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ABSTRACT

CdSe quantum dots were in situ deposited on various structures of TiO, photoanode by successive ionic
layer adsorption and reaction (SILAR). Various sensitized TiO, structures were integrated as a
photoanode in order to make quantum dot sensitized solar cells. High power conversion efficiency was
obtained; 2.89 % (V=524 mV, J,=9.78 mA/cmz, FF=0.56) for the cells sensitized by SILAR method.
Also, all the cells showed rather high efficiencies (over 2.65%) regardless of their structure. Here the
simple SILAR deposition was performed at room temperature, which introduces it as a cost effective
method for large scale production. Regarding the considerable efficiencies obtained for various structures,
pointed out that SILAR deposition can be introduced as an effective method for making efficient quantum

dot sensitized solar cells.
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1. Introduction

In the Dye sensitized solar cells (DSCs),
molecular dyes are used as light absorbing
materials to produce photogenerated electrons.
Photogenerated electrons are injected into a wide
band gap semiconductor like TiO, which
transfer the electrons to the external circuit. Dye
molecules are regenerated by a redox electrolyte
which acts as a hole transporting media [1].
Recently, the unique properties of semiconductor
quantum dots in comparison to convenient dyes
like ease of synthesization, tunable band gap by
controlling their size, high molar extinction
coefficients and multiple exciton generation in
colloidal QDs [2,3] has increased the interest
toward QDs as sensitizers in quantum dot
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sensitized solar cells (QDSCs) [4-9]. In spite of
the mentioned advantages of QDs, the efficiency
of QDSCs is currently lower than the
efficiencies of conventional DSCs [10,11] and
some parameters like charge injection and
recombination, redox electrolyte composition,
counter electrode (CE) catalytic properties and
uniform deposition of QDs onto the TiO, surface
have not been optimized yet [11-13]. The
literature points out that one of the key
differences between Dye and QD sensitized
solar cells is the sensitization procedure. In
DSCs, dye molecules are effectively adsorbed
on the photoanode by soaking the TiO, film in
the dye solution, while in the QDSCs , the
uniform deposition of QDs on TiO, surface is



JREE: Vol. 1, No. 1 (December 2014) 64-70

still a challenge. So far, various methods
containing direct or linker molecule mediated
adsorption of pre synthesized colloidal QDs on
TiO, have been utilized in order to deposit QDs
on the TiO2 photoanode in QDSCs. Also, direct
growth of QDs on the TiO, surface by SILAR or
chemical bath deposition (CBD) methods have
recently used for sensitizing electrodes by
semiconductor QDs [12-19]. Reviewing the
literature shows that less than 20 % of TiO,
surface is covered by QDs in the case of direct
adsorption method, and consequently, low
efficiency cells are obtained by this method [12].
In the case of linker mediated adsorption, one
head of the linker molecule is attached to the
surface of TiO,, while the other head is attached
to QDs, and consequently, more deposition of
QDs is obtained in comparison with direct
adsorption. In the case of linker mediated
adsorption, in spite of higher deposition of QDs,
there is still a considerable surface of TiO,
photoanode which is not covered by QDs. Here,
linker molecules act as an intermediate layer
between QDs and TiO, which disturb the direct
electron transfer from photoexcited QDs through
the TiO, photoanode. In both cases of SILAR
and CBD methods, there is a high loading of
QDs on TiO2 surface and high photocurrents is
usually obtained for the solar cells. In the CBD
method all the QD precursors should diffuse into
the pores of the mesoporous TiO, structure
simultaneously in order to make a homogeneous
deposition of QDs on the photoanode. This is
particularly a challenge in the case of structures
with very small pores. Also, CBD is usually
performed in low temperature condition for
controlling the QDs growth rate more precisely.
Performing CBD in low temperature conditions,
limits the large scale and cost effective
production of the cells. Here, we use SILAR
method at room temperature for sensitizing
various structures of photoanode by CdSe QDs.
We show by applying SILAR deposition method
that not only high QD loading on TiO, anode is
obtained, but also mesoporous structure of TiO,
with small pores can be sensitized effectively.
Here, high efficiency cells are obtained by
SILAR method. Also room temperature
deposition introduces this method as a potential
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candidate for large scale production of the
QDSCs.

