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INTRODUCTION

Recently, quantum dots (QDs) have attracted much atten-
tion for a variety of optoelectronic applications based on
their strong light absorption and bright emission over a
broad range of spectrum.'? One of the most recent and
active areas is related with QD-sensitized solar cells that
utilize inorganic QDs as a light harvester.>* QDs are con-
sidered as an ideal sensitizer because their absorption
range from visible to IR spectrum can be tuned easily by
changing the size or composition of QD itself.> QDs have
also demonstrated a very special characteristic by showing a
possibility of two or more exciton generation per one pho-
ton absorbed, which is generally termed as multiple exci-
ton generation (MEG).® In most studies, QD sensitizers
have been prepared by two different methods and incorpo-
rated into a variety of structures for photovoltaic devices;
in-situ chemical bath-deposited QD sensitizers look suitable
for mesoporous metal oxide-based photoelectrochemical
cells,” while ex-situ pre-synthesized colloidal QD sensi-
tizers have been applied in very thin film-type solar cells
composed of QD/polymer® or QD alone’ between two elec-
trodes. The successive ionic layer adsorption and reaction
(SILAR) process is a representative chemical bath depo-
sition technique for preparing target QDs on the surface of
mesoporous metal oxide films by dipping the electrode
alternatively in cationic or anionic chemical bath. The SILAR
can be considered as a sort of ionic layer adsorption pro-
cess to combine the target cation and anion successively at
room temperature.' However, there have been few inves-
tigations on the detailed experimental conditions of the
SILAR process and their effects on the performance of as-
prepared QD sensitizers although it has been applied rou-
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tinely so far in many studies. In this study, it has been observed
clearly that the counter-anions (nitrate vs. acetate) of a
metal cation (Pb*") could play an important role in deter-
mining the distribution density of QDs adsorbed during
the typical SILAR process for growing PbS QDs on the
surface of TiO, mesoporous films. In addition, it was suc-
cessfully demonstrated that the phase image obtained with
atomic force microscopy (AFM) could be used as a dis-
tinguishable map to show the distribution of QDs deposited
on the surface of metal oxide at each growth stage, along
with a high-resolution transmission electron microscopy
(TEM) image. In the design of efficient QD sensitizers over
the surface of mesoporous metal oxide, it is very important to
get a knowledge of the adsorption pattern and distribution
density of QDs and thus determine the experimental condi-
tions for SILAR process for both effective light absorption
and efficient charge separation at the interface of metal
oxide and QD sensitizers.

EXPERIMENTAL

All chemicals were used as received; Pb(NOs3),, Pb
(CH3COO0),:3H,0, and Na,S were purchased from Sigma-
Aldrich. The compact TiO; layer for AFM imaging exper-
iment was prepared by following a typical spray-pyrolyzed
deposition by using a solution of titanium diisopropoxide
bis(acetylacetonate) in ethanol.!" For TEM imaging and
absorbance measurements, about 2 um thickness of TiO;
mesoporous films were prepared by the doctor-blade tech-
nique using a commercial paste (Solaronix; Ti-Nanoxide,
T/SP) after dilution. To make a PbS QD-sensitized solar
cell, the FTO glass (2.2 mm, 8 /sq.) was pretreated with
TiCly for 30 min., and then heated to 450 °C to make a thin



98 Hyo Joong Lee, Yong Lee, and Uchirbant Altantuya

blocking TiO; layer. Using screen-printing machine and
commercial TiO; pastes, about 5 um thick TiO, blend layer
(Dyesol, 18NR-AQO; TiO; particle size 20—450 nm) and
~4 um scattering layer (Dyesol, WER2-O; TiO; particle
size 150—-250 nm) were deposited successively and then
sintered to make a mesoporous film. Finally, the typical
TiCls-posttreatment was applied. For growing the PbS QD
sensitizer, the SILAR process was done by alternative dip-
ping of as-prepared FTO/TiO; films in each aqueous solu-
tion of 20 mM Pb(NOs), or Pb(CH3;COO), and 20 mM
Na,S. Between dipping, a washing step was included for 1
min in pure DI water. The counter electode was a typical
platinized FTO glass. The as-prepared photoanode and
counter electrode were combined by hot-press machine
through Surlyn film, and the electrolyte solution was injected
through a pre-drilled hole through the counter electrode.
The electrolyte was composed of 0.2 M Co(O-phenanth-
roline);(TFSI),, 0.05 M Co(O-phenanthroline);(TFSI);, 0.1
LiClOy in acetonitrile. The absorbance was measured by
UV-visible spectrometer (S-3100, SCINCO) and TEM
was taken by JEM-2200FS (JEOL) instrument. The tapping-
mode AFM images were obtained by using Veeco Dimen-
sion V. The current-voltage measurements under standard
illuminating condition (1 sun) were done using a solar
simulator (Peccell, PEC-L01) and a potentiostat (IVIUM,
Compactstat).

