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ABSTRACT: The thickness and porosity of TiO, mesopo-
rous film were optimized for better distribution of quantum
dots to enhance the performance of CdS/CdSe quantum dot
cosensitized solar cells. The CdS and CdSe quantum dots were
prepared on TiO, mesoporous film through a successive ion
layer absorption and reaction (SILAR) method and a chemical
bath deposition (CBD) method, respectively. It was found that
the distribution of quantum dots was inhomogeneous from the
surface to the interior of the TiO, film, being mainly
concentrated at the upper layer of the TiO, film. As a result,
simply increasing film thickness did not make significant
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contribution to improving solar cell efficiency since only a small portion of quantum dots might access the interior of the film,
leading to an exposure of TiO, nanoparticles in electrolyte and thus reducing the electron lifetime due to increased charge
recombination rate. Our study revealed that the efficiency could reach its maximum, ~4.62%, with the TiO, film, the thickness of
which was around 11 ym, and porosity was optimized by adding 12 wt % ethyl cellulose into the paste for making the TiO, film.

1. INTRODUCTION

Quantum dot sensitized solar cells (QDSCs) can be regarded as
a derivative of dye-sensitized solar cells (DSCs), which have
attracted worldwide scientific and technological interest since
the breakthrough work done by O’Regan and Gritzel in 1991"
for the lower cost compared to silicon-based solar cells.”?
Typical DSCs consist of TiO, mesoporous photoanodes, a dye
sensitizer, and electrolyte.* A lot of work has been done to
develop better dye molecules and nanostructured photoanodes
over the past two decades. In DSCs, the sensitizer commonly
uses organic dyes of ruthenium polypyridine complexes. To
enhance light harvest in the visible light region, many efforts
have been made by focusing on the development of high
performance sensitizers.”~® It is still a challenge to obtain an
ideal organic dye as sensitizer to absorb photons in the full
sunlight spectra. For this reason, narrow-band gap semi-
conductor quantum dots (QDs), such as Cds, !0 CdSe,''?
PbS,"® and InAs,"* which present extraordinary optical and
electrical properties over traditional organic dyes, have been
paid particular attention recently. The advantages of QDs
mainly involve tunable band gap upon QD sizes, high
extinction coefficients, and large intrinsic dipole moment,
which may facilitate charge separation in solar cells.'>'®
Theoretical photovoltaic conversion efficiency of QDSCs can
reach up to 44% in view of multiple exciton generation of QDs.
Such an efficiency is much higher than the 31% for
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semiconductor solar cells according to the Schockley-Queisser
limit."”

Among various materials that are used for QDSCs, CdS, and
CdSe are attractive owing to their high potential in light harvest
in the visible-light region.'®'® CdSe has a band gap of 1.7 eV
and may therefore absorb photons with wavelengths shorter
than 700 nm. The research of Wang et al.'® showed that CdSe-
sensitized TiO, solar cells incorporating lights scattering layers
presented an unprecedented power conversion efficiency of
5.21%. However, it was found that CdSe was difficult to deposit
directly on oxides, such as TiO, and ZnO. For this reason,
modification of oxide with CdS has been usually adopted to
improve the adsorption of CdSe.***' The other reason that
CdS has been used is to form CdS/CdSe cosensitization to
broaden the optical absorption of the solar cells. So far, CdS/
CdSe cosensitized QDSCs have reached power conversion
efficiency (PCE) higher than 4%.>>** Most recently, Santra and
Kamat reported that QDSC with Mn-doped CdS/CdSe
achieved power conversion efficiency of 5.4%.”*

In a typical process for the fabrication of QDSC photo-
electrode, QDs can be introduced via two approaches: (a) in
situ growth directly from the precursor solutions, and (b)
adsorption of presynthesized QDs with or without bifunctional
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linker. However, the QDSCs produced with the latter approach
have reported relatively low conversion efficiency, largely due
to the difficulty in achieving sufficient coverage of QDs."" The
former, ie, in situ growth of QDs, includes chemical bath
deposition (CBD)>® and successive ionic layer absorption and
reaction (SILAR),***” and have shown better performance than
the latter when being adopted to assemble QDSCs. In the case
of solar cells cosensitized by CdS/CdSe QDs, the CdS QD
layer serves as both a seeding layer to facilitate the subsequent
CdSe QD growth and an energy barrier layer to reduce the
back charge recombination between the electrons in oxide and
the holes in electrolyte.”® > Figure 1 shows the cell structure
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Figure 1. Sketch of the photoelectrical conversion structure of a
QDSC.

