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ABSTRACT: Photoelectrodes made of submicrometer-sized
aggregates of ZnO nanocrystallites coated with TiO2 layer by
atomic layer deposition with different annealing temperatures
were investigated for dye-sensitized solar cells. Although the
annealing at 350 �C is commonly used for the ZnO aggregates
in order to preserve the desired large surface area and meso-
porous structure, the presence of ALD-TiO2 layer on the ZnO
aggregates would enable to increase the annealing temperature
up to 450 �C without a loss of surface area by suppressing
surface diffusion of the ZnO atoms. The morphology and crystal size of the aggregates and BET results supported the fact that ALD-
TiO2 layer coated on the ZnO aggregates is effective in preventing the surface diffusion of the ZnO atom at elevated annealing
temperature. Electrochemical property of the photoelectrodes including the charge transfer resistance was significantly affected by
the annealing temperature. Electrochemical impedance spectroscopy revealed that the charge transfer resistance at the ZnO
aggregate/electrolyte interface, where recombination occurs, increased with the annealing temperature. The larger charge transfer
resistance is thought to reduce the surface recombination and thus contributes to the increase in the open circuit voltage (Voc) of the
DSCs as much as ∼100 mV. The increase in fill factor as well as Voc of the cell was observed corresponding to the increasing
annealing temperature, and these improvements finally lead to more than 30% enhancement in the efficiency of DSCs.

’ INTRODUCTION

Dye-sensitzed solar cells (DSCs) have been considered as an
alternative to silicon-based solar cells, which have been commer-
cialized for more than 50 years, due to their low cost and unique
characteristics such as transparency.1,2 However, there are still
remaining challenges to widely apply them in our daily life, such
as relatively low power conversion efficiency and long-term
reliability. Since the efficiency of 11% was achieved, lots of efforts
have been focused on the further improvement of the DSC
performance but little progress has been made.3,4

The nanoporous film of semiconductor materials with a wide
band gap, used as a photoelectrode of DSCs, is a crucial part of
the DSCs in achieving high power conversion efficiency, because
it provides the large surface area for adsorbing sufficient dye
molecules for photon capturing and electron-hole pair genera-
tion. However, the huge surface area of the nanoporous network
makes the charge recombination at the interface a viable
concern.5 The charge recombination process, which is recog-
nized as one of the main issues to deteriorate the power
conversion of the DSCs, is known to occur by transferring the
electrons in the nanoporous semiconductor network not only to
the oxidized ions in the electrolyte that is in direct contact with
the semiconductor surface, but also to the oxidized dyemolecules
adsorbed on the surface of the semiconductor.6,7

Lots of effort have been made to prevent or reduce the charge
recombination by applying a core-shell configuration.8-10

When the materials for the shell and core are selected and the

shell is appropriately fabricated, such a structure is expected to
suppress the recombination process by forming an energy barrier
to prevent the electrons in the conduction band of the semi-
conductor from transferring to the oxidized dyes and ions in the
electrolyte, leading to increased open circuit voltage and short
current density.11

For the fabrication of the thin conformal coating on nanopor-
ous photoelectrodes of DSCs, atomic layer deposition (ALD)
has been considered as one of the favorite methods because it
offers precise control of the thickness and conformal coating at
relatively low temperature,12,13 and many semiconductor materi-
als such as TiO2, ZnO, SnO, and Al2O3 have been successfully
deposited on nanoporous materials.10,14,15 In our previous work,
the TiO2 ultrathin layer (<1 nm) was successfully coated onto
the exposed surface of the submicrometer aggregates of ZnO
nanocrystallites by ALD and resulted in a 20% increase in the
overall power conversion efficiency.16 At that time, only the
annealing temperatures of 400 �C was used to get a crystalline
ALD-TiO2 layer coated on the ZnO aggregate and the effect of
the ALD-TiO2 coating on performance of DSCs was investi-
gated. However, the ALD-TiO2 coating on the ZnO aggregate
can affect physical properties of the ZnO aggregate against the
annealing temperature so that the annealing temperature itself
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would be a crucial factor in determining the performance of the
ZnO core-TiO2 shell system.