RESULTS AND DISCUSSION
Two sets of PbS QD from frequently-encountered counter

anions (nitrate vs. acetate) were prepared by a typical SILAR
process on the surface of mesoporous TiO; film (~2 pm
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thickness), and their growth was monitored by the naked
eye, absorption, and TEM image (Fig. 1).

The PbS QD-sensitized electrodes prepared using acetate
anions clearly became darker at a faster pace than those
from nitrate anions (upper inset of Figs. 1a and 1b), under
the same experimental conditions except for the counter
anion of lead cation dissolved in the chemical bath. Gen-
erally, in the reports on the SILAR process for the deposition
of QDs, the solvent dissolving ions and the concentration
of ions have been taken into account as an important param-
eter that affects the growth pattern, but with a limited set of
experimental evidences.'>"® Therefore, the specific experi-
mental conditions reported in previous studies showing a
good result have been just adopted in subsequent researches
without knowing the exact reasons. In the current study,
while investigating the effect of different lead salts on as-
grown PbS QDs in a typical SILAR process for efficient
QD-sensitized solar cells, the counter anions of the lead
cation were found to be a crucial factor in controlling the
adsorption density of the metal cation. The amount of Pb
cations adsorbed is directly proportional to the amount of
PbS QDs formed subsequently after reaction with sulfide
anions in each cycle, which could be estimated by the
degree of color change in each SILAR cycle. The acetate-
induced PbS QDs made a much darker film compared to
the nitrate-induced QDs at each cycle of the SILAR process
(upper inset of Figs. 1a and 1b), which was confirmed by
absorbance measurements of the two films (Figs. 1a and
1b). For comparison, the magnitude of light-absorption by
PbS after the 2nd SILAR cycle in the acetate chemical
bath (Fig. 1b) is very similar to that after the 5th cycle in
the nitrate bath (Fig. 1a). To obtain a kind of visual infor-
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Figure 1. Absorption spectra taken after each SILAR cycle (1~5th) for growing PbS QDs from (a) Pb(NOs), and (b) Pb(CH3COO),
bath (inset: HR-TEM images after each 5th cycle and digital pictures of PbS-sensitized TiO, film on FTO glass after successive SILAR

cycles from Oth to 5th).
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mation about the distribution of PbS QDs over TiO, high-
resolution TEM images were taken after the 5th SILAR
deposition from the two films (insets in Fig. 1); small particles
(PbS) of a few nanometer sizes (3—5 nm) were clearly observed
to be distributed much more densely with the acetate-induced
PDbS than with the nitrate-induced PbS on the surface of larger
TiO; particles (20—30 nm). Based on the apparent differ-
ences in the degree of color change (absorption) and nanoscale
distribution of PbS QDs (TEM images), it now appears to
be straightforward that the acetate anions induced a much
higher density of PbS QD deposition than the nitrate anions
did under the same SILAR conditions.