of a CdS/CdSe cosensitized QD solar cell, which consists of a
TiO, mesoporous film (photoanodes), CdS/CdSe QDs
(sensitizer), polysulfide electrolyte, and Cu,S counter electrode.
During operation, photons are captured by QDs, yielding
electron—hole pairs that are rapidly separated to electrons and
holes at the interface between the nanocrystalline TiO, and the
QDs. The electrons inject into the oxide film and the holes are
released by redox couples in the liquid polysulfide electrolyte.

From the working mechanism of QDSCs mentioned above,
we can see that the amount of adsorbed QDs, electron
transport, and lifetime are the key factors affecting the
performance of QDSCs. These factors have a close relationship
with the structure of mesoporous anode film. Compared with
traditional dye molecules used in DSCs, QDs usually have
bigger particle size, and as a result, are hard to enter into the
deep pores of the anode film. This scenario not only decreases
the QDs load, but also results in a nonuniform distribution of
QDs from the surface to the bottom of the mesoporous film.
Therefore, the appropriate mesoporous anode films for the
QDSCs are worth investigating so as to improve the
distribution of QDs and thus enhance the performance of
QDSCs. In this paper, the relationship between QDs
distribution, particle size, electron lifetime, and the film
thickness was studied. It was found that TiO, mesoporous
films for QDSCs could be optimized by adjusting the film
thickness and the content of ethyl cellulose (EC), which is one
of components determining the viscosity of paste for making
film, resulting in achieving power conversion efficiency up to
4.62%.

2. EXPERIMENTAL PROCEDURES

2.1. Preparation of Mesoporous TiO, Films. TiO, pastes
were prepared by mixing TiO, nanoparticles (Degussa P2S),
EC, and a -terpineol following a previously reported
procedure.*’ The paste was then coated on a fluorine-doped
tin oxide (FTO) glass substrate via the doctor blading method
to get mesoporous films with different thicknesses. The as-
received TiO, films underwent a sintering process in air as
follows: 125 °C for 30 min and at 500 °C for 30 min at heating
speed of 5 °C/min. The area of the TiO, films was
approximately 0.36 cm” (0.6 cm X0.6 cm square).

2.2. Preparation of CdS/CdSe Cosensitized Photo-
electrodes. For the growth of CdS QDs, first, the TiO, film
was immersed into a 0.1 M cadmium nitrate (Cd(NO,),)
methanol solution for 1 min. Successively, the film was dipped
into a 0.1 M sodium sulfide (Na,S) methanol solution for
another 1 min to allow $>~ to react with the preadsorbed cd*,
leading to the formation of CdS. This procedure was called one
SILAR cycle. In total, five cycles were employed to obtain a
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Figure 2. (a) SEM image of the film transverse and (b) EDX images corresponding to different depths of the film.
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Table 1. Weight Ratio of the Elements Measured by EDX in the Different Depths of the Film”

depth S, wt% Se, wt%
A 2.94(+0.11) 1.72(%0.09)
B 2.45(+0.10) 1.32(0.10)
C 2.18(+0.10) 0.86(+0.08)
D 1.30(+0.07) 0.66(=0.06)

Cd, wt% Ti, wt% O, wt%
38.14(+0.32) 55.62(+0.51) 1.58(+0.10)
36.41(+0.37) 57.59(0.57) 2.23(£0.09)
35.23(+0.29) 59.10(+0.63) 2.62(+0.08)
33.52(+0.34) 61.91(+0.61) 2.62(+0.08)

“The standard deviation of the properties is based on the data of three times measured.