The present paper reports a systematic experimental study on
the effect of annealing temperature on the ZnO core - TiO2 shell
structures used for the photoelectrode of the DSCs in terms of
physical and electrochemical aspects. The annealing at 350 �C
prefers for the ZnO aggregates to preserve their huge surface area
because high annealing temperature induces severe sintering of
the ZnO nanocrystallites, resulting in the reduction of surface
area. In the ZnO core-TiO2 shell system, it is expected that the
presence of the TiO2 shell layer on the surface of the ZnO core
makes it possible to change annealing temperatures without any
impact on the surface area and improve performance of DSCs
with the different annealing temperatures.

’EXPERIMENTAL PROCEDURE

Synthesis of ZnO Aggregate. ZnO aggregates were pre-
pared by hydrolysis of 0.01 M of zinc acetate dihydrate in
diethylene glycol at 160 �C as reported previously.18 The zinc
acetate started to be dissolved around 130 �C, and then the
reaction occurred after about 20 min after the dissolution of the
zinc acetate, accompanied by a color change of the solution from
transparent to white. The ZnO colloidal solution continued to be
refluxed for 2 h. The ZnO aggregates were separated from the
solvent by using a centrifuge at 6000 rpm for 20 min, followed by
cleaning with ethanol. The resultant ZnO aggregates were
redispersed in 5 mL of ethanol by sonication for about 10 min.
Fabrication of ZnO Film. A drop cast method was used to

make ZnO films on a FTO glass. Several drops of the ZnO
aggregate solutionwere placed on the FTO glass which has already
dammed with a scotch tape. After complete evaporation of the
ethanol, leaving the ZnO film on the FTO glass, the ZnO film was
annealed at 350 �C for 1 h to remove organic residues and improve
a connection among the ZnO aggregates and the adhesion of ZnO
film on FTO substrate. The film area is 0.49 cm2.
TiO2 ALDCoating. Titanium isopropoxide (Ti(OCH(CH3)2)4)

and distilled water were chosen as a precursor and an oxidant for
ALD-TiO2 deposition. After connecting them to each valve, the
precursorwas heated at 50 �Cand the oxidant was kept at 25 �C.The
annealed ZnO film placed on a heater located in a vacuum chamber
was heated at 220 �C under vacuum condition. One cycle of ALD is
composed of (1) the precursor exposure, (2) purge the precursor
remaining in the chamber, (3) the oxidant exposure, and (4) purge
the residual oxidant. The ZnO film was exposed to those gaseous
chemicals alternatively and after one cycle, thinTiO2 layerwas formed
on the surface of the ZnO aggregates. Nitrogen gas was used as a
carrier gas to deliver the precursor and oxidant effectively. After the
ALD process of 10 cycles, the TiO2 coated ZnO film was reannealed
at 350, 400, and 450 �C both to achieve crystalline TiO2 and to
remove residues formed during the ALD process.
Solar Cell Fabrication. The TiO2 coated ZnO film was

sensitized with 0.3 mM cis-diisothiocyanato-bis(2,20-bipyridyl-
4,40-dicarboxylato) ruthenium(II)-bis-tetrabutylammonium
(commercially known as N719, Solaronix) in ethanol for 60
min. Next, the sensitized films were ringed with ethanol to
remove excess dye adsorbed on the surface of the films. The
sensitized films as a working electrode were assembled with a
counter electrode for which a platinum-coated silicon wafer was
used. These two electrodes were separated by a spacer with a
thickness of 30 μm, where the I-/I3

- electrolyte was introduced
by a capillary force. The electrolyte is composed of 0.6 M

tetrabutylammomium iodide, 0.1M lithium iodide, 0.1M iodine,
and 0.5 M 4-tert-butylpyridine in acetonitrile.
Characterization. The morphology of the TiO2 coated ZnO

aggregates was studied through Scanning electron microscopy
(SEM, JSM-7000). Compositional analysis of X-ray photoelec-
tron spectroscopy (XPS) was used to calculate the thickness of
the ALD-TiO2 layer. Brunauer-Emmett-Teller (BET) was
carried out to check the surface area and sintering behaviors of
the ZnO atoms during the annealing, by considering the change
in the size of micropores existed in the ZnO aggregates. X-ray
diffraction (XRD) with Cu KR radiation (=0.15418 nm) was
used to characterize crystallinity and crystallite size of the sample
annealed with different temperature. Transmission electron
microscopy (TEM, Tecnai G2 F20) was used to characterize
morphology of ZnO nanocrystallites. Electrochemical impe-
dance spectroscopy (EIS) measurement was performed by the
Solartron 1287A equipped with the Solartron 1260 FRA/im-
pedance analyzer. The bias voltage and AC amplitude applied
were 0.65 V and 10 mV and the frequency ranged from 0.05 to
105 Hz. The performance of the solar cells was measured using
the HP 4155A programmable semiconductor parameter analyzer
under AM 1.5 simulated sunlight with the power density of
100 mW cm-2.

