening the TMA valve for 0.05 s; (v) soaking in the TMA
dose for 2 min; and (vi) evacuating for 5 min. Both the TMA and
H2O precursors were introduced into the ALD chamber with the N2
carrier gas at a ﬂow rate of 20 sccm (precursor: N2 = 1:10); the equivalent dose of TMA and N2 was 4.0 × 10 16 molecules for each ALD cycle.
The temperature of the reactor wall was maintained at 200 °C to
avoid gas adsorption on the wall during the ALD process.
Microstructure analysis of the TiO2 electrodes was performed using
a ﬁeld-emission transmission electron microscope (TEM, JEOL, JEM2100f) X-ray photoelectron spectroscopy (XPS) analysis of the TiO2
electrodes was performed with an electron spectrometer (VG ESCAlab
250) using the Al Kα source (1486.6 eV). The lattice structure of
the samples was studied by an X-ray diffractometer (Philips-PW3710)
operated at a scanning step of 0.02°/s.
3. Results and discussion
The deposition of Al2O3 overlayers on a titania substrate, using Al
(CH3)3 and H2O as the precursors, can be separated into two consecutive
stages: (1) the aluminum hydroxide formation on the titania surface

Pt
Electrolyte

Rutile layer (4 µm)

~200-400 nm TiO2
Anatase layer (12 µm)

~20 nm TiO2
FTO glass
Fig. 1. Schematic illustration of the layer structure of the DSSCs.

where the asterisks denote the surface species. Likewise, the continuing
growth of the Al2O3 overlayer can be summarized by the two consecutive reaction steps [20]:
Al–OH  þ AlðCH3 Þ3 →Al–O–AlðCH3 Þ2 þ CH4

ð3Þ

Al–O–AlðCH3 Þ2 þ 2H2 O→Al–O–AlðOHÞ2 þ 2CH4

ð4Þ

where again the asterisks indicate surface species. According to the
above reaction equations, at the end of each ALD reaction cycle, the
sample is covered by hydroxyl surface groups. Noted that Eqs. 1–4
describe the widely accepted ALD reaction mechanisms that involve
the direct interaction of the TMA gas precursor with hydroxylated
surface sites. However, as reported by Lakomaa et al. [21] and Puurunen
et al. [22], TMA can dissociate on oxygen bridges on both SiO2 and the
Al2O3 surfaces. TMA may similarly react with oxygen bridge sites of
the TiO2 surface leading to the following reaction:
Ti–O –Ti þ AlðCH3 Þ3 →Ti–CH3 þ Ti–O–AlðCH3 Þ2

ð5Þ

The succeeding water soaking step will convert the methylated
surface species into hydroxylated species. We used XPS to study the
change in the chemical state of surface species on the porous TiO2
layers before and after the ALD reaction. Fig. 2 shows the Ti 2P3/2
and the Al 2p XPS spectra of the ALD-Al2O3/TiO2 electrode layers as
a function of the number of ALD reaction cycles. The XPS spectrum
of the as-prepared porous TiO2 layers [Fig. 2(a)] indicates that the
Ti 2p3/2 core level is situated at 458.9 eV for the anatase layer and
458.8 eV for the rutile layer. Both the peak positions fall within the
range reported for TiO2, which is between 458.8 and 459.4 eV [23].
The binding energy of the Ti 2p3/2 electron of the anatase layer ﬁrst
red-shifts to 458.4 eV at the ﬁrst deposition cycle of the Al2O3 overlayer, and then gradually blue-shifted to 458.9 eV with increasing
the cycle number up to 30-cycles. This observation suggests that an
interfacial reaction occurs on the anatase nanoparticles during the
deposition of the ALD-Al2O3 overlayer. The interfacial reaction on
the anatase layer is more evident in the Al 2p spectra shown in
Fig. 2(b). The Al 2p peak for the anatase layer after one ALD cycle is
situated at 74.1 eV, and the peak shifts to 74.7 eV after 30 cycles of
deposition, which is consistent with the reported energy for Al2O3
[23]. On the other hand, the Al 2p peak for the rutile layer is situated
around 74.1 eV after the ﬁrst ALD cycle and varied little in the energy
position through the 30 cycles of ALD-Al2O3 deposition. We have
previously shown that these binding energy shifts were a result of the
formation of Ti–O–Al(OH)2 surface species on anatase nanoparticles
[9,24]. The Ti–O–Al(OH)2 species are produced when the TMA and
H2O precursors react sequentially with the hydroxylated surface of
the anatase nanoparticles as described by Eq. (2). The Ti–O–Al(OH)–
O–Ti structure should also be formed on the sample surface during
the initial stage of the ALD reaction, and it must be responsible for the
energy shift of Ti 2p3/2 electrons as well.
Fig. 3 shows the TEM images of TiO2 particles featuring a 10-cycle
ALD Al2O3 overlayer. The TiO2 nanoparticles separated from the anatase
layer have a diameter of ~20 nm (Fig. 3(a)), and those from the rutile
layer have a diameter of ~300 nm (Fig. 3(b)). The presence of the
Al2O3 overlayer is evident in the TEM images. In a previous paper, we
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Fig. 2. XPS spectra of the (a) Ti 2p3/2 and (b) Al 2p electrons for the ALD-Al2O3 coated TiO2 electrodes.