Although a few recent reports on nanometer-resolution
imaging of various QD distributions over metal oxide
nanoparticles have been somewhat successful by using
up-to-date high-resolution TEM instruments,”'* this analysis
tool is still not considered as easily accessible with accept-
able cost. In contrast, atomic force microscopy (AFM) has
become a wide-spread tool, and is now considered as a
general technique for probing the morphology of a surface
with reasonable nanometer-scale resolution, and more
convenient accessibility at reasonable costs compared to
TEM. However, in the typical topographic imaging of QD
sensitizers attached to the surface of a rough metal oxide
film, the AFM imaging has not seemed so useful for distin-
guishing QDs from the supporting metal oxide substrate,
and has usually led to blurred images with aggregated par-
ticles in reports so far.'> Therefore, AFM images on QDs/
TiO, film have been thought of as supporting data by just
showing a change of the surface roughness after QD attach-
ment. Nevertheless, a new method (but very classical one
in AFM-based studies) has been tried in this study for uti-
lizing AFM as an imaging tool to display the distribution
of QDs deposited on TiO; film at each growth stage of the
SILAR process. For this method, 1) the top surface of meso-
porous TiO; film was replaced with a compact TiO; film
as the substrate for AFM imaging, which could provide a
similar supporting layer with much less roughness. 2) The
phase image was taken rather than the typical topographic
image due to its quite superior sensitivity.'® When a typ-
ical AFM-imaging experiment was carried out on the sur-
face of compact TiO; film after 1 SILAR process for depositing
PbS QDs from Pb(NO3),-NasS chemical baths, two different
mode-based images could be obtained simultaneously, as
shown in Fig. 2. In the topographic image (Fig. 2a), it seems
that there are only the typical round-shaped TiO, grains
with size of about 150 nm, but without any smaller par-
ticles (QDs) discriminated. This kind of image is exactly
what has been observed so far from QDs on the nano-par-
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Figure 2. AFM topography (a) and phase (b) images with cross-
sectional lines of compact TiO; film on FTO glass after 1st SILAR
cycle for growing PbS QDs from Pb(NOs), and Na,S baths.

ticulated TiO;, films, which leads to a conclusion that AFM is
not suitable for distinguishing smaller particles from TiO,-
particulated films. However, in the phase image scanned
over the same area as that in the topographic one, a dis-
tribution of smaller particles or their aggregates is clearly
seen as white spots over the flattened grains of TiO,, because a
more sensitive signal of the phase difference rather than
an amplitude signal is detected and recorded when the tip
is scanned over spots with different chemical compositions.
This very sensitive and unique character of phase-differ-
ence detection in AFM operation has also been used under
the name of Chemical Force Microscopy (CFM) for dis-
tinguishing different materials mixed at the nanometer
scale.'” In the phase image of Fig. 2b, two different mate-
rials, PbS and TiO,, interact with the tapping AFM tip
with different magnitudes, thus resulting in a clear change
in the phase of the oscillating tip. After one SILAR cycle
for growing PbS QDs over the surface of TiO; film, a random
distribution of PbS seeds was imaged with a higher density in
the region of grain boundaries. From the cross-sectional
lines shown below the two images, it looks very clear that
the topographic scan cannot differentiate a few to a few tens of
nanoparticles from a rather rough surface, while they were
detected easily in the phase-mode image. Therefore, this
phase image of QDs on the surface of TiO; film can be utilized
together with high-resolution TEM images for investigating
the distributions of QDs at each growth stage, although
the TEM images could give a more accurate and absolute
size of the QDs. In many related studies, it has been very
important to obtain information about the two-dimen-
sional distribution of QDs or nanoparticles over the sur-
face of a substrate.
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To follow up the successive changes in the distribution
density of PbS QDs after each SILAR cycle, and to com-
pare the as-obtained results from the two different chemical
baths (lead nitrate vs. lead acetate), two representative
phase images after the 3rd and 5th SILAR cycles in each
chemical bath were obtained, as shown in Fig. 3. As the
number of SILAR cycles increased, more bright spots are
spread and overlapped in both cases, but with different
densities. In the case of the nitrate-induced deposition of
PbS QDs (Figs. 3 b—d), PbS spots seem to be expanded
gradually from the 1st through the 3rd cycle, all the way to
the 5th cycle. More numerous and larger bright spots (PbS
QDs) are spreading through the surface of the TiO, film.
When the anion was changed from nitrate to acetate in the
chemical bath, a much denser distribution of bright spots
was observed in the corresponding phase images (Figs. 3
e and f). This different density of the PbS QD deposition
in the AFM phase image is consistent with the results
obtained from absorbance and TEM images (Fig. 1) with
the two chemical baths. Overall, the acetate-countered
lead cations, later leading to PbS after reaction with sulfide
anions, seem to have been adsorbed much more densely
and homogeneously than when nitrate was used. This
notable difference in the adsorption behavior can be explained
by the role of acetate anions in the chemical bath for the
SILAR process. The dissolved acetate anion (weak base)
raised the pH (~6.5) in the solution (~5.2 in deionized
water), into which the TiO film is dipped. Then, the TiO,
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Figure 3. AFM phase images of SILAR-grown PbS QDs on compact TiO, film/FTO glass after 1st (b), 3rd (c) and 5th (d) cycles from
Pb(NOs3),-bath while 3rd (e) and 5th (f) from Pb(CH3COO),-bath. For reference, (a) was from a bare compact TiO, film. Scanned area is
1 pmx1 pm.