’RESULTS AND DISCUSSION

Figure 1 are the SEM images showing the surface morphol-
ogies of the ZnO aggregates coated with TiO2 layer by 10 cycled
ALD, followed with annealing at 350, 400, and 450 �C, and the
ZnO aggregates without ALD TiO2 coating but annealed at
450 �C. As ALD process was applied after forming a ZnO
aggregate network through preannealing at 350 �C, the coated
ALD-TiO2 layer could cover the exposed part of the ZnO
aggregate network where the precursor and oxidant of the
ALD process can diffuse and adsorb, like surface and inside
pores of the ZnO aggregates and finally, the whole exposed area
of ZnO core, except for connected areas of necks between
aggregates and nanocrystallites, was covered with the ALD-TiO2

shell. The aggregates, themselves, have almost the same mor-
phologies for all tested conditions; sizes in the range of 100-500
nm and spherical shape regardless of ALD application and

Figure 1. SEM images showing the surface morphology of submic-
rometer-sized aggregates of ALD-TiO2 coated ZnO annealed at (a) 350,
(b) 400, and (c) 450 �C and (d) ZnO annealed at 450 �C.
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annealing temperature. However, when considering the ZnO
nanocrystallites in the aggregate, different morphologies were
observed. While all ALD-TiO2 coated ZnO aggregates annealed
at different temperatures still have the same morphology of the
ZnO nanocrystallites, the ZnO aggregate without ALD-TiO2

coating appears to have bigger ZnO nanocrystallites and gaps
between the ZnO nanocrystallites than those of the ALD-TiO2

coated ZnO aggregates.
It was reported that the annealing temperature over 350 �C

induces a coalescence of the ZnO nanocrystallites and finally
results in the reduction in the surface area of the aggregates,
which would damage the performance of DSCs because an
amount of the adsorbed dye is directly related to the surface
area of the ZnO aggregates.17,19 So, the annealing at 350 �C
prefers to preserve the surface area of the ZnO aggregates for the
high performance of the solar cells with the ZnO aggregate
electrode. However, the coating of TiO2 layer by ALD on the
surface of the ZnO aggregates, even if the thickness of the TiO2

layer applied to the ZnO aggregate is extremely thin (the
thickness of the ALD-TiO2 layer calculated by XPS composi-
tional data is about 0.1-0.2 nm, which is an acceptable value
based on the growth rate of 0.02-0.03 nm reported in the
literatures)20,21 makes it possible to maintain the surface area of
the aggregates against the higher annealing temperature up to
450 �C, as shown in Figure 1a-c. No coalescence among the
ZnO nanocrystallites in the aggregate was detected as the
annealing temperature for the ZnO aggregates coated with
TiO2 was increased up to 450 �C. The presence of TiO2 layer
on the surface of the ZnO aggregates would prevent surface
diffusion of ZnO atoms required for the coalescence of the ZnO
nanocrystallites. So, the annealing temperature up to 450 �C
would be applicable without any consumption of the surface area
when the ZnO aggregate is coated with the ALD-TiO2 due to the
suppressed surface diffusion. The results of X-ray diffraction

(XRD) analysis presented in Figure 2 also supported that no
coalescence of ZnO nanocrystallites in the ALD-TiO2 coated
ZnO aggregates occurred with increasing the annealing tempera-
ture as well as no evidence of the ALD-TiO2 layer because its
thickness is too thin to be detected by XRS. Only the character-
istic peaks of ZnO in the wurtzite crystal structure were observed
for all ALD-TiO2 coated ZnO aggregates.

According to the Scherer formula, all ALD-ZnO samples had
same crystal size, ∼ 12 nm, regardless of the different annealing
temperature. However, the crystal size of uncoated ZnO aggre-
gates annealed at 450 �C was ∼14 nm as a result of the
coalescence of the ZnO nanocrystallites, which is in good
agreement with the SEM observation. (See Figure S1 in the
Supporting Information.) The growth of the ZnO nanocystallites
would affect surface area of the ZnO aggregates and BET was
used to find out variation of the surface area with different
annealing temperatures. As shown in Table 1, the surface area of
the ALD-ZnO aggregates was held with the annealing tempera-
ture, while the reduction in the surface area of the ZnO aggregate
without the ALD-coating occurred when annealed at 450 �C due
to the coalescence of the ZnO nanocrystallites as observed in the
SEM and XRD results.