surface

Figure 3. Element distribution maps of (a) Se, (b) S, (c) Cd, and (d) Ti.

suitable amount of CdS on the TiO, film. In a sequent step,
CdSe was deposited on the CdS-coated TiO, film through a
CBD method. Briefly, 0.1 M sodium selenosulphate
(Na,SeSO,) aqueous, 0.1 M cadmium acetate Cd(CH,COO),
aqueous solution, and 0.2 M trisodium salt of nitrilotriacetic
acid (N(CH,COONa),) solution were mixed together with a
volume ratio of 1:1:1. Then the CdS-coated TiO, film was
vertically immersed into the solution for the deposition of a
CdSe layer under dark conditions at 24 °C for 3 h. After the
deposition of CdSe, a ZnS passivation layer was deposited by
two SILAR cycles while being soaked in an aqueous solution
containing 0.1 M zinc nitrate and 0.1 M sodium sulfide, which
act as Zn** and S*~ sources, respectively.

2.3. Electrolyte and Counter Electrode. The electrolyte
employed in this study was composed of 1 M S and 1 M Na,S
in deionized water. The counter electrode was a Cu,S film
fabricated on brass foil. The preparation of the Cu,S electrode
can be described as follows: brass foil was immersed into 37%
HCl at 70 °C for S min, then rinsed with water and dried in air.
After that, the etched brass foil was dipped into 1 M S and 1 M
Na,S aqueous solution, resulting in a black Cu,S layer forming
on the foil.

2.4. Characterization of Materials and QDSCs. The
morphology was characterized by a scanning electron micro-
scope (SEM, JSM-7000). Energy dispersion X-ray (EDX) was

used to analyze the element contents and distribution. The
photovoltaic properties were measured using an HP 4155A
programmable semiconductor parameter analyzer under AM
1.5 simulated sunlight with the power density of 100 mW/cm?.
A thermal scientific UV—vis—NIR spectrum meter was used to
study the samples’ light absorption properties. Electrochemical
impedance spectra (EIS) were measured in the dark by
applying an oscillation potential of —0.6 V from 10~ to 10° Hz.

3. RESULTS AND DISCUSSION

Figure 2 Shows the SEM and EDX images in the different
depth sections of the photoanode film with the thickness of 25
um. The element weight ratios are listed in Table 1. It can be
seen that the energy dispersion peaks of Se and S drop
gradually from the surface to the bottom of the film. On the
basis of EDX calculation, Se and S contents decrease from
~1.72 wt % to ~0.66 wt %, and ~2.94 wt % to ~1.30 wt %,
respectively. Figure 3 shows the EDX mapping images of Se, §,
Cd, and Ti from the surface to a depth of 10 ym along the
transverse of the film. We can see that Se and S concentrate on
the upper section and evidently decrease with increase of depth
in the film. Therefore, QDs (CdSe and CdS) distribute
inhomogeneously from the surface to the bottom of the film.
There are several possible explanations: (1) the residual liquid
when the substrate was withdrawn from the precursor solution
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Figure 4. Sketch of the formation and distribution of CdS/CdSe QDs on the mesoporous TiO, substrate: (a) formation process of QDs; (b) solar

cell structure and distribution of QDs.
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Figure 5. (a) UV—vis spectra and (b) (Ahv)* vs hv curves of the film samples with different thicknesses.