have presented high resolution TEM (HRTEM) images of the TiO2 nanoparticle featuring an Al2O3 overlayer prepared with one, two and ﬁve
ALD cycles [18]; the HRTEM images showed the formation of islands
in the ﬁrst few ALD cycles. We used TEM to determine the average
thicknesses of the ALD Al2O3 overlayer prepared with different ALD
cycles (Table 1) [18]. Each thickness value listed in the table is the
average value of ten TEM measurements at different locations on a
TiO2 particle. The deposition rate (nm/cycle) for the ALD Al2O3 overlayer on anatase nanoparticle is 0.14–0.25 nm/cycle, and that on the
rutile particle is 0.46–0.52 nm/cycle. It should be noted that the deposition rate for the anatase electrode is likely overestimated because the
selection of Al2O3 islands from the TEM image for the average thickness evaluation is arbitrary, and higher islands, which are more discernable in the TEM image, are more probably selected for the
thickness measurement. The overestimation is particularly true for
the ﬁrst two ALD reaction cycles since discrete Al2O3 islands are randomly scattered on the anatase nanoparticle.

The growth mode can be described in terms of the growth-percycle (ΔCm) of the ALD Al2O3 overlayer by the following equation [25]:
ΔCm ¼ Δh×ðρNA =MÞ

ð6Þ

where ΔCm is the number of atom m (in this case, Al) adsorbed per
unit area of the overlayer per cycle, Δh is the thickness increment
per cycle, ρ is the density of the overlayer, NA is the number of
atoms per mole (6.02214 × 10 23 mol − 1), and M is the molar mass of
AlO1.5. For an appropriate ρ value, we refer to the literature data for
Al2O3 ALD ﬁlms grown using 300 reaction cycles on Si(100) substrates
at 150 °C [15]. By substituting the values of ρ (2.9 × 10− 21 g/nm3) and
M (50.98 g/mol) into Eq. 6, we obtain the plot for the growth-percycle (ΔCAl) of the Al2O3 overlayer as a function of the number of ALD
reaction cycles as shown in Fig. 4. As discussed previously, the average
thickness of the Al2O3 overlayer on the anatase electrode was overestimated by TEM images for the ﬁrst few ALD cycles; hence the ΔCAl values

(b) Rutile layer

(a) Anatase layer

1.9 nm

TiO2

TiO2
5.1 nm

Al2O3

Al2O3

100 nm

Fig. 3. TEM images of (a) anatase TiO2 nanoparticles and (b) rutile TiO2 particles separated from the TiO2 electrode; both types of the TiO2 particles were with a 10-cycle ALD Al2O3
overlayer. Inset: the high-magniﬁcation image of a selected area in (b).
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Table 1
Average thicknesses and deposition rates of ALD Al2O3 overlayers on TiO2 electrodes as a function of the number of the ALD Al2O3 deposition cycles [18].
Samples
Anatase