The presence of the ALD-TiO2 layer on the ZnO aggregate
seems to be effective in preserving the surface area of the
aggregate when subjected to annealing at high temperatures.
Six % loss of the surface area was observed in the ALD-TiO2

coated ZnO aggregate annealed at 450 �C, while the ZnO
aggregate without ALD-TiO2 coating experienced much signifi-
cant specific surface area reduction of ∼18% when annealed at
450 �C. So, the high annealing temperature could be applicable
to ZnO aggregate when ALD-TiO2 is applied, without detectable
loss of specific surface area.

The morphology difference in the ZnO aggregates with and
without ALD-TiO2 coating might be attributed to the different
sintering behavior when annealed at elevated temperatures. As
shown in Figure 3a, the ZnO aggregates consist of connected
ZnO nanocrystallites with a large specific surface area (∼70m2/g
when annealed at 350 �C), and there are lots of pores between
ZnO nanocrystallites within aggregates. Such a structure would
undergo sintering during the annealing at elevated temperatures
and thus, induce the reduction in specific surface area. At
relatively low temperatures as applied in the present study, the
sintering through surface diffusion and/or bulk diffusion would
be predominant; compressive stress at a convex surface would

Figure 2. XRD patterns of ALD-TiO2 coated submicrometer-sized
aggregates of ZnO nanocrystallites annealed at 350, 400, and 450 �C.

Table 1. Multi-Point BET Surface Area of Submicrometer-
Sized Aggregates of ALD-TiO2 Coated ZnO Annealed at 350,
400, and 450 �C and ZnO Annealed at 450 �C

surface area (m2/g)

ALD-ZnO-350 �C 69.8

ALD-ZnO-400 �C 68.1

ALD-ZnO-450 �C 65.6

ZnO-450 �C 57.5

Figure 3. (a) TEM image of the microtomed ZnO aggregate showing
the ZnO nanocrystallites sintered at 350 �C and (b) schematic picture
showing possible stress states causing mass transport in initial sintering
stage of two spherical particles. Compressive stress at a convex surface
and tensile stress at a concave surface are formed.22 The scale bar is
20 nm.

http://pubs.acs.org/action/showImage?doi=10.1021/jp110872k&iName=master.img-002.png&w=160&h=150
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promote the mass diffusion to the concave surface at the bottle-
neck under tensile stress, as shown in Figure 3b.22 The diffusion
of ZnO from the convex surface to the concave surface would flat
the surface, resulting in a reduced specific surface area and the
increased gap (the aperture size) between particles. In Figure 3(a),
lots of sintered ZnO nanocrystallites with the increased neck
were observed when annealed at 350 �C as a result of the mass
transport caused by the different stress states.

By using Dubinin-Astakhov (DA) method as one of analysis
methods in BET, only pores below the size of 5 nm which are
considered to be existed in the aggregates were analyzed, as they
were mostly affected by annealing at low temperatures. Pore size
distributions calculated from nitrogen desorption isotherms
based on the DA model gave more clear situation occurring
during annealing, as shown in Table 2 and Figure 4. The ZnO
aggregates annealed at 350 �C had pores with the average size of
2.05 nm, while the size of the pores in the ALD-TiO2 coated ZnO
aggregates annealed at 350 �C appeared to be 1.96 nm, indicating
that the introduction of ALD-TiO2 layer results in the size
reduction of the pores for the ALD-TiO2 coated ZnO aggregates.
As the annealing temperature was increased up to 450 �C, an
additional reduction in both pore size and pore volume was
observed for the ALD-TiO2 coated ZnO aggregates. On the
other hand, the pores in the ZnO aggregates became larger when
they were annealed at 450 �C as a consequence of sintering. It
should be noted that the sintering by surface diffusion alone
would result in a reduction of surface area, an increase of pore
size, but no change of pore volume. However, in the present
study, 17% reduction of pore volume was observed in compar-
ison of ZnO aggregates annealed at 350 and 450 C, which
suggests that there was noticeable densification through the bulk
diffusion.22