(effectively a dip-coating process), (2) the existence of air
bubbles trapped insides the porous film preventing the
complete filling of precursor solution, (3) the incomplete
removal of liquid from the SILAR process, and (4) fast
formation of QDs in the upper section and prevention of
precursor solution from entering into deep pores. For example,
during the SILAR process, the film was first immersed in Cd**
solution, and then Cd** filled into all the pores of the film.
When the film was dipped in §*~ solution, CdS particles were
formed quickly and blocked some pores in the upper section of
the film, which prevented the S>~ solution from infusing into
the deep pores. So Cd** in the deep pores cannot completely
react with S>7. This demonstrates that the Cd element
distributes uniformly from the surface to the bottom of the
film (as shown in Figure 3c) and the amount of Cd is excessive
in comparison with the sum of Se and S (as shown in Table 1).
So CdS QDs mainly concentrate on the upper section of the
film. Additionally, the formation process of CdS/CdSe QDs,
which is mainly based on ion diffusion, also affects the
distribution of QDs in the film. Figure 4 shows a sketch of the
formation process and distribution of CdS/CdSe QDs on a
TiO, mesoporous film. The CdS QDs were first synthesized by
SILAR on the surface of TiO, nanoparticles, which is termed
TiO,/CdS in this paper. After that, CdSe QDs were gradually
deposited to combine with CdS QDs to form a structure of
Ti0,/CdS/CdSe. Compared with organic dyes, CdS and CdSe
QDs have bigger particle size. Therefore, QDs are likely to be
able to block the upper pores of the film and thus prevent the
formation of CdSe QDs in the interior of the TiO, film. As a
result, as shown in Figure 4b, CdSe and CdS particles mainly
focus on the upper section of the film. In this paper, we do not
have any idea about ZnS, because ZnS is only used as a
passivation layer of CdSe to enhance the performance of a
photoelectrode.”

Figure Sa shows the UV—vis absorption spectra of CdS/
CdSe/TiO, films with different thickness. In order to remove
the light scattering effect of TiO, films, the spectra curves were
obtained by deducting the absorbance of TiO, films with
different thickness. It is found that the absorption of the films
increases with the increasing film thickness, indicating that the
amount of QDs increases accordingly. The shift of absorption
edges from the short to long wavelength with the increase of
the film thickness suggests that CdSe QDs get larger with an
increasing film thickness. The size of CdSe QD can be
estimated using the UV—visible absorption spectrum.'>**** It
is not the intention of this paper to discuss the size of CdS,
because the CdS layer serves as the seed layer to enhance the
CdSe growth rate and is surrounded by CdSe.”** However, it
is known that the optical band gap (E,) for direct interband
transitions and the absorption coeﬂiaent (A) near the
absorption edge has a relationship that complied with the

following equation (eq 1):*>7>°

(Ah)* = c(hw — Eg) (1)

where the optical band gap for the absorption edge can be
obtained by extrapolating the linear portion of the plot (Ahv)*-
hv to A = 0. E; of CdSe can be obtained from Figure Sb. The
size of the CdSe QDs can be estimated using eq 2:'>*

s ( 1 )
R + R
81‘ LS my (2)

where AE is the band gap shift, r is the QD radius, E, is the
band gap of CdSe, E, is the band gap of the bulk materials (1.74
eV for CdSe bulk materlal), and m, and m,, are the effective
masses of electron and hole, respectlvely For CdSe material,
the m, = 0.13mg and my, = 0.44mqy (my = 9.11 X 107" kg). The
results are shown in Figure 6. It can be seen that the size of the

AE = E - E,
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Figure 6. Band gaps (left) and particle sizes (right) of the CdSe QDs
as functions of film thickness.

CdSe QDs increases slowly and remains small (<3.8 nm) in the
case of film thickness less than 11 um. However, the size
evidently increases when the films are more than 11 ym thick.
The particle size almost increases by 60% when the film
thickness increases from S to 25 ym. This result is against our
common sense. The formation of CdSe QDs can be regarded
as homogeneous nucleation during the CBD process. So the
size distribution of the nanoparticles is dependent on the
subsequent growth process of the nuclei. On the basis of the
above results of distribution of CdSe, the precursor solution
concentration decreases gradually from the surface to the
bottom of the film. It was reported®® that a high concentration
precursor solution has a large number of initial nuclei formed in
the nucleation stage, which results in a larger number of
nanoparticles with smaller size. So CdSe in the upper section of
the film has more and smaller particle sizes than those of CdSe
in bottom of the film. In view of the QD distribution
concentrating at the upper layer of the TiO, film, it can be
deduced that an increase in the amount of QDs cannot
effectively improve the photoelectricity conversion efficiency of
QDSCs.