2. Experimental section

2. 1. Electrode preparation

Three different TiO, pastes were used to make
photo electrodes. The first one was “18NR-T
Dyesol paste” which contains 20 nm TiO,
nanoparticles and leads to high surface area
mesoporous structures with small pores; we
name this paste as “P20”. The second paste was
“I8NR-AO Dyesol paste” which contains 20-
450 nm TiO, nanoparticles; we name this paste
as “P20-450”. The third one was made by TiO,
nanorods as follows:

For synthesizing TiO, nanorods, Titanium foils
were cleaned by sonication in acetone and
deionized (DI) water for 10 minutes and then
dried in nitrogen stream. Ti foils were then
immersed in 10 mL of 30% W hydrogen
peroxide solution and kept at 80°C for 72 h.
Samples were then removed and rinsed with DI
water and dried in air. Heat treatment process
was performed at 450°C and kept at this
temperature for 1 h. These nanorods were
scratched from the Ti substrate and used to make
nanorod based pastes. For the third paste, 1gr of
ethyl cellulose was dissolved in 12.5 ml ethanol
assisted by ultrasonication. The paste was
prepared by milling 0.2 gr TiO, nanorods and 1
ml of ethyl cellulose in ethanol in a mortar for
30 minutes while 1ml of terpineol was added
drop by drop during the milling process. We
name this paste as “NR”. Three different
electrode configurations were prepared as
photoanode in QDSCs by using these three kinds
of TiO, Pastes. Photoanodes were deposited by
doctor-blade method on transparent conducting
fluorine doped tin oxide (FTO) glass substrates
(sheet resistance ~ 15 ©/cm?) and sintered at 450
°C, for 1 hour.

1.2. Electrode Sensitization

The SILAR process was carried out following
the method developed by [17]. In short, a 0.03 M
Cd(NO;), in ethanol was used as the Cd"”
precursor. A 0.03 M selenide solution was
prepared by dissolving of 0.2 gr SeO, and 0.27
gr NaBH, in 60 ml ethanol under N, atmosphere
and used as a Se” precursor. For sensitization,
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electrodes were dipped successively in these
solutions under N, atmosphere. One SILAR
cycle for CdSe deposition consisted of 30
second dipping the TiO, working electrode into
the Cd*" precursor and subsequently into the
selenide solution, during 30 second. Following
each bath, the photoanode was rinsed by
immersion in the pure ethanol to remove the
chemical residuals from the surface and then
dried with a N, gun.

In order to improve the stability and
performance of cells, all the samples were
deposited with ZnS protective coating [18], after
SILAR, by twice dipping alternately into 0.1M
Zn(CH;COO), and 0.IM Na,S solutions for 1
min/dip and drying by nitrogen flow.

2.3. Preparation of QDSC

The cells were prepared by sandwiching the
Cu,S counter electrode and a QD-sensitized
electrode using a scotch spacer (thickness 50
pm) and permeating with polysulfide electrolyte.
Polysulfide electrolyte was 1 M Na,S, 1 M S,
and 0.1 M NaOH solution in Milli-Q ultrapure
water.

We used Cu,S counter electrodes, clamping the
sensitized electrode and the counter electrode.
The Cu,S counter electrodes were prepared by
immersing brass in HCI solution at 70°C for 5
min and subsequently dipping it into polysulfide
solution for 3 min, resulting in a porous Cu,S
electrode.

2.4. Photoanodeand Solar Cell Characterization
J-V curves and Applied Bias Voltage Decay
(ABVD) measurements [20] were carried out
with a FRA equipped PGSTAT-30 from
Autolab. J-V measurements were carried out
using mask (a little smaller than photoanode)
and no antireflective layer was used. Cells were
illuminated using a solar simulator at AM1.5 G,
where the light intensity was adjusted to one sun
intensity(100 mW/cm?).

Incident photon to electron conversion
efficiency (IPCE) measurements have been
performed employing a 150 W Xe lamp coupled
with a monochromator while the photocurrent
was measured using an optical power meter
70310 from Oriel Instruments.
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3. Results and discussion

SEM micrograph of TiO, nanoparticles: (P20
(20 nm), P20-450 (20-450) nm) and nanorods
(NR) is shown in Figure 1. All samples have
nano structure and consequently enough surface
area for QDs loading is expected in all samples.

Fig. 1. SEM micrograph of TiO, nanoparticles with
the size of 20 nm (P20) (a), 20-450 nm (P20-450) (b)
and cross section of TiO, nanorods (NR), Scale bar is
100 nm, 1 micron and 2 microns in figure a, b and ¢
respectively.

Crystalline structure of TiO, nanorods was
investigated by X-ray diffraction (XRD)
spectrum of samples. From Figure 2, it can be
seen clear peaks which are characteristic of the
TiO, anatase phase.

Morphology of the Cu,S CE is presented in
Figure 3. As it can be seen, CE has a porous
structure which leads to enough catalytic sites to
reduce the oxidized polysulfide electrolyte.
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Fig. 2. XRD spectrum of TiO, nanorods, crystalline
planes are related to anatase crystalline structure of
the T102

Fig. 3. SEM micrograph of the Cu,S counter
electrodes with porous structures. Scale bar is 2
microns.