The BET analyses suggested that there was a reduction in pore
volume as well as specific surface area with the annealing
temperature. Further comparison of reduction of pore volume
data reveals that there was a less densification in ALD-TiO2

coated ZnO aggregates (with ∼12% reduction viz ∼17%),
suggesting that the presence of ALD-TiO2 coating, albeit very
thin, less than 1 nm, not only suppressed the sintering through
the surface diffusion, but may also retarded the densification
through the bulk diffusion. Densification would accelerate as a
dihedral angle of two particles reaches equilibrium state, which
involves surface diffusion.23 As already discussed, the ALD-TiO2

coating on ZnO aggregates suppresses surface diffusion so the
densification would be retarded because a dihedral angle would
be fixed, not to reach an equilibrium state due to the suppressed
surface diffusion.

Except the sample of ZnO annealed at 450 �C, other three
samples showed a similar pore size distribution, indicating that
they experienced a similar sintering, even at different annealing
temperature. The pore size reduction observed in the ALD-ZnO
annealed at 350 �C compared to the ZnO aggregate annealed at

the same temperature came from the introduction of the ALD-
TiO2 layer on the wall of the inner pores and the further size
reduction with the annealing temperature was attributed to the
partial sintering with densification, resulting in the pore volume
reduction as well. On the other hand, the ZnO annealed at
450 �C showed the increased pore size, indicating that a different
sintering behavior occurred during the annealing. Figure 5 ex-
plains schematically how the pore size changed when annealed at
elevated temperatures and the difference in predominant diffu-
sionmechanisms in ZnO aggregates with andwithout ALD-TiO2

coating. At elevated temperatures, nanostructured or porous
materials are subjected to sintering in order to reduce the surface
area and thus the surface energy; three sintering mechanisms are
well established: sintering without densification through surface
diffusion at relatively low temperatures, sintering with densifica-
tion through bulk or volume diffusion at moderate temperatures,
and grain growth through diffusion across grain boundaries at
high temperatures.22 In the presence study, the annealing
temperatures are relatively low, only surface and bulk diffusion
is possible.

Once the spherical ZnO nanocrystallites experienced sintering
under relatively low temperature, the neck growth occurs by the
surface diffusion instead of the bulky diffusion, accompanying
with increasing the dihedral angle and finally reaching the
equilibrium state because making surface curvature flatted is
much effective way to reduce surface energy and finally, induces
the increase in the size of pores, as represented in Figure 5a. The
suppressed surface diffusion due to the presence of the ALD-
TiO2 layer on the surface of the ZnO nanocrystallites would
make atomic mass transport path for the sintering changed to
bulky diffusion occurring at the connection part of the ZnO
nanocrystallites from the surface diffusion with the preservation
of the dihedral angle (ψ), as schematically shown in Figure 5b.
The bulky diffusion of the ALD-TiO2 coated ZnO, even though it
would be dominant diffusion path due to the suppressed surface
diffusion, induced less densification of the ZnO nanocrystallites
than that of the ZnO nanocrystallites without ALD as curvature-
driven boundary motion for rapid densification was prevented by
the fixed dihedral angle.23

While the annealing temperature did not affect the physical
properties of the ALD-TiO2 coated ZnO aggregate like mor-
phology and crystallinity, an electrochemical property, a charge
transfer resistance of the ALD-TiO2 coated ZnO photoelectrode,
was considerably influenced by the annealing temperature.
Electrochemical impedance spectroscopy (EIS) analysis carried
out to find out the effect of the annealing temperature on the
charge transfer resistance and Figure 6 shows theNyquist plots of
the EIS results including various resistance elements for the cells
with ALD-TiO2 coated ZnO aggregate photoelectrodes an-
nealed at different temperatures. Generally, DSCs have three
semicircles in the EIS Nyquist plot and each of them is related to
the charge transfer at the different positions; the redox reaction at
the platinum counter electrode/electrolyte interface at high
frequencies (R2), the electron transfer in the aggregate film
and at the aggregates/electrolyte interface at medium frequency
(R3) and carrier transport by ions in the electrolyte at low
frequency.25,26 But, in this study, the EIS test was stopped after
getting the second semicircle as the second semicircle is related
to the charge transfer resistance at the aggregate/electrolyte
interface where the ALD-TiO2 layer was introduced.