TiO,/CdS/CdSe photoelectrode films with different thick-
nesses were used to assemble solar cells. Figure 7 shows the
photocurrent—voltage (J—V) curves for the solar cells measured
under the illumination of 1 sun (AM 1.5, 100 mW cm™2). The
performance parameters of the solar cells, including open
circuit potential (V,.), short circuit current (J,.), fill factor (FF)
and power conversion efficiency (7), are listed in Table 2. It can
be seen that ], increases with the increase of film thickness
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Figure 7. J=V curves of the samples with different thicknesses.

from S to 17 ym. The increase of ] is mainly caused by the
increase of CdSe amount for more optical absorption.
However, while the film thickness further increases, for
example, reaches 25 pm, the electron transport path becomes
longer than the diffusion length of electrons in TiO,
nanocrystalline film, leading to increased recombination
between the electrons and holes. As a result, ], turns to
decrease evidently. From the results shown in Table 2, we can
also see that V. decreases continuously as increasing film
thickness. This further evidences the existence of charge
recombination, which is related to the electron diffusion. A
thicker film results in longer electron diffusion distance and
therefore higher recombination rate. This eventually results in
lower open-circuit voltage. The efficiency 7 can be calculated
using eq 3. In our study, the highest efficiency, ~4.16%, was
obtained when the film was 7 ym in thickness. This can be
explained by the inhomogeneous distribution of QDs in the
TiO, nanocrystalline film, which mainly concentrates at the top
layer in the region of 7 ym.

n(%) = [(FF X Voo X ] )/ Vipae X I, ] X 100 (3)

To better understand the relationship between the perform-
ance of QDSCs and the thickness of photoanode film, the
charge transport property was measured using EIS. Figure 8
shows the impedance spectra of the QDSCs measured under
forward bias (—0.6 V) under dark conditions. In Figure 8a, the
two semicircles correspond to the electron injection at the
counter electrode/electrolyte interface and transport in the
electrolyte at high frequencies (R,), and the electron transfer at
the TiO,/QDs/ electrolzte interface and transport in the TiO,
film (R,), respectively.”” The charge transport properties of
QDSCs are listed in Table 3. It can be seen that R, decreases
with increase of film thickness, especially, drops evidently when
the thickness is above 11 um. The decrease of R, is mainly
attributed to the increase of the contact of TiO, to electrolyte,
which drains the electrons in the TiO, and facilitates the
electron injection from the FTO film.*® The electron lifetime
(7,) calculated according to Figure 8b (1/ 27f ) are shown
in Figure 8c and Table 3. It indicates that 7, can remain high
value, ~10 ms, when the photoelectrode film is thinner than 11
um. However, the electron lifetime drops to ~4 ms when the
film is thicker than 11 ym.

According to the EIS results, the most appropriate thickness
for photoanode film should be around 11 ym, which gives the
longest electron lifetime. However, in our study, the efficiency
obtained for the film with 7 ym thickness is higher than that of
the film with 11 gm thickness, as shown in Table 2. This can be
explained by the distribution of QDs in the nanocrystalline film,
i.e., incremental amount of QDs in the films thicker than 7 ym
mainly concentrates at the upper section of the film. These
QDs may cause more optical absorption; however, they do not
contribute to solar cell efficiency in view of the loss of electrons
during transport due to recombination.

According to the discussion above, we can know that, to
further enhance the performance of QDSCs, the pores of TiO,
film should be increased so that the CdSe QDs would be able
to grow into the deep-seated pores of the film during the CBD
process. To this end, we increased the content of the additive of
EC in the paste so as to enhance the porosity of the TiO, films.
Figure 9 shows J—V curves of QDSCs with photoanode films
prepared with pastes different in EC content. Detailed results of
the samples are shown in Table 4. It can be seen that the
efficiency of QDSCs increases from 4.09% to 4.62% when the

dx.doi.org/10.1021/jp3058838 | J. Phys. Chem. C 2012, 116, 18655—18662
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Table 2. Properties of the Samples with Different Thicknesses”