Thickness (nm)
Deposition rate (nm/cycle)
Thickness (nm)
Deposition rate (nm/cycle)

Rutile

0-cycle

1-cycle

2-cycle

5-cycle

10-cycle

15-cycle

20-cycle

30-cycle

0
–
0
–

0.2
0.2
0.5
0.5

0.5
0.25
1
0.5

1
0.2
2.6
0.52

1.9
0.19
5.1
0.51

2.5
0.17
7.5
0.5

2.8
0.14
9.8
0.49

4.5
0.15
13.8
0.46

presented in Fig. 4 must be larger than the true values. However, the
curve proﬁle of the anatase electrode in the ﬁgure may still reﬂect
the trend of the variation in the ΔCAl with the number of ALD cycles.
The growth-per-cycle increased to a maximum and then decreased to a
steady value. This growth behavior is associated with the substrateinhibited growth mode for the ALD Al2O3 overlayer as proposed by
Puurunen [26]; the substrate-inhibited growth mode is a result of the
island growth on the TiO2 substrate. The development of islands on
the TiO2 nanoparticle in the ﬁrst few ALD cycles has been demonstrated by the HRTEM images presented in our previous work [18].
The layer-by-layer growth replaces the island growth to become
the main growth mode after 10 cycles of the ALD reaction.
According to Fig. 4, the island growth on the rutile layer is much
less obvious than on the anatase layer in the ﬁrst 5 cycles of the ALD
reaction. It has been pointed out by Puurunen that the growth rate
of Al2O3 is mostly determined by the size of the CH3 ligand [25] and,
in theory, the amount of Al atoms/nm 2 deposited on a ﬂat substrate
varies from 4 to 6. Therefore, the self-limited ALD reaction process
cannot explain such a large ΔCAl (~18 Al/nm 2) for the rutile electrode.
These large ΔCAl values indicate that conventional chemical vapor
deposition (CVD) reactions may also occur concurrently during the
ALD process. Because of the large rutile particle size of sub-micrometer
scale, the rutile electrode must have a very porous framework,
which allows more H2O adsorption and condensation during the
water soaking step, and thus makes a complete removal of H2O by
the successive Ar purge more difﬁcult. It is likely that H2O molecules
slowly diffusing out of pores may react with TMA molecules during
the TMA soaking step, resulting in the CVD growth of Al2O3. As a result,
the growth rate of the Al2O3 overlayer on the rutile electrode is much
larger than that where the overlayer deposition is only via ALD
reactions.
The plot in Fig. 4 indicates that the growth mode changes from the
island growth mode to the layer-by-layer growth mode on the anatase
TiO2 electrode layer. An immediate thought for the transition is that,
after a certain number of ALD cycles, island coalescence results in a
continuous Al2O3 overlayer, which provides a homogeneous surface
for uniform ALD deposition. However, the cause of the island growth
during the ﬁrst few cycles still requires an explanation. The ﬁlm

growth mechanism is mainly decided by the variation in the total energy of the deposited material and the substrate. For Volmer–Weber
growth, i.e., island growth, the ﬁlm growth mechanism is governed
by the surface energy of the deposit and substrate, the interfacial energy between the deposit and substrate, and the strain energy accumulated in the deposit and substrate. The relation among these
energies can be described by the following expressions [27]:

σs bσo þ σi þ σst

ð7Þ

σs Nσo þ σi þ σst

ð8Þ

where σs is the surface energy of the substrate, σo is the surface energy
of the overlayer, σi is the interfacial energy, and σst is the accumulated
strain energy. These energies vary with the coverage of the deposit
under a dynamic ﬁlm deposition condition. When σs is less than the
sum of σo, σI, and σst, the overlayer is grown via the island growth
mode. On the other hand, when σs is greater than the sum of σo, σI,
and σst, the overlayer is grown via the layer-by-layer growth mode.
The accumulated strain energy changed with the amount of material
deposition, and is an important factor that reverses the inequality in
the formula.
To study the effect of the lattice strain on the Al2O3 growth mode
transition, we used XRD to measure the lattice constants of the anatase
and rutile layers as a function of the number of ALD cycles. The XRD
specimens were prepared by depositing the anatase and the rutile
layers separately on the FTO glass substrate. Fig. 5 shows the XRD
patterns of the two samples over a scan range from 24 to 28°. The
Bragg's angles of the (101) plane of standard anatase (JCPDS Card
Number 21-1272) and the (110) plane of standard rutile (JCPDS
Card Number 21-1276) are also provided as marked by the vertical
dashed–dotted lines. When the thickness of the Al2O3 overlayers
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Table 2
Lattice constants and lattice volumes of TiO2 electrodes as a function of the number of ALD Al2O3 deposition cycles.
Sample
Anatase
Rutile

Lattice
Lattice
Lattice
Lattice

constants a/c (Å)
volume (Å3)
constants a/c (Å)
volume (Å3)

0-cycle

1-cycle

2-cycle

5-cycle

10-cycle

15-cycle

20-cycle

3.77/9.41
134.3
4.58/2.95
62.0

3.78/9.44
134.9
4.58/2.95
61.9

3.77/9.46
135.0
4.58/2.95
62.1

3.78/9.47
135.3
4.58/2.94
61.9

3.77/9.49
135.4
4.58/2.95
62.1

3.77/9.51
135.5
4.58/2.94
62.0

3.77/9.51
135.7
4.58/2.95
62.0

increases, the (101) diffraction peaks for the anatase sample shift to
lower angles, whereas the (110) diffraction peak for the rutile sample
remains unchanged. The diffraction peaks for both samples are located
at a higher angle than those of the standard samples, suggesting that
the TiO2 lattice might suffer from the stress of contraction. Table 2
lists the lattice constants and lattice volumes of the TiO2 particles with
respect to the number of ALD cycles for the Al2O3 deposition. The lattice
constant a of the anatase nanocrystal remains almost unchanged
through the 30 cycles of ALD deposition, whereas the lattice constant
c increases with the number of ALD cycles.
Based on the lattice constants derived from the XRD data, the lattice
volume of the anatase and the rutile crystals is plotted as a function
of the number of ALD cycles as shown in Fig. 6. The standard lattice
volumes of the anatase and rutile phases (JCPDS data) are also provided
as marked by the horizontal dashed–dotted lines. For the rutile electrode layer, the lattice volume varies little with respect to the number
of ALD cycles. On the other hand, the lattice volume of the anatase
electrode layer increases with increasing the number of ALD cycles
until the lattice volume becomes steady at the ﬁfteenth ALD reaction
cycle. The difference between the steady lattice volume of the TiO2
electrode layers and the lattice volume of the TiO2 standards can be
attributed to the contractive stress induced by the oxygen deﬁciency
of the TiO2 particles [28–30]. Observing a large contractive strain
in TiO2 anatase nanocrystals, Li et al. [31] suggested that extensive
surface hydration, producing Ti–OH surface species, was the primary
cause leading to a smaller lattice constant for the anatase nanocrystal
than for its bulk counterpart. Likewise, Ti–OH surface groups on the
as-prepared TiO2 anatase nanoparticle of this study may induce