It can be said that the ZnO core is the whole ZnO aggregate
network film, not each ZnO aggregate because the core-shell

Table 2. DA Analysis Results on Pores in the Region of
Micropores for the ZnO Aggregates and ALD-TiO2 Coated
ZnO Aggregates with Different Annealing Temperatures

diameter (nm) volume (cc/g)

ZnO- 350 �C 2.05 0.035

ALD-ZnO- 350 �C 1.96 0.031

ZnO- 450 �C 2.36 0.029

ALD-ZnO- 450 �C 1.92 0.027
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structure in this study was achieved by coating the TiO2 layer on
the preformed ZnO aggregate network. That means the increase
of R3 with the annealing temperature shown in Figure 6 would be
ascribed to the charge transfer resistance variation at the aggre-
gate/electrolyte interface where the recombination occurs, not to
diffusion resistance of the aggregate film because the ZnO
aggregate network as an electron path did not experience any
change with the annealing temperature. So, R2 and R3 denoted
in the plot as diameters of the semicircles are the charge transfer
resistances at the different interfaces and R1 is the ohmic
resistance mainly caused by sheet resistance of the FTO glass.
As the charge transfer resistances coexist with capacitance
element, they have the shape of the semicircle, while the ohmic
resistance, denoted as the distance from the zero point to the
starting point of the first semicircle in the Nyquist plot is just a
straight line because there is no capacitance element in the ohmic
resistance. It is easily achieved to fit the measured data with the
equivalent circuit which is a combination of the resistances and
capacitances and Table 3 summarizes the fitted results for R2 and
R3 with the annealing temperature.

As the charge transfer resistance at the aggregate/electrolyte
interface (R3) includes the resistances of both the ZnO core and
TiO2 shell, the total charge transfer resistance for the core-shell
structure can be written by eq 127

Rtotal ¼ Rcore þ Rshell ð1Þ
where Rcore and Rshell are the electron transfer resistances
induced by the core and shell, respectively. From the eq 1, the
increase in the total charge transfer resistance would be expected

through the introduction of ALD-TiO2 on the ZnO aggregate,
but, the total charge transfer resistance of the ALD-TiO2 coated
ZnO at the aggregate/electrolyte interface was almost same to
that of the ZnO aggregates when the annealing temperature was
350 �C. As-grown ALD-TiO2 layer was proven to be amorphous
and kept the amorphous phase up to the annealing at 250 �C.10,28
From the impedance results, it can be inferred that the annealing
temperature of 350 �C is not enough to transform the amor-
phous ALD-TiO2 shell to the crystalline form, which would be
necessary to form the ALD-TiO2 energy barrier and the amor-
phous ALD-TiO2 has no contribution to the charge transfer
resistance. When the annealing temperature reaches at 400 �C, it
is possible to achieve the transformation of the ALD-TiO2 from
amorphous to crystalline.21,28 The crystalline ALD-TiO2 in-
creased the charge transfer resistance at the medium frequency
(R3), leaving the first semicircle at the high frequency denoting
the charge transfer resistance at the counter electrode/electrolyte
interface (R2) unchanged. Further raising the annealing tem-
perature up to 450 �C resulted in the additional increase in R3
because of the improved crystallinity of the ALD-TiO2. The
charge transfer resistance at the aggregate/electrolyte almost
doubled as the annealing temperature increased from 350 to
450 �C, which means higher annealing temperature would be
helpful in suppressing the recombination occurring at the
aggregate/electrolyte interface and it can also be expected that
an open circuit voltage (Voc) of the DSCs would be increased by
the increased the annealing temperature.

The performance of the DSCs with the working electrode
consisting of the ALD-TiO2 coated ZnO aggregates annealed at

Figure 5. Schematics illustrating (a) the growth of pore by the surface diffusion of the ZnO nanocrystallites as well as the densification with increasing
dihedral angel and (b) possible diffusion path and dihedral angle (ψ) kept unchanged for the TiO2 coated ZnO nanocrystallites.

Figure 4. Pore size distribution of (a) the ZnO and (b) ALD-TiO2 coated ZnO samples annealed at respective 350 and 450 �C calculated from nitrogen
sorption isotherms measured at 77 K using the DA model.24.

http://pubs.acs.org/action/showImage?doi=10.1021/jp110872k&iName=master.img-004.jpg&w=300&h=123
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350, 400, and 450 �Cwas tested under illumination with 100mW
cm-2 intensity. The results were shown in Figure 7 as a form of
current density-voltage (J-V) curve and summarized in Ta-
ble 4. Overall conversion efficiency (η) and fill factor (FF) were
calculated according to the relationships η = JmaxVmax/Pin� 100
and FF = JmaxVmax/JscVoc, where Jmax and Vmax are maximal
photocurrent density and photovoltage in the J-V curve, Pin is
the illumination power density and Jsc and Voc are short circuit
current density and open circuit density.