surface can be negatively charged due to a higher value of pH
(~6.5) than the point of zero charge (pzc) of TiO, (~5.5),'%1°
and accordingly, could attract Pb*" cations more strongly
than the positively-charged surface at the lower pH (~4.0)
induced by nitrate anions. Secondly, acetate anions can be
adsorbed on the TiO; surface via carboxylate group, which is
a typical linker in molecular dyes in dye-sensitized solar
cells. Therefore, the more negatively charged surface of
TiO;, could attract more Pb** cations in the SILAR pro-
cess, finally leading to a denser PbS on the surface of TiO».
The same situation was observed when cadmium ions (Cd*")
were used instead of Pb?*. A similar behavior in the case
of PbS/CdS QD deposition was observed and reported
recently.?’ More studies including other metal cations and
anions are in progress for clarifying the mechanism and
reaching a general conclusion for the SILAR-based chem-
ical bath deposition of QDs.

In most of QD-sensitized solar cells, the size of the QD
sensitizer is very critical in terms of light absorption and
electron injection into the conduction band (CB) of the
metal oxide.”' The size of the QDs deposited in the SILAR
process is increased gradually after each cycle. Therefore,
it is necessary to examine the optimal number of SILAR
cycles in preparing the target QD sensitizer for maximizing
the photon-to-current conversion efficiency. In previous
studies,”*>a few SILAR cycles (3 to 6) were observed to
be enough to make proper PbS QDs with favorable band
positions for effective charge transfers, while the number
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Table 1. SILAR-grown PbS QD sensitizer-based phototovoltaic data
from two different chemical baths (lead nitrate and lead acetate)

Lead precursor/# Jse Vo  Fill factor ~ Conversion
of SILAR cycle (mA/cm?) (V) (FF) Efficiency (m, %)
Pb(NO;)>-3 2.01 0.36 0.55 0.40
Pb(NO:s)-4 2.29 0.39 0.55 0.49
Pb(NO:3)»-5 3.82 0.39 0.55 0.82
Pb(Ac),-2 2.34 0.40 0.54 0.51
Pb(Ac)-3 2.29 0.41 0.50 0.47
Pb(Ac),-4 1.90 0.39 0.50 0.37

of cycles seemed unlimited (if the mesopores in the film
were not blocked) in the deposition of CdS due to the favor-
able band position of its bulk state relative to that of TiO,.
The band position of PbS QDs is very sensitive to the size,
and thus, to the number of SILAR cycles.'*** As expected,
the nitrate-induced PbS QD sensitizer showed a different
pattern of change in the photovoltaic performance com-
pared with the acetate-induced PbS counterpart, in that the
efficiency of the nitrate-induced sensitizer in a typical
configuration of QD-sensitized solar cells was increased
up to the 5th SILAR cycle, and then decreased, while that
of the acetate-induced sensitizer was decreased gradually
from the 3rd cycle, as summarized in Table 1. Although the
absolute values of overall power conversion efficiency are
relatively low from the usage of less efficient cobalt(I1/111)
redox couple rather than polysulfide electrolyte due to its
incompatibility, those photovoltaic results are also con-
sistent with the different distributions observed in Figs. 1-3.
In the case of nitrate, the initial deposition of PbS was
observed to be quite scattered, and then PbS was grown
gradually and overlapped slowly. Therefore, the best results
were obtained at around the 5th cycle of the SILAR pro-
cess. In contrast, the acetate induced too much deposition
of the PbS in the initial stages due to strong interactions,
and the PbS reached a critical point around 2 cycles for
effective charge injection. From the 3rd cycle, the injec-
tion efficiency may be decreased due to the overgrown or
overlapped state of PbS QDs.

CONCLUSION

The counter-anion of the lead cation used in the SILAR
process for an ionic layer-by-layer deposition of target
PbS QDs was observed to exert a notable influence on the
adsorption density of cations and the consequent QDs
grown on the surface of metal oxides. As a new detection
tool, AFM phase imaging was successfully demonstrated
to distinguish the deposited QDs from the metal oxide
substrate, and is considered to be very effective when used
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together with absorbance and high-resolution TEM images.
With these valuable findings about the distribution den-
sity and its change of SILAR-grown QDs, researchers will be
able to design either material- or purpose-specific exper-
imental conditions for preparing efficient QDs on the surface
of various metal oxide substrates.
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