lattice contraction in the nanoparticle as indicated by the large difference in the lattice volume between the as-prepared nanoparticle
and the bulk counterpart (Fig. 6). The formation of Ti–O–Al(OH)2
surface species in the ﬁrst few ALD cycles can relax the surface lattice
strain of the TiO2 nanoparticle as a result of the replacement of Ti–OH
moieties via the reactions described by Eqs. (1) and (2). In succeeding
ALD reaction cycles, TMA may preferentially react with surface sites
of smaller lattice strain, leading to the island growth. The amount of
Ti–OH surface species on the anatase nanoparticle gradually decreases
in the ﬁrst few cycles of the ALD-Al2O3 deposition, which transforms
the Ti–OH surface species into the Ti–O–Al(OH)2 surface groups. As
a consequence, the strain energy of the anatase TiO2 nanocrystal is
reduced upon increasing the number of the Al2O3 deposition cycle.
The lattice strain is minimized when the Ti–OH species are completely
consumed, and the ALD-Al2O3 deposition becomes homogenous all
over the surface of the nanoparticle. If the decrease in the strain energy
is large enough so that the inequality in Eqs. 7 and 8 is reversed, the
transition from the island growth mode to the layer-by-layer growth
mode may occur.
The contractive surface stress should primarily affect the surface
lattice of a few atomic monolayers on a particle. Particles of smaller
size must have a larger lattice contraction in the particles because of a
larger surface to volume ratio. Since the anatase nanoparticle has a
much smaller size (~20 nm) than the rutile particle (~200–400 nm),
the surface hydration produces a larger surface strain on the anatase
nanoparticle. Therefore, the anatase nanoparticle shows a stronger
dependence of the lattice volume on the number of ALD cycles than
the rutile particle. In addition to the difference in the growth mode
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Fig. 6. The plot of the lattice volume of the TiO2 crystal in (a) the anatase and (b) in the rutile electrode layers as a function of the number of ALD cycles of the Al2O3 deposition.
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transition between the two TiO2 electrode layers, the lattice contraction
may also affect the ALD-Al2O3 deposition rate on the two electrodes.
According to Fig. 4 and Table 1, the Al2O3 deposition rate on the anatase
layer is much smaller than that on the rutile layer before the tenth ALD
cycle. Compared with the rutile particle, the anatase nanoparticle has
a much larger contractive strain during the ﬁrst few cycles of the ALD
deposition, implying that the ﬁrst few atomic layers of Al2O3 on the anatase nanoparticle are subject to a higher stress, and thus the deposition
of these highly stressed atomic layers is energetically unfavorable.
However, as discussed previously, because the CVD deposition occurred
to the rutile electrode, a clear examination of the inﬂuence of the accumulated lattice strain on the growth rate for the rutile electrode is complicated by the CVD deposition. Therefore, a comparison between the
two types of electrodes on the effect of the contractive strain on the
Al2O3 deposition rate is difﬁcult.
According to our previous study, the DSSCs using the porous TiO2
electrodes have a maximum PCE (6.6%) when anatase nanoparticles
are coated by the Al2O3 overlayer with a coverage of 0.25, which is
achieved after the ﬁrst ALD deposition cycle [18]. The cause of the
low coverage is a result of the prevailing island growth mode during
the ALD deposition. The island growth of the Al2O3 overlayer results in
a low coverage and a non-uniform thickness of the overlayer, and thus
greatly degrades the PCE of the DSSCs [18]. Because the contractive
strain increases with decreasing the size of TiO2 particles, it is likely
that we can obtain a better PCE for the DSSCs featuring the porous
TiO2 electrode if the size of the anatase nanoparticles is properly
increased. When the size of the anatase nanoparticles is correctly chosen
to minimize the surface contractive strain, we may obtain a uniform
Al2O3 overlayer of higher coverage on the anatase electrode during
the ﬁrst few ALD cycles, and thereby the DSSCs may exhibit a better
PCE performance compared with those using the present electrode
structure featuring anatase nanoparticles of ~20 nm in size.
4. Conclusions
We used a low-temperature (150 °C) ALD process to grow ultrathin Al2O3 overlayers on TiO2 electrodes for the application of dyesensitized solar cells. The island growth mode was more pronounced
on the anatase layer than on the rutile layer at the initial deposition
stage, and the layer-by-layer growth mode replaced the island growth
mode to become the main growth mode after 15 ALD cycles. The origin
of the island growth process is ascribed to the presence of the high
surface stress resulting from surface hydration on the TiO2 nanoparticle
at the beginning of the ALD Al2O3 deposition. The island growth results in
a non-uniform ALD Al2O3 overlayer of low coverage on the nanoporous
TiO2 electrodes during the ﬁrst few ALD reaction cycles. The study
suggests that a better PCE of the DSSCs may be obtained if the size

of anatase nanoparticles of the DSSC electrode can be appropriately
chosen to minimize the surface lattice strain.
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