It is obvious that Voc was increased with the annealing
temperature due to the increased charge transfer resistance,
which makes it difficult to the occurrence of recombination at
the aggregate/electrolyte interface. Voc can be expressed as
follows under illumination condition;29

V oc ¼ AkT
q

ln
KΦ

K1n0j13-jm þ K2n0jDþj
� �

ð2Þ

whereA andK are constants,Φ is incident photon flux,K1 andK2

are kinetic constants, n0 is electron concentration in the conduc-
tion band of the ZnO, m is reaction order and I3

- and Dþ are
concentration of I3

- and oxidized dye molecule. In eq 2, as the
terms, k1n0|I3

-| and k2n0|D
þ|, denote the recombination with

the I3
- and oxidized dye molecule respectively, it is easily

inferred that Voc depends logarithmically on the recombination
inversely and can be increased through reducing recombination.
As notified in the EIS results, the charge transfer resistance (R3),
which indicates how difficult the back flow of electrons in the
conduction band of the ZnO to the I3

- and oxidized dye
molecules is under bias voltage, was increased with the annealing
temperature so that the improvement of Voc was observed as a
result of the reduced recombination.

Coating a shell layer on the surface of the core is considered to
suppress recombination by forming a surface energy barrier. This

effect would be achieved when the shell layer would act as an
energy barrier layer or a tunneling layer depending on the energy
level of the shell materials or passivate recombination sites on the
surface of the core. In the ZnO core-TiO2 shell system, as the
both materials have a similar energy level, the TiO2 shell could
not form a surface energy barrier in terms of energy level.30,31

However, it is possible to form a n-nþ heterojunction at the
ZnO/TiO2 interface due to the difference in the electron
concentration; high electron concentration in ZnO and low
electron concentration in TiO2. It is known that the electron
concentrations are on the order of 1018 cm-3 and 1010 cm-3 for
ZnO and TiO2.

32,33 The shell layer, in this case, is not a depletion
layer since electrons do not switch their function from a minority
carrier to a majority carrier. This heterojunction induces a built-
in voltage as follows:34

V ¼ kT
q

ln
Nþ

d

Nd
ð3Þ

where V is a potential gradient between the core and shell due to
the n-nþ heterojunction, k the boltzmann’s constant, T the
temperature, q the electron charge, and Nd are the electron
concentration in the ZnO core and TiO2 shell. The built-in
voltage gives rise to a strong electric field which causes electrons
to be slowed down and eventually be flowed back against the
concentration gradient. This leads to the increase in Voc by
reducing the recombination. It is known that the fill factor (FF) is
determined by the internal resistance of the cell and a practical FF
is always lower than the theoretical maximum one due to the
presence of internal resistive losses.35,36 As mentioned in the EIS
results, there are lots of resistance sources in DSCs like the ohmic
resistance (R1) and charge transfer resistance at the different
interface (R2 and R3). The charge transfer resistance at the
aggregate/electrolyte interface denoted as R3 in Figure 6 is

Figure 6. Nyquist plots of the ALD-TiO2 coated ZnO aggregates
annealed at 350, 400, and 450 �C.

Table 3. EIS Results of the ALD-TiO2 Coated ZnO
Aggregate Photoelectrodes Annealed at 350, 400, and
450 �C for Charge Transfer Resistances

R2 R3

ALD-ZnO - 350 �C 7.5Ω 27.4 Ω

ALD-ZnO- 400 �C 8.1Ω 39.4Ω

ALD-ZnO- 450 �C 8.4Ω 56.8Ω

Figure 7. J-V curves of the DSCs with ALD-TiO2 coated ZnO
aggregate electrodes annealed at 350, 400, and 450 �C, respectively.
All DSCs were sensitized with N719 and tested under simulated AM 1.5.