samples thickness, ym Voo V Joo mA-cm ™2 FF n, %
T1 S 0.61(+0.01) 12.66(+0.25) 0.53(+0.01) 4.06(+0.09)
T2 7 0.60(£0.01) 13.05(+0.22) 0.53(0.01) 4.16(+0.11)
T3 11 0.58(+0.01) 13.04(+0.21) 0.54(+0.01) 4.09(+0.12)
T4 17 0.55(+0.01) 13.11(£0.18) 0.51(+0.01) 3.66(+0.10)
TS 25 0.51(+0.01) 11.39(+0.27) 0.49(+0.01) 2.79(+0.11)
“The standard deviation of the properties is based on the data of three cells.
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Figure 8. (a) Nyquist plots, (b) Bode plots and (c) electron lifetimes of QDSCs with various layer thicknesses in the dark at an applied forward bias

of —0.6 V.

Table 3. EIS Results of the Layer with Different Thicknesses:
Charge Transfer Resistance and Electron Lifetime®

samples  thickness, ym R, Q R, Q 7,, MS
T1 5 0.6 (£0.37)  71.9 (49.52) 10.6 (+0.52)
T2 7 1.3 (£0.55) 66.9 (+7.02) 10.1 (+0.41)
T3 11 1.0 (£0.69)  56.6 (+823)  10.1 (+0.44)
T4 17 1.1 (£046) 183 (+7.13) 4.0 (+0.59)
TS 25 2.8 (+0.91) 12.9 (+5.83) 3.8 (+0.56)

“The standard deviation of the properties is based on the data of three
cells.

EC content increases from initial 9 wt % to 12 wt %. When the
EC content is further increased, the solar cell efficiency,
however, decreases, because of the too big pores of the TiO,
film giving rise to low internal surface area and therefore less
CdSe QD adsorption.

Figure 10 shows element distribution along the transverse of
an 11-um-thick film produced with the paste containing 12 wt
% EC. Comparing with Figure 4, the distribution of Se and S
elements in the interior of TiO, film is obviously improved due
to the increase of film’s porosity. In other words, even though
the film thickness is increased from 7 to 11 pm, the distribution
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Figure 9. J=V curves of the samples with different EC contents.

of QDs is still quite uniform from the upper layer to the bottom
of the film. This would allow using a thicker film to achieve
more QD adsorption so as to increase solar cell efficiency.
Shown in Figure 11 are the EIS of solar cells with 11-um-thick
photoanode films which are, however, different in porosity. It
can be seen that an increase in R, for the TiO, film in which
porosity is increased through using more EC implies that the

dx.doi.org/10.1021/jp3058838 | J. Phys. Chem. C 2012, 116, 18655—18662
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Table 4. Properties of the Samples with Different EC Contents and Thickness Layers”

samples EC content, wt% thickness, ym Voo V Joo mA/cm? FF n, %
Cl1 9 10.9 0.58(+0.01) 13.04(+0.21) 0.54(+0.01) 4.09(x0.12)
C2 12 10.3 0.59(+0.01) 14.23(+0.27) 0.55(+0.01) 4.62(+0.14)
C3 15 10.1 0.58(+0.01) 14.16(+0.26) 0.54(+0.01) 447(+0.13)

“The standard deviation of the properties is based on the data of three cells.
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Figure 10. (a) Se and (b) S distribution maps and (c) elements content curves from surface to bottom in the sample with 12% EC.
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Figure 11. Nyquist plots of EIS spectra measured in the dark at an
applied forward bias of —0.6 V.

contact area of TiO, nanoparticles with electrolyte has been
reduced, leading to decreased electron recombination.

4. CONCLUSIONS

Our study reveals that it is difficult to achieve homogeneous
distribution of QDs in nanocrystalline film from the surface to
interior. The main portion of QDs concentrates at the upper
layer of the film, resulting in the direct exposure of TiO, film in
electrolyte and therefore serious recombination between the
electrons in TiO, and the holes in electrolyte. Increasing the

18661

porosity of TiO, films by adding EC in paste has shown to
significantly improve the distribution of QDs. The highest
power conversion efliciency of 4.64% was received after an
optimization of the film thickness and porosity.
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