Three different TiO, pastes: P20, P20-450 and
NR, see experimental section for the details, are
used to make various structure of electrodes.
Using Dr-Blade method 2 layers of TiO, paste
was deposited on FTO substrate. These different
structures were sensitized by 7 SILAR cycles of
CdSe quantum dots and then coated with ZnS;
see the experimental section. Figure 4 shows the
current-voltage characteristic of the cells with
various structures tested under standard
conditions (100 mW/cm* AM 1.5G).

Table 1 shows the solar cell parameters obtained
for these QDSCs: photocurrent js, open circuit
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voltage V., fill factor FF, and efficiency 7, as a
function of the different photoanode structures.

J(mA/cm?)

00 01 02 03 04 05 06
V(v)
Fig. 4. J-V curves for SILAR sensitized cells with
P20, P20-450 and NR structures.

Table 1. Photovoltaic parameters of the QDSCs as a
function of the different cell structures tested under
standard conditions (100 mW/cm® AM(air mass)
1.5G(global)).

Cell | Voe(mV) | J(mA/ecm®) | FF | E (%)
P20 524 9.78 0.56 | 2.89
P20-450 | 575 8.48 0.56 | 2.74
NR 539 11.1 0.44 | 2.65

Using various structures, the high efficiencies
were obtained in P20 (2.89%), P20-450 (2.74%)
and NR (2.65%) structures.

As can be seen from Table 1, all samples have
open circuit voltages of more than 500 mV, and
NR samples have more current densities in
comparison with P20 and P20-450 structures.
The surface area of the cells was measured by
the BET method and is indicated in Table 2.

Table 2. BET surface area of the electrodes with the
different TiO, Structures.

TiO, morphology BET (m%/g)
P20 72.21
P20-450 28.11
NR 8.17

As can be seen from Table 2, nanorod structures
(NR) have the lowest surface area which
originates from the micron lengths of these
structures in comparison with nanoparticulate
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structures of P20 and P20-450 samples (see
Figure 1). Regarding the smaller surface area of
NR structures, less QDs deposition and
consequently lower current densities is expected
in these structures while they have the highest
current densities (Table 1). For more clear
investigation, IPCE measurement was used to
measure the photovoltaic properties of the cells
more precisely. Figure 5 shows the IPCE results
from P20, P20-450 and NR structures. As it can
be seen from Figure 5 there is a red shift in [PCE
data for the cells with nanorods structures.

300 400 500 600 700 800
A(nm)

Fig. 5. IPCE curve for SILAR sensitized cells with
various structures.

Diffuse reflectance spectrum of the samples
with various structures is presented in Figure 6.
According to this figure, the micron size of
nanorods has enhanced the light scattering and
consequently increases the light absorption
especially in long wavelengths which leads to a
red shift in IPCE (Figure 5).
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Fig. 6. Diffuse reflectance spectrum for various
anode structures before sensitization by CdSe QDs.
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To better understand the characteristic of the
cells explained before, applied bias voltage
decay was carried out on QDSCs under dark
condition and their electron lifetime, T, was
measured (Figure 7). According to Figure 7, the
highest efficient cell with P20 structure (Table
1), has the lowest electron life time. According
to Table 2, P20 structures have the highest
surface area, which enhances the recombination
rate of the electrons from photoanode with
electrolyte. Consequently, higher recombination
rate decreases the electron life time in P20
structures.

NR samples have the highest electron life time
which arises from the micron length of nanorods
decreasing the surface area in comparison with
nanoparticulate  structures (Table 2) and
enhances the electron life time.
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Fig. 7. Electron lifetime for SILAR sensitized cells;
electron lifetime has obtained from ABVD
measurements in dark conditions.

Comparing the efficiency of the cells with
various structures (P20, P20-450 and NR)
sensitized by SILAR method (see Table 1),
indicate that all structures have rather high
efficiencies while their structure is completely
different. As discussed before, these cells have
different scattering properties, surface area and
electron life times while according to Table 1,
all cells have the efficiencies higher than 2.65 %.
Our results indicate that good efficiencies can be
obtained by SILAR deposition method for
various cells, although their photoanode is
different in properties like: morphology, surface
area, pore size and scattering. These results
show that SILAR deposition can be introduced
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as an effective simple method toward making
high efficiency solar cells.

4. Conclusions

We have made CdSe QDSCs with various
photoanode structures. High power conversion
efficiencies from 2.65 to 2.89 % were obtained
for the cells sensitized by SILAR method. We
have shown that SILAR sensitizing at room
temperature can be introduced as an effective
method to make efficient cells with various
photoanode structures. Unique properties of
SILAR method and rather high efficiencies
obtained here point out that SILAR deposition is
a promising method to make high efficient
quantum dot sensitized solar cells in near future.
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