Table 4. Performances of the DSCs with the Electrode of
ALD-TiO2 Coated ZnOAggregates Annealed at 350, 400, and
450 �C

Voc [V] Jsc [mA cm-2] FF η [%]

ALD-ZnO- 350 �C 0.578 12.2 0.49 3.5

ALD-ZnO- 400 �C 0.646 12.6 0.54 4.4

ALD-ZnO- 450 �C 0.706 11.8 0.55 4.6

http://pubs.acs.org/action/showImage?doi=10.1021/jp110872k&iName=master.img-006.jpg&w=182&h=152
http://pubs.acs.org/action/showImage?doi=10.1021/jp110872k&iName=master.img-007.jpg&w=174&h=147
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considered as a shunt resistance because it behaves like a diode
on the applied bias voltage, whereas other resistances (R1 and
R2) represent a series resistance.31 Each of them affects FF as
follows:36

FF ¼ FF0ð1- 1=RshÞ and FF ¼ FF0ð1- RsÞ ð4Þ
where FF0 is the theoretical maximum FF, Rsh is a shunt
resistance (R3), and Rs is a series resistance (R1 and R2),
respectively. FF would be increased in the cases that Rsh is
increased or Rs is decreased. From the EIS results, it is expected
that FF of DSCs with the electrode of the ALD-TiO2 coated ZnO
aggregate would be increased with the annealing temperature
because R3 as the Rsh was increased with the annealing tempera-
ture, without the change inRs. The highest FFwas achieved when
the annealing temperature was 450 �C, as shown in Table 4.

The trend of the change in short circuit current density (Jsc)
was not straightforward. Jsc increased as the annealing tempera-
ture was increased from 350 to 400 �C and fell for further
increase of the annealing temperature up to 450 �C. Lots of
factors like amount of adsorbed dye, charge collection and
electron injection from the dye into oxide have to be considered
in determining Jsc. Of them, even the charge collection was
improved with the annealing temperature revealed by EIS results,
other two factors also affect final Jsc. As already mentioned, the
TiO2 shell annealed at 350 �C would be amorphous and the
amorphous TiO2 shell is known to be inefficient for the electron
injection and shows the low Jsc.

10 The presence of the amorphous
shell on the surface of the ZnO aggregate would damage the
electron injection from dye molecules and this causes the current
drop. However, due to the thin thickness of the TiO2 shell layer,
the damage to Jsc was not severe. The falloff of Jsc was just 8% by
introducing the amorphous TiO2 shell, comparing to that of the
DSC with the ZnO aggregate electrode. With increasing the
annealing temperature up to 400 �C, the TiO2 shell transformed
to a crystalline one and played a role of the barrier layer in
preventing the recombination. The transformed crystalline TiO2

would be much favorable for the electron injection from the dye
molecules and also, the increased charge transfer resistance
improves the charge collection by reducing the recombination
and finally this combined effect recovered the Jsc. So, the ALD-
TiO2 coated ZnO annealed at 400 �C showed higher Jsc than the
one annealed at 350 �C. However, the improved Jsc of the
crystalline ALD-TiO2 coated ZnO was still a little lower than
that of the uncoated ZnO aggregate annealed at 350 �C. It seems
that the ALD-TiO2 shell impairs electron injection from dye
molecules. Such a barrier effect on the electron injection was
often observed in core-shell systems.37,38 Further increase in the
annealing temperature caused the loss in Jsc. As shown in Table 1,
the fall back of Jsc might arise from the low light harvesting as a
result of the reduced surface area and smaller dye loading. Even a
slight reduction in Jsc was observed, the highest efficiency of
DSCs was achieved at the highest annealing temperature due to
the improved Voc and FF resulting from the suppressed
recombination.

’CONCLUSIONS

The ALD-TiO2 shell acting as surface energy barrier plays a
great role in preserving the surface area of the ZnO aggregate
core so that the annealing temperature at 450 �C can be
applicable without a loss of the surface area. From the BET
analysis on pores existed in the ZnO aggregate, it is obvious that

the presence of the TiO2 layer on the ZnO retards the diffusion of
ZnO surface atoms against increasing annealing temperature.
The high annealing temperature to the ZnO-TiO2 core-shell
structure causes the increase in the charge transfer resistance at
the aggregate/electrolyte interface, which would expect that the
recombination is decreased. As expected, the open circuit voltage
as well as fill factor of the DSCs are increased due to the reduced
recombination resulting from the increased charge transfer
resistance with the annealing temperature and eventually the
highest efficiency of the cell is obtained when the annealing
temperature is 450 �C even though there is some loss in the short
circuit current